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1. Abstract

First low-temperature thermochronology data acrtss central Patagonia and thermal
modeling provide information on the thermal histofythe intraplate San Bernardo fold and
thrust belt (44 - 46 °S). Apatite (U-Th-Sm)/He (AH#@ssion tracks (AFT) ages and inverse
thermal modeling indicate that the sedimentary sogkesently at the surface of the
southwestern San Bernardo FTB have experiencedr@adly similar thermal history: i)
cooling at the deposition time during the Cretaseay a significant Eocene — early Miocene
thermal event which totally reset the AHe data padially the AFT data, and iii) a cooling
since the early Miocene. Although former thermodafogy studies in surrounding areas do
not evidence any Neogene thermal event, our reljyjoransistent ages and thermal modeling
most likely indicate a large-scale thermal evenvdilgh the Eocene to the early Miocene. As
sedimentary burial was not significant in this att@@ugh the Cenozoic, we propose that this
heating episode might have been caused by coewddspiead and long-term intraplate
volcanic processes associated with a modest tandhthe increase of the geothermal gradient
in the entire area, which has been strong enougligtoficantly affect the low-temperature
thermochronometers regionally. A subsequent slowling phase starting from early
Miocene may have been related with the terminatibmhis intraplate volcanic phase and
subsequent decrease of the thermal gradient tageemlues, and with a modest exhumation
of ~1 km at most related to a mild deformation egées of the broken foreland and dynamic
topography processes during the middle-late Miocaseavell as the weathering of the Oligo-

Miocene basalts.

2. Introduction



Intraplate contractional belts are enigmatic fesgudeveloped far from the orogen due to the
reactivation of upper plate weaknesses mostly pelipalar to the main compressional stress
during orogenic shortening. Some examples inclhdellberian Chain (Guimera and Alvaro,
1990; Guimera Rosso, 2018), the Yinshan fold-amdsthbelt (Daviset al, 1998; Linet al,
2013), the Laramide (Blackstone, 1980; Yonkee aneilW2015) and the Arabia-Eurasia
collision zone (Cavazzet al, 2019). The external part of the north-centrabBahian Andes

is also related with a conspicuous NNW-trendingaipliate belt named the San Bernardo fold
and thrust belt (FTB), and interpreted as the eérdegment of the Patagonian Broken
Foreland (Homovet al, 1995; Peronet al, 1995; Gianniet al, 2015). This work aims to
understand the thermal evolution of this contracideature extended between 44 and 46 °S
(Figure 1A). This intraplate belt, characterized wigle asymmetrical anticlines associated
with WNW — ESE striking normal faults and NNE — S$&Werted normal faults, was built by
several contraction episodes. The earliest compeestage is recorded during the late Early
Cretaceous and may have been sustained until thelenEocene as evidenced by the
synorogenic character of the Cretaceous — middieei® sedimentary formations exposed
across the San Bernardo FTB (Baretal, 1989; Suareet al, 2009; Navarretet al, 2015;
Gianni et al, 2017). Neogene and Quaternary deformation epssade also recognized for
the intraplate belt (Gianrgt al, 2015). The topographic growth of the San Bernaf@B is
directly related to the uplift of former depoceste@nhanced by the reactivation of NNW-
trending faults (Homovet al, 1995; Peroniet al, 1995; Navarreteet al, 2015). These
structural inheritances acted as anisotropies ifongl strain during compression ~500 km
away from the trench (Navarretet al, 2015). To unravel the significance of these
deformational stages, still debated, we analyzedtémperature thermochronology from the
syntectonic Cretaceous deposits exposed acrossotitBwestern San Bernardo FTB. Low-

temperature thermochronological ages can recoragigmal of diverse thermal events which



may be related to significant sedimentary buriab(®lonet al, 1998), magmatism (Calk and
Naeser, 1973; Rowt al, 2004), faulting (Ehleret al, 2001), or exhumation related to
erosion processes (Willett al, 2003; Maluseet al, 2005). The southwestern San Bernardo
FTB represents a valuable natural laboratory talystine effect of burial, denudation and
volcanism. Indeed, three main intraplate magmaésents occurred during the Eocene, from
the late Oligocene to the early Miocene and dutiregPliocene, which are related to periods
of tectonic quiescence across the study area (Euai, 2008; Gianniet al, 2015). In this
work, we will mostly focus on apatite fission trackAFT) and (U-Th-Sm)/He (AHe) data.
The latter allows identifying an early Miocene dagl event, whose interpretation could be

either related to tectonic and associated denudatiovolcanism processes in this area.

3. Geological setting

The San Bernardo FTB represents an intraplateitteltthe central Patagonian foreland at
~44 - 46°S. This NNW-SSE trending broken forelandswinitiated through several
contraction episodes that reactivated inheritedtdaand generated deformation of former
depocenters (Homovet al, 1995). The magmatic-metamorphic basement is turadow
thick Jurassic to Lower Cretaceous volcano-sediargraequences deposited in half-graben
systems (Figari et al., 2016; Allard et al., 202@ aeferences therein). These deposits are
topped by a regional unconformity overlain by the&lLower — Upper Cretaceous Chubut
Group, mainly exposed across the southern San Birr@lB. Initial sedimentation of the
continental Chubut Group is represented by theakplflatasiete Formation, interfingered to
the east with the Pozo D-129 Formation (e.g. Smjiut®81; Paredest al, 2007; Carignanet

al., 2017). Both units are overlain by the Aptian -biah Castillo Formation (e.g. Lesta and

Ferello, 1972; Suarezt al, 2009; Tunik et al, 2015), which is topped (locally



unconformably) by the fluvial members of the Bajarial Formation assigned to
Cenomanian — Coniacian (e.g. Hechemal, 1990; Umazant al, 2009). Thereby, the
Laguna Palacios Formation and the Lago Colhué Heapnation (restricted to the western
domain) represent the last fluvial infill of the @jut Group to the Maastrichtian (e.g. Genise
et al, 2007; Casakt al, 2015; Vallatiet al, 2016). They are unconformably covered by
Paleogene successions stratigraphically arrangedbllsvs: Danian — lower Paleocene
marine Salamanca Formation restricted to the aasttal the existence of positive reliefs at
deposition time (e.g. Lestat al, 1980; Legarreta and Uliana, 1994); upper Palemcen
middle Eocene continental Rio Chico Formation (E@x et al, 2013); and middle Eocene —
lower Miocene tuffaceous Sarmiento Formation (Bejlosi, 2010; Reet al, 2010). Neogene
marine deposits recognized in the foreland bas@ (&henque Formation) were not deposited
across the southwestern San Bernardo FTB as th& aready represented a topographic
barrier during the Oligocene (Sciugbal, 2008; Barreda and Bellosi, 2014).

In the study area, the description of sedimentsrigghg to the upper Chubut Group, the
Salamanca and the Rio Chico Formations, evidentdeaEarly — Late Cretaceous and a
Paleocene — middle Eocene deformation episodesgaitithe intraplate belt (Navarregt
al., 2015; Gianniet al, 2015; Gianniet al, 2017), while these formations appear mostly
related to a syn-rift stage into the adjacent Sagel Basin (Paredext al, 2013; Gianniet

al., 2015; Paredest al, 2018) and into the lower Chubut Group units (Allat al, 2020 and
references therein). These Cretaceous — Paleogmrimctional events are followed by a
period of tectonic quiescence characterized byaphite volcanism and modest foreland
subsidence resulting from crustal thinning (Brahil, 2008; Encinagt al, 2018) which is
related to slab rollback (Rapela and Kay, 1988;adctenet al, 2016) after a reduction in
average trench velocity (Maloney al, 2013). South and west of the Lago Musters (Figure

1A), Eocene alkaline sequences belonging to theBRanardo Complex outcrop locally as



small intrusive gabbroic bodies associated withalatle doleritic dikes (Pezzuchi and
Fernandez, 2001; Pezzuchi, 2018). Intraplate uPptigocene — lower Miocene basalts, called
the Buen Pasto Formation, whose origin is stillaletd (e.g. mantle plume, K&y al, 2007;
asthenospheric upwelling, Bruet al, 2008; delamination, Remesai al, 2012), cap vast
portions of the southern San Bernardo FTB, somatifaeming plateaus (Figure 1A). These
basalts are also associated with moderate extaismocesses as evidenced by coeval
activity of minor normal faults (Bruret al, 2008; Giannket al, 2017). The Plio—Pleistocene
Cerro Grande basalts lie unconformably above al whderlying formations and remain
mostly undeformed (Figure 1E; Bruet al, 2008), unlike the Buen Pasto basaltic cover.
Indeed, the Buen Pasto basaltic plateau has bésteaf by narrow NNW-trending folds with
a maximum tilting of ~35° (Figures 1A and 1D). Thiglicates that deformation processes
were active across the broken foreland throughMiezene, between the deposition of the
Buen Pasto and Cerro Grande basalts (Bartcak, 1989; Homovet al, 1995; Peronet al,

1995).

Material and methods

Four Cretaceous tuffaceous sandstones were calléateapatite fission tracks and (U-Th-
Sm)/He analysis in the southwestern San Bernard® fMG7, MG9, MG17 and MG20;
Figure 1A) in diverse formations of the Chubut Grdue. the Aptian Matasiete Formation,
the Aptian — Albian Castillo Formation and the Ceramian — Coniacian Bajo Barreal
Formation; Figure 1B). Geographic location andtgjraphic age of the detrital samples are
detailed in Table 1. In addition, two basalts weslected in this area for K-Ar dating: a tilted
basalt MG18 (69.4250 °W, 45.0682 °S, 739 m) samplethe Buen Pasto basalts and a

basaltic dike MG21 (69.7130 °W, 45.4616 °S, 582a890ciated to the Cerro Grande basalts.



3.1. Apatite fission tracks

The apatite fission tracks (AFT) dating dependshefaccumulation of linear damage in the
apatite lattice due to the spontaneous fission yd@fa?>®U into the crystal. The partial
annealing zone (PAZ) corresponds to the intervaRQ~— 60°C) above which tracks are
retained in the lattice (Greest al, 1989). AFT have been counted in this study wité t
external detector method on the four Cretaceoust@etamples (Figures 1A and 1B). Apatite
grains were separated from crushed rock sampléiseatniversity of Padua (ltaly) using
standard magnetic and heavy-liquid separation tqaken(Na-polytungstate with a density of
2.8 g/cni). Apatite grains were then mounted in epoxy replished and etched at 5.5M
HNOS3 during 20 seconds at 20°C to reveal spontantacks. The mounts were covered by
low-uranium muscovite foils, as external detectGte@dow, 1981), and irradiated at the
Radiation Center of Oregon State University withaainal fluence of 9xT0 neutrons/crh
After irradiation, mica detectors were etched fOr minutes in 40% HF at 20°C to reveal
induced tracks. We counted tracks and measurekl figagth distribution using an Olympus
optical microscope at a magnification of x1250. Agdculation and statistics were carried
out with the Trackkey software (Dunkl, 2002). Weaoe AFT ages as central age with 1
errors (Galbraith and Laslett, 1993), using a zalération approach (Hurford and Green,
1983) with a zeta value of 346 + 12 for the CNb5imheser glass. Due to the small number of
apatite extracted, the low U content and the feantgneous tracks observed in most of the

grains, no track lengths have been measured ie s@sples.

3.2. Apatite (U-Th-Sm)/He



The (U-Th-Sm)/He thermochronology method is basedtlte production, ejection and
accumulation in the crystal 6He gas produced by the alpha decay of radioactaments
(338U, 22U, 2%2Th, 1*’Sm). As He is a gas, the accumulation in the crystdermo-dependent
and will be a function of the time-temperature patystal size and diffusion coefficient that
is strongly modified by the amount of radiation daya (Farley, 2000; Gautheron et al., 2009;
Flowers et al., 2009). The partial retention zoR&RZ) is the interval above which He
diffusivity is sufficiently low to retain He withirthe crystal. For apatite, the PRZ ranges
approximately from 40 to 120°C depending on thertta history and damage amount (Ault
et al, 2019 and references therein). We performed (LBit)#He analysis at the University
of Paris-Saclay (Orsay, France) on ten single graiom samples MG7, MG17 and MG20.
After a careful selection (morphology, size, ladk/isible inclusions, grain boundary phase),
2 to 4 apatite grains per sample (Figure 2) weaeqa individually into platinum baskets and
heated twice by a diode laser (1030 + 50°C for B)rfdr He-extraction. ThéHe gas is mixed
with a known®He spike, purified and analyzed with a Prisma qupdie mass spectrometer.
These grains were then dissolved in a nitric acldt®n (3 hours at 70°C in 50 HNOs 5N
containing a known content 6fCa, 2*°U, 2°°Th, and**°Sm followed by the addition of 0.9
mL ultrapure MQ water), before being analyzed wiihh resolution ICP mass spectrometry
(Element XR from Thermo Scientific). Durango apatitagments analyzed similarly were
used for calibration. Single ages were correcteidgushe calculated ejection factor,F
determined using the Monte Carlo simulation techeigpf Ketchamet al. (2011); the
equivalent-sphere radius (Rs) was calculated uiagorocedure of Gautheron and Tassan-
Got (2010). The 1error on single-grain AHe ages should be consitlase9%, reflecting the
sum of errors in the ejection-factor correction agk dispersion of the standards. AHe
analysis has been carried out on the Cretaceouplessnwith the exception of the sample

MG9, a poor-quality sample, for which no acceptapatite crystals have been found.



3.3.K-Ar dating

In order to constrain the timing of the late defation period in this area (e.g. Brusti al,
2008), a tilted basalt (MG18) and an undeformedltiasdike related to the basaltic plateau
(MG21) were collected in the San Bernardo FTB feAKdating into the Oligo-Miocene
Buen Pasto formation, and in the Pliocene Cerron@abasalts, respectively. The K-Ar
dating technique, which relies on the measureméntadiogenic argon“fAr*) content
produced from the radioactive decay*®, has been applied here to the groundmass. As it i
the last mineral phase to crystallize, this techaigrovides ages of the lava emplacement.
Consequently, any inheriteAr carried by early crystallizing minerals, such @lssine,
pyroxene, or plagioclase, are neglected (e.g. Saetpa., 2008). Furthermore, this phase is
enriched in incompatible elements including potassiand it is believed to be in isotopic
equilibrium with the atmosphere during cooling tarface temperature for subaerial lavas
(e.g., Sharp et al., 2005). From both samples,rghmass was separated within a 125-@60
size fraction, determined from thin section anayfegure 3). Following manual crushing
and sieving, heavy liquids (diiodomethane) wereduseextract groundmass within a narrow
density range in order to remove any undetectedhgead fraction. Both potassium and
argon measurements were carried out in the GEOP&@awmry (Paris-Saclay University,
France) by using the unspiked K-Ar Cassignol-Gillethnique (e.g. Gilloet al, 2006).
Decay constants and isotopic ratios of Steiger dger (1977) have been used. The full
description of analytical procedures, standards,cculation and uncertainty calculation are

given in Babloret al. (2018).



4. Results

4.1.Partially reset AFT ages

Despite the low number of counted grains (10 to, 3)etaceous samples yielded four
consistent late Early — Late Cretaceous AFT agésdem 128.0 + 8.7 Ma and 88.5 + 11.4
Ma. The chi-square probability (> 5%) indicatesrle population for all the samples. The
radial plot of single-grain AFT ages (Figure 4Cpwis a significant number of grains are
younger than the depositional age and few graiesoéder, evidencing a moderate partial
reset of the AFT ages. For the samples MG7, MGOM@d 7, the central AFT ages are fairly
younger than the depositional age whereas the gaM@20 is somewhat older (Table 1,
Figure 4A). However, taking into account the unaiety for these values (Figure 4A), the
overall picture shows AFT ages quite similar to tlepositional ages. Noticeable also, most
of the apatite grains in the samples are euhedtsrefore, the apatite crystals may be
considered as mainly volcanic, which is consisteith the significant volcanic record
evidences in the Chubut Group and related to comealolcanism (Foixet al, 2020).Then,
the apatite grains have been moderately affected fiyermal event as evidenced by the

modest partial reset of the AFT data.

4.2.Totally reset AHe ages

AHe samples vyield single grain ages between 15193tMa and 28.7 + 2.3 Ma with low
effective Uranium (eU) content that ranges frono 8@ ppm and relatively high Th/U ratio (5
to 12) (Table 2). The AHe ages are significantlyiyger than the depositional age (Figure

4A) and indicate a post-depositional resettinghdligh no correlation appears between AHe



dates and eU content, correlation is recognizesbioe extent between AHe dates and sphere
equivalent radius Rs size (Figure 4B), which meinas the cooling occurred at moderate
rates.

4.3.Thermal history

With the aim of evaluating the thermal history loé {San Bernardo FTB, time-temperature (T-
t) histories for samples MG7, MG17 and MG20 haverbeealized through inverse modeling
with the QTQt software (v. 5.7.1; Gallagher, 20It)e QTQt software allows inverting AFT
annealing and AHe diffusion parameters with the Rdar Chain Monte Carlo method
(Gallagheret al, 2009; Gallagher, 2012) for single samples. Haugibn model incorporating
the impact of radiation damage in apatite from Koset al. (2009), rather than the He
diffusion model from Gautheroet al. (2009), has been used because of the relativeleld
content and thus damage content. Beyond the Hastfi model, AFT annealing kinetic
model by Ketchanet al. (2007) has been considered. The modeling procedudetailed in
Gallagher (2012). The input parameters used to hremigh sample are the single-grain AFT
and AHe ages, as well as the grains sizes anch#traical characteristics for AHe data. Main
constraints were the depositional age of each sar(gil 20 + 10°C) and a present-day
temperature at 10 £ 10°C. A high-temperature camgtihas been added closely before the
deposition age as the high Th/U ratio (Table 2)gests a volcanic origin for those apatite
crystals, meaning that these crystals have beenefibra short time before their deposition.
This supposedly volcanic origin is also consistefth the euhedral shape of most of the
apatite grains (not recycled). The thermal hist@sults (Figure 5) are strongly impacted by
the total reset of the AHe data that impose a mininmiemperature of ~60 °C between 35 and
18 Ma. Therefore, the models for the samples MGiF G20 suggest the presence of a

significant heating phase (> 60 °C) through the latigocene to the early Miocene, closely



followed by a cooling event starting from the eavliocene (Figure 5). However, the model
obtained for the sample MG7 indicates a prior Imggévent that may have started during the
Eocene, and a subsequent slow cooling through tlhgod@ne, which seems to have
accelerated during the early Miocene (Figure 5).thm other hand, giving the AHe ages
dispersion for the sample MG7 and the absencessiofi track lengths, the modeling may be
not precise enough to define precisely the onsetaafing. However, predicted values
obtained for AHe and AFT ages are mostly consistétit observed ages (Figure 5), meaning

that the model is valuable

4.4.K-Ar ages

The tilted basalt and the basaltic dike yield agé3.71 + 0.34 and 2.84 = 0.04 Ma,
respectively. Age results are given at thecbnfidence level and details are given in Table 3.
These ages are in agreement with former studieshwhaported ages between 28 and 18 Ma
for the Buen Pasto basalts and younger than 4 M&éoro Grande basalts (Sinito, 1980;
Linareset al, 1989; Bruniet al, 2008). Thus, our results further support eadieservations
that the area was affected by at least two inttaptalcanic events from the late Oligocene to
the early Miocene, and later, through the Pliocédeerall, the Oligo-Miocene Buen Pasto
basalts display ages between 28 and 18 Ma, but ag¢ older than 20.5 Ma have been
previously reported (Bruret al, 2008) close to the samples. The youngest K-As §ge20
Ma) have been obtained about 20 km to the northtande east of our study area (Brei
al., 2008). As the erosion of this Oligo-Miocene baisatover can be inferred from the
isolated and remnants basaltic plateaus (see sex$®ns on Figure 1C), the upper layers of
the basaltic cover with ages younger than 20 Ma haag been removed or altered. Then, as

demonstrated by the tilting of the Oligo-Miocenampled basalt, the flat Pliocene basalts and



the K-Ar ages obtained here, a tectonic phase cetilnretween the deposition of these Oligo-

Miocene and Pliocene basaltic layers.

5. Discussion

Consistent totally reset Oligo-Miocene AHe ages aadially reset AFT ages have been
obtained in all the samples. Thermal models (Figyrare coherent with a debatable period
of heating phase between the Cretaceous and theenBoThis period is followed by a
significant heating event from the Eocene to thdye®liocene with peak temperatures
reached at ca. 30 £ 5 Ma, roughly coincident wii K-Ar ages obtained in the area for the
Buen Pasto basalts (Figure 1A) and the proposedfate San Bernardo Complex (Pezzuchi
and Fernandez, 2001; Pezzuchi, 2018). Thermal raathelw that a maximum temperature of
60 — 80°C was reached at 20 — 35 Ma, which carxplieed by either a sedimentary load,
basaltic load and / or magmatic heating effects.Whealso discuss the tectonic implications

in the post-heating phase recorded into the SanaBao FTB through the Miocene.

5.1.Burial heating below sediments

Deposition of the Chubut deposits in the southwast®an Bernardo FTB is directly
controlled by fault activity and the developmentfalds (Gianniet al, 2015). Seismic data
show that synorogenic Cretaceous deposits wereedbuselow few hundred meters of
Paleogene deposits, especially between anticlRes@hico Formation; Gianrat al, 2015),

a rock column that is not sufficient to reset tbev-temperature thermochronometers, not
even the AHe one. In areas where no Paleogene iteef@s/e been recognized, Oligo-

Miocene basalts (Buen Pasto Formation) lie directtytop of the Chubut Group strata



(Gianniet al, 2015; Navarretet al, 2015; Navarretet al, 2016; Allardet al, 2020). This
unconformity indicates that underlying formationsre at the surface prior the emplacement
of these basalts. This is inconsistent with a §icgmit burial below a Paleogene cover.
Although the removal of Paleogene sediments cabeotuled out, the lack of significant
Paleogene sedimentary burial is roughly supportedhle thermal models which show a
period of relatively slow heating between the Gretais and the Eocene (Figure 5) that can
be related to a gradual sedimentary burial.

Thus, considering that approximately 2 km of sedite@re necessary to reset totally the AHe
(with a closure temperature of ~ 65°C; e.g., Fl@aadral., 2009; Gautheron et al., 2009) and
partially the AFT thermochronometers, using an agergeothermal gradient of 30°C/km
(according to Avila and Davila, 2018; Vieira andriea, 2019), and without volcanic impact,

we exclude sedimentary burial as main cause fdirtgea

5.2.Impact of the Cenozoic intraplate volcanic activity

Thermal models show that maximum temperature of 80°C was reached at 20 — 35 Ma,
which is roughly coeval with the emplacement of BHeeene San Bernardo Complex and the
Oligo-Miocene Buen Pasto basalts (Figures 2A, 2B @8h This 15 m.y. heating event
recorded by all the samples may indicate the oeogs of a large thermal event in the
southwestern San Bernardo FTB, that cannot beiatestrto some local lava flow deposits.
Indeed, instantaneous heating events near thecsudee associated to local downward
thermal heating below the basalts (Fayon and WhitB@07; Huet al, 2020). For example,
with a basaltic flood thick of 50 m and a temperatof 1000 °C, heating may affect instantly
the first 250 meters of rocks beneath the basBigdqn and Whitney, 2007), that may in turn

affect low-temperature thermochronometers in nadase rocks (Hwet al, 2020), but not a



large area around or rocks at greater depth. TioedPle Cerro Grande basalts are a reliable
evidence that downward heating below the basaliss doot result in regional heating
processes. Although the Pliocene intraplate vottanvas less extended and less significant
than the widespread Oligo-Miocene volcanism (Brehial.,, 2008), no Pliocene thermal
perturbation has been evidenced by our data, evémei sample MG9 collected at less than
one kilometer of the Pliocene basalts (Figures bd aD). In other words, the intraplate
Pliocene volcanic event did not trigger any sigmfit heating by downward thermal diffusion
able to reset the AHe age of the sample MG9 (Figide Thus, we consider that if the
downward heating below the Oligo-Miocene basaltstdér surely near-surface rocks during
their emplacement, it may have not directly affddiee samples located at greater depth at
this time and therefore not subjected to the impadownward heating.

Given the absence of a significant Cenozoic sediangurial in the area and the superficial
impact of basalts emplacement, we propose thah#a#ing phase observed is most likely
related to the combination of a modest burial edely the volcanic deposits associated with
a significant increase of the geothermal gradiem © a long-term heat flow anomaly in the
entire area. Although there is an absence of canstabout the thickness of the original
basaltic cover (and hence of its erosion; Figurésahd 1C), a modest burial of the
Cretaceous strata produced by the basaltic covamotabe ignored as the Oligo-Miocene
intraplate volcanism lasted for at least ~10 Ma emvkred vast areas of the foreland.
Considering an average geothermal gradient of €3RM after the cessation of the volcanic
activity at ~18 Ma, and a closure temperature db°&6for the AHe system for low eU
content (e.g. Gautheron et al., 2009), a basadttercthickness of at least one kilometer above
the entire San Bernardo FTB would have been negessanaintain sufficient temperatures
(> 65 °C) later than 18 Ma and recorded the yourddée ages. Then, a comparable erosion

of the basaltic cover would have been requiredrdeto achieve current basalt thicknesses.



Even a modest erosion may have been sufficientradeeintensively the Oligo-Miocene
basalts of the Buen Pasto Formation as thesetsiliceks is easily weathered (Meybeck,
1987; Margirieret al, 2019), especially during a climatic optimum, héneough the late
middle Miocene (Zachost al, 2001). Nevertheless, the scenario involving akttiasaltic
cover thickness of at least one kilometer is ndaable with: 1) the thickness of the basaltic
layers in the whole central Patagonia as they aftsplay only tens of meters (Figure 1D; up
to 100-200m locally according to Bruni, 2007), &)dthe geological record as the Neogene
sedimentary units in surrounding depocenters whidohnot show any significant basalt
sourcing (Anselmiet al, 2004; Sciuttoet al, 2008; Pezzuchi, 2018) and are subjected to
felsic sources coming from the main Cordillera (G&r2021).

Considering those arguments, a basaltic covekrkgs of few hundred meters alone was not
sufficient to maintain high temperatures in theisehts below. Indeed, cooling may have
occurred instantly at the end of the volcanic ewstimated at ~18 Ma according to the K-Ar
ages obtained on the Oligo-Miocene basaltic coeerss the San Bernardo FTB (this work;
Sinito, 1980; Linare®t al, 1989; Bruniet al, 2008), while few AHe ages are younger than
18 Ma and models evidence a moderate cooling idstéaa very fast cooling. We thus
propose that the younger AHe ages obtained aréedeta the persistence of the volcanic
activity up to ~16 Ma. As a portion of the basattaver has been eroded on top, the timing of
the cessation of the volcanic activity so far dedirat ~18 Ma, which corresponds actually to
the youngest age obtained by K-Ar dating acrossStére Bernardo FTB (Brurat al, 2008),
may have been underestimated as the topmost ledagktrs have been removed.

It is noteworthy that the Eocene and Oligo-Miocgnkanic products were extruded through
several extensional faults and fissures (Giaehial, 2017) and accompanied by the
emplacement of sills and dikes over the San Bem&TB (Pezzuchi and Fernandez, 2001;

Plazibatet al, 2019) that caused the entire area to be affelsjed high heat flow that



increases the geothermal gradient in this area ftloen Eocene to early Miocene. This
anomalous high heat flow in the southwestern Sam@do FTB may have contributed to
maintaining high temperatures even after the cessaf the volcanic activity defined at ~18
Ma (Bruniet al, 2008) or possibly persisting to at least 16 Maug, the differences observed
between each model may result from the variatidnh® geothermal gradient through time
and space. For example, considering the locatioth@fsample MG7 (directly west of the
Lago Musters), a higher heat flow during the Eocienthis area due to the emplacement of
the San Bernardo Complex may explain the earliatihg phase observed (Figures 5 and
6A).

In the light of these elements, we proposed a saliemeconstruction of the area, focused on
a transect including samples MG9, MG7 and MG17 emtkidered as representative of the
whole area (Figure 6). At Eocene time, the samplare at a different position at depth in the
Cretaceous sediments, and the first Eocene voloaperiod started to modify the thermal
gradient (Figure 6A). As soon as the late Oligocdrasaltic layers covered the whole area,
somewhat burying the samples, and the thermal gmadicreased due to the emplacement of
sills, dikes and the effects of the downward thérditiusion from the surface (Figure 6B)
that possibly affected samples located near thiacirThe thermal gradient is maintained in
the whole area due to the continuous volcanic #gtivom the late Oligocene to the early
Miocene. Then, the samples may have cooled dowwlslavhen the thermal gradient
decreased to the current average value of ~30°GAwila and Davila, 2018; Vieira and

Hamza, 2019) at the end of this prolonged intraplaicanic phase (Figure 6C).

5.3.The Miocene deformation phase



As suggested in the previous sections, a coolingodp from c. 20 Ma to present is then
observed, at the end of the Oligo-Miocene intraphadlcanic event. The thermal models
(Figure 5), indicate that the samples cooled doivm@derate rates, with a maximum cooling
rate of ~ 4°C/Ma, for the sample MG20, consideangeak temperature of 80°C at ca. 20 Ma
(Figure 5). For the sample MG20, cooling occurrestantly at the presumed end of the
magmatic episode (~ 18 Ma), which is consistenhlite cessation of the volcanic event.
Nevertheless, the obtained cooling rate is not @aiible with a post-magmatic cooling,
which is usually much faster.

Giving the ages obtained by K-Ar dating on thestlbasalt and the undeformed basalt, 23.71
+ 0.34 and 2.84 + 0.04 Ma, respectively, defornmagptnase occurred between the early
Miocene and Pliocene. Growth strata observed imosuding sedimentary records and
reactivation of inherited normal faults pointedthe existence of a tectonic event during the
middle Miocene in the study area (e.g. Giaenal, 2017), which, according to Maloney

al. (2013), could be related to the change of converg®f the Nazca plate. This deformation
event was also evidenced in the northern (GastsmBRBilmeset al, 2013) and the southern
Patagonian Broken Foreland (Deseado Massif; Giaaisal, 2010), although low-
temperature in-situ thermochronology studies ins¢heareas suggest minor vertical
displacements during the Neogene as they evidemaekaf thermochronology signal since
the Paleogene (Savignaabal, 2016; Fernandeet al, 2020; Genget al, 2021). Indeed, the
latter thermochronology data and associated thenmagleling characterize a slow cooling of
the whole foreland since the Late Cretaceous, thiéhlack of any particular thermal event.
Nevertheless, few AHe ages from local areas ofnibithern Patagonian Broken Foreland
record younger Neogene ages and have been relatéidetclose and coeval intraplate
volcanic activity (Savignanet al, 2016; Gengeet al, 2021), as we suppose it is the case

along the San Bernardo FTB. We thus conclude #sapreviously proposed for other parts of



the Patagonian Broken Foreland (Savignanal, 2016; Fernandeet al, 2020; Genget al,
2021), the main deformation of the southern Sam#&welo FTB occurred from the Cretaceous
to the early Paleogene, while the middle-late Minecdeformation was modest (Figure 6C),
especially in terms of vertical displacements.

Besides this modest deformation episode relatédet@ndean growth, a generalized uplift of
the continental plate that affected distal areay heve started in the middle-late Miocene.
Guillaumeet al. (2009) propose dynamic topography associated th@hsubduction of ridge
segments as the main cause for this modest-amgliaondl large-wavelength uplift of the
foreland. Thus, according to these authors, the EBanardo FTB may have experienced a
constant and moderate tilting to the north sineentiddle-late Miocene. Nevertheless, taking
into account the AFT data, which are not able teecteminor vertical movements, and
thermal modeling obtained south of the study anéathe Deseado Massif (Fernandez et al.,
2020), the dynamic topography in the central Pategoforeland may have minor effects on
the low-temperature thermochronometers as no pétiaccelerated cooling events have
been evidenced during the Miocene. Furthermorepthservation of fluvial terraces around
the San Bernardo FTB demonstrates that low eroaftected the study region, possibly
related to climatic changes since the late Mioc@Beillaume et al, 2009). Thus, minor
regional uplift of less than 300-200 meters relatedynamic topography (Avila and Davila,
2020) and associated with the increased aridityhef Patagonian foreland from the late
Miocene and consequent low erosion rates (Bliseiu&l, 2005), do not allow a significant
exhumation of the rocks in this area.

Considering field observations indicating a mod#sftormation (see new bedding attitudes
reported on Figure 1A), basalts weathering statsa& and thermochronology results in
surrounding areas (Savignaebal, 2016; Fernandeet al, 2020; Genget al, 2021), it is

proposed here that the role of tectonism, dynaopodraphy and erosion during the Miocene



is also limited along the southwestern San Bern&@B but may have triggered a modest
exhumation of the samples from early Miocene ts@né (Figure 6C). We can estimate this
exhumation of ~1 km at most. Associated with tlmvstiecrease of the geothermal gradient
following the cessation of magmatic activity, tmsoderate exhumation may have been

responsible for the moderate cooling evidencechemtodels.

6. Conclusions

AFT and AHe thermochronology have been appliedtier first time to the San Bernardo

FTB to constrain the tectono-thermal evolutionloé tintraplate belt. The main results from

dating and thermal modeling highlight a period loiws heating from the Cretaceous to the
Eocene, related with moderate sedimentary burietofding to the thermal models, the ages
of the Buen Pasto basalts and San Bernardo Connptks, the following Eocene — early

Miocene heating phase recorded by our data mustdsrded as a magmatic signal. Indeed,
we consider that the long-term intraplate magmagémmse, which started during the Eocene
and continued actively to the early Miocene, maydated to moderate burial of the studied
samples below the basaltic cover associated wisiigmificant increase of the geothermal
gradient in the area. The emplacement of dikessdlig] the circulation of hot fluids along

faults and fissures, and the downward heating bdlmvbasalts at the surface may have
contributed to maintaining a higher geothermal pmaidin the entire area to the early
Miocene. Then, the post-heating phase most likesplted from the cessation of this long-
term volcanic activity and the subsequent decredisihe geothermal gradient to average
values, probably combined with a modest exhumggoh km), which has been triggered by

the middle-late Miocene tectonic activity, dynartmpography and erosion processes.



7. Acknowledgements

This work was funded by the University of Padoveo@etto di Ateneo 2015, CPDA158355),
the Tellus Program of CNRS/ INSU and the CESSURyRm of CNRS / INSU for the AHe
analysis. A. Hildenbrand is kindly thanked for K-Analysis (Orsay, France). Thanks to R.
Pinna-Jamme and F. Haurine for their technical etpm AHe analysis. V. Olivetti
(University of Padua) and M. Marquez (SEGEMAR, Coom Rivadavia) are thanked for

their constructive comments.

References

Allard, J.O., Foix, N., Bueti, S.A., Sanchez, F.Megrreira, M.L. and Atencio, M., 2020.
Comparative structural analysis of inverted strreguin the San Bernardo fold belt
(Golfo San Jorge basin, Argentina): Inversion calstand tecto-sedimentary context
of the Chubut Grouplournal of South American Earth Scienc®g p. 102405.

Anselmi, G., Panza, J.L.A., Cortés, J.M. and Rag@ha2004.Hoja Geologica 4569-11 El
Sombrero Servicio Geoldgico Minero Argentino. Instituto @eologia y Recursos
Minerales, Servicio Geoldgico Minero Argentino. Bioh 271, 70p. Buenos Aires.

Ault, A.K., Gautheron, C. and King, G.E., 2019. dmations in (U-Th)/He, fission track, and
trapped charge thermochronometry with applicatibmsearthquakes, weathering,
surface-mantle connections, and the growth andydetcenountainsTectonics 38, p.
3705-3739.

Avila, P., & Davila, F. M. (2018). Heat flow andtHbspheric thickness analysis in the
Patagonian asthenospheric windows, southern Sonthrida. Tectonophysics747,
99-107.

Avila, P., & Davila, F. M. (2020). Lithospheric timing and dynamic uplift effects during
slab window formation, southern Patagonia (45 -Sb Journal of Geodynamic&33
101689.

Bablon, M., Quidelleur, X., Samaniego, P., Le Penn&-L., Lahitte, P., Liorzou, C.,
Bustillos, J.E. and Hidalgo, S., 2018. Eruptiveartmiogy of Tungurahua volcano
(Ecuador) revisited based on new K-Ar ages and gephological reconstructions:
Journal of Volcanology and Geothermal Resea8&Y, p. 378-398.

Barcat, C., Cortifias, J.S., Nevistic, V.A. and ZActd.E., 1989. Cuenca Golfo San Jorge:
Cuencas Sedimentarias Argentinésp. 319-345.

Barreda, V. and Bellosi, E., 2014. Ecosistemasesttes del Mioceno Temprano de la
Patagonia central, Argentina: primeros avandesvista del Museo Argentino de
Ciencias Naturales nueva serte p. 125-134.

Bellosi, E.S., 2010. Loessic and fluvial sedimaptain Sarmiento Formation pyroclastics,
middle Cenozoic of central Patagonia. fhe Paleontology of Gran Barranca:



Evolution and Environmental Change through the Ned@enozoic of Patagonia.
Cambridge University Press, Cambridge 278—-292.

Bilmes, A., D’Elia, L., Franzese, J.R., Veiga, Gdhd Hernandez, M., 2013. Miocene block
uplift and basin formation in the Patagonian fometathe Gastre Basin, Argentina:
Tectonophysic$601, p. 98-111.

Blackstone, D.L., 1980. Foreland deformation; cogspion as a caus®ocky Mountain
Geology 18, p. 83-100.

Blisniuk, P. M., Stern, L. A., Chamberlain, C. Rdleman, B., & Zeitler, P. K. (2005).
Climatic and ecologic changes during Miocene swfaplift in the Southern
Patagonian Ande&arth and Planetary Science Lette?80(1-2), 125-142.

Brandon, M.T., Roden-Tice, M.K. and Garver, J.B98. Late Cenozoic exhumation of the
Cascadia accretionary wedge in the Olympic Moustanorthwest Washington State:
Geological Society of America Bulletil0 p. 985-1009.

Bruni, S., D'ORAZIO, M., Haller, M.J., Innocenti, AVanetti, P., PECskay, Z. and Tonarini,
S., 2008. Time-evolution of magma sources in ainental back-arc setting: the
Cenozoic basalts from Sierra de San Bernardo (Bwitag Chubut, Argentina):
Geological Magazingl45s, p. 714-732.

Bruni, S. (2007). The Cenozoic back-arc magmatidmCentral Patagonia (44-46 S):
activation of different mantle domains in space ame. Ph.D. thesis.

Calk, L.C. and Naeser, C.W., 1973. The thermalcefé¢ a basalt intrusion on fission tracks
in quartz monzoniteThe Journal of Geolog1, p. 189-198.

Carignano, A.P., Paredes, J.M., Olazabal, S.X.\ail&, M.N., 2017. Ostracoda (Crustacea)
from the Pozo D-129 formation (upper Barremian?+4a#&pt{ Golfo san Jorge basin,
Patagonia, Argentina: taxonomic  descriptions, sagironments and
palaeogeographical implicatiorSretaceous Research8, p. 206—220.

Casal, G.A., Allard, J.0. and Foix, N., 2015. As#iestratigrafico y paleontoldgico del
Cretacico Superior en la Cuenca del Golfo San Jargeva unidad litoestratigrafica
para el Grupo ChubuRevista de la Asociacion Geoldgica Argenting p. 77-95.

Cavazza, W., Albino, 1., Galoyan, G., Zattin, M.da@atto, S., 2019. Continental accretion
and incremental deformation in the thermochron@ogvolution of the Lesser
CaucasusGeoscience Frontierd .0, p. 2189-2202.

Davis, G.A., Cong, W., Yadong, Z., Jinjiang, Z.,a&@ghou, Z. and Gehrels, G.E., 1998. The
enigmatic Yinshan fold-and-thrust belt of north€&hina: New views on its intraplate
contractional stylesGeology 26, p. 43-46.

Dunkl, 1., 2002. TRACKKEY: a Windows program forlcalation and graphical presentation
of fission track dataComputers & Geosciencezs, p. 3—12.

Echaurren, A., Folguera, A., Gianni, G., Orts, Tassara, A., Encinas, A., Giménez, M. and
Valencia, V., 2016. Tectonic evolution of the Noffatagonian Andes (41-44 S)
through recognition of syntectonic straf@&ctonophysic$77, p. 99-114.

Ehlers, T.A., Armstrong, P.A. and Chapman, D.SQ12Normal fault thermal regimes and
the interpretation of low-temperature thermochroaters:Physics of the Earth and
Planetary Interiors 126 p. 179-194.

Encinas, A., Folguera, A., Bechis, F., Finger, KZambrano, P., Pérez, F., Bernabé, P.,
Tapia, F., Riffo, R. and Buatois, L., 2018. Thesl@lligocene—early Miocene marine
transgression of Patagonia. lithe Evolution of the Chilean-Argentinean Andes
Springer, p. 443-474.

Fayon, A.K. and Whitney, D.L., 2007. Interpretatiohtectonic versus magmatic processes
for resetting apatite fission track ages in thed¥i Massif, TurkeyTectonophysics
434 p. 1-13.



Fernandez, M.L., Mazzoli, S., Zattin, M., Savignaio, Genge, M.C., Tavani, S., Garrone,
A. and Franchini, M., 2020. Structural controls durassic gold mineralization, and
Cretaceous-Tertiary exhumation in the foreland hef southern Patagonian Andes:
New constraints from La Paloma area, Deseado Ma&sientina: Tectonophysics
775 p. 228302.

Figari, C.E., Scasso, R.A., Cuneo, N.R. and Eschpl, 2016. Estratigrafia y evolucion
geoldgica de la Cuenca de Canadon Asfalto, Pravidel Chubut, Argentind.at.
Am. J. Sedimentol. Basin And2 (2) (2015), pp. 135-169

Flowers, R.M., Ketcham, R.A., Shuster, D.L. andlé&ygrK.A., 2009. Apatite (U-Th)/He
thermochronometry using a radiation damage accuimnlaand annealing model:
Geochimica et Cosmochimica aci@, p. 2347-2365.

Foix, N., Allard, J.O., Ferreira, M.L. and Atencid,, 2020. Spatio-temporal variations in the
Mesozoic sedimentary record, Golfo San Jorge B@satagonia, Argentina): Andean
vs. cratonic sourcegournal of South American Earth Scienc@® p. 102464.

Foix, N., Paredes, J.M. and Giacosa, R.E., 2018vi&ll architecture variations linked to
changes in accommodation space: Rio Chico Formélade Paleocene), Golfo San
Jorge basin, Argentin&edimentary Geolog294, p. 342—-355.

Galbraith, R.F. and Laslett, G.M., 1993. Statidticeodels for mixed fission track ages:
Nuclear tracks and radiation measuremegty p. 459-470.

Gallagher, K., 2012. Transdimensional inverse tlarimstory modeling for quantitative
thermochronologyJournal of Geophysical Research: Solid Eafth7, B02408

Gallagher, K., Charvin, K., Nielsen, S., Sambridlye, and Stephenson, J., 2009. Markov
chain Monte Carlo (MCMC) sampling methods to deiasroptimal models, model
resolution and model choice for Earth Science mmist Marine and Petroleum
Geology 26, p. 525-535.

Gautheron, C. and Tassan-Got, L., 2010. A MontdoCapproach to diffusion applied to
noble gas/helium thermochronologghemical Geology273 p. 212-224.

Gautheron, C., Tassan-Got, L., Barbarand, J. amgelP&l., 2009. Effect of alpha-damage
annealing on apatite (U-Th)/He thermochronolo@iiemical Geology266, p. 157—
170.Genge, M. C., 2021. Tectonic evolution of thertmcentral Patagonia: a
thermochronological approach. Ph.D. thesis.

Genge, M. C., Zattin, M., Savignano, E., FranchMi, Gautheron, C., Ramos, V. A. and
Mazzoli S.(In press).The role of slab geometry in the exhumation of dlemn-type
orogens and their forelands: Insights  from  northerrPatagonia.
https://doi.org/10.1130/B35767.1

Genise, J.F., Melchor, R.N., Bellosi, E.S., GonzaM.G. and Krause, M., 2007. New insect
pupation chambers (Pupichnia) from the Upper Cestas of Patagonia, Argentina:
Cretaceous Research8, p. 545-559.

Giacosa, R., Zubia, M., Sanchez, M. and Allard,2010. Meso-Cenozoic tectonics of the
southern Patagonian foreland: Structural evoluéind implications for Au—Ag veins
in the eastern Deseado Region (Santa Cruz, Arggntiournal of South American
Earth Sciences30, p. 134-150.

Gianni, G.M., Echaurren, A., Folguera, A., Likerman, Encinas, A., Garcia, H.P.A., Dal
Molin, C. and Valencia, V.A., 2017. Cenozoic int@tp tectonics in Central
Patagonia: Record of main Andean phases in a wejadtrplate Tectonophysics21,

p. 151-166.

Gianni, G.M., Navarrete, C., Orts, D., Tobal, Jaolguera, A. and Giménez, M., 2015.
Patagonian broken foreland and related synorogd#tiieg: The origin of the Chubut
Group BasinTectonophysic$49, p. 81-99.



Gillot, P.-Y., Hildenbrand, A., Lefevre, J.-C. aAdbore-Livadie, C., 2006. The K/Ar dating
method: principle, analytical techniques, and apion to Holocene volcanic
eruptions in southern ItalyActa Vulcanological8(2), 55-66.

Gleadow, A.J.W., 1981. Fission-track dating methadsat are the real alternativelS@clear
Tracks 5, p. 3-14.

Green, P.F., Duddy, |.R., Laslett, G.M., HegartyAK Gleadow, A.W. and Lovering, J.F.,
1989. Thermal annealing of fission tracks in apat. Quantitative modelling
technigues and extension to geological timesca&semical Geology: Isotope
Geoscience Sectipi9, p. 155-182.

Guillaume, B., Martinod, J., Husson, L., Roddaz, & Riquelme, R. (2009). Neogene uplift
of central eastern Patagonia: Dynamic responsetigeaspreading ridge subduction?.
Tectonics28(2).

Guimera, J. and Alvaro, M., 1990. Structure et etfoh de la compression alpine dans la
Chaine Ibérique et la Chaine coétiere catalane @Es)aBulletin de la Société
géologique de Franc®, p. 339-348.

Guimera Rosso, J.J., 2018. Structure of an intragtdd-and-thrust belt: The Iberian Chain.
A synthesis.Geologica actal6, p. 0427-438.

Hechem, J.J., Homovc, J.F. and Figari, E.G., 183xatigrafia del Chubutiano (Cretacico)
en la Sierra de San Bernardo, cuenca del GolfaJ8aye, Argentina. Inl1 Congreso
Geolodgico Argenting. 173e176.

Homovc, J.F., Conforto, G.A., Lafourcade, P.A. &fetlotti, L.A., 1995. Fold belt in the San
Jorge Basin, Argentina: an example of tectonic isio®: Geological Society, London,
Special Publications38, p. 235-248.

Hu, D., Tian, Y., Hu, J., Rao, S., Wang, Y., Zha@gand Hu, S., 2020. Thermal imprints of
late Permian Emeishan basalt effusion: Evidencem fraircon fission-track
thermochronologytithos 352 p. 105224.

Hurford, A.J. and Green, P.F., 1983. The zeta agération of fission-track dating:
Chemical Geologwyl, p. 285-317.

Kay, S.M., Ardolino, A.A., Gorring, M.L. and Ramo¥,A., 2007. The Somuncura Large
Igneous Province in Patagonia: interaction of agient mantle thermal anomaly with
a subducting slaltournal of Petrology48, p. 43—77.

Ketcham, R.A., Carter, A., Donelick, R.A., Barbatad. and Hurford, A.J., 2007. Improved
modeling of fission-track annealing in apatignerican Mineralogist92, p. 799-810.

Ketcham, R.A., Gautheron, C. and Tassan-Got, L112@ccounting for long alpha-particle
stopping distances in (U-Th—Sm)/He geochronologgfirfeRment of the baseline case:
Geochimica et Cosmochimica Act®, p. 7779-7791.

Legarreta, L. and Uliana, M.A., 1994. Asociaciodesfosiles y hiatos en el Supracretacico-
Nedgeno de Patagonia: una perspectiva estratigraficuencialAmeghiniana31l, p.
257-281.

Lesta, P. and Ferello, R., 1972. Region extraandi@aChubut y norte de Santa Cruz:
Geologia Regional Argenting, p. 602—-687.

Lesta, P., Ferello, R. and Chebli, G., 1980. Chutxtraandino. In:Simposio Geologia
Regional Argentina. Academia Nacional de Ciencia£drdobap. 1307-1387.

Lin, W., Faure, M., Chen, Y., Ji, W., Wang, F., Wu, Charles, N., Wang, J. and Wang, Q.,
2013. Late Mesozoic compressional to extensiomabitécs in the Yiwulishan massif,
NE China and its bearing on the evolution of thasfian—Yanshan orogenic belt: Part
I: Structural analyses and geochronological comgigaGondwana Researcl23, p.
54-77.

Linares, E., Gonzélez, R.R. and Argentina, A.G8A Zatalogo de edades radimétricas de
la Republica Argentina, afios 1957-198&ociacion Geoldgica Argentina.



Maloney, K.T., Clarke, G.L., Klepeis, K.A. and Qeel, L., 2013. The Late Jurassic to
present evolution of the Andean margin: Drivers #relgeological recordfectonics
32, p. 1049-1065.

Malusa, M.G., Polino, R., Zattin, M., Bigazzi, Glartin, S. and Piana, F., 2005. Miocene to
Present differential exhumation in the Western Alpssights from fission track
thermochronologyTectonics24, p. TC3004.

Margirier, A., Braun, J., Gautheron, C., Carcajllet Schwartz, S., Jamme, R.P. and Stanley,
J., 2019. Climate control on Early Cenozoic deniogabf the Namibian margin as
deduced from new thermochronological constraiftarth and Planetary Science
Letters 527, p. 115779.

Meybeck, M., 1987. Global chemical weathering offisial rocks estimated from river
dissolved loadsAmerican journal of scien¢c@87, p. 401-428.

Navarrete, C., Gianni, G., Echaurren, A., Kinglerl.. and Folguera, A., 2016. Episodic
Jurassic to lower Cretaceous intraplate compressioentral Patagonia during
Gondwana breaku@ournal of Geodynami¢c402, p. 185-201.

Navarrete, C.R., Gianni, G.M. and Folguera, A., 20Tectonic inversion events in the
western San Jorge Gulf Basin from seismic, borehotéfield dataJournal of South
American Earth Scienceé4, p. 486-497.

Paredes, J.M., Aguiar, M., Ansa, A., Giordano, ISsdesma, M. and Tejada, S., 2018.
Inherited discontinuities and fault kinematics of raultiphase, non-colinear
extensional setting: Subsurface observations frieenSouth Flank of the Golfo San
Jorge basin, Patagoni#ournal of South American Earth Sciend&k p. 87-107.

Paredes, J.M., Foix, N., Pifiol, F.C., Nillni, A.lla&d, J.O. and Marquillas, R.A., 2007.
Volcanic and climatic controls on fluvial style & high-energy system: the Lower
Cretaceous Matasiete Formation, Golfo San Jorgénb@ggentina: Sedimentary
Geology 202, p. 96-123.

Paredes, J.M., Plazibat, S., Crovetto, C., SteinCdyo, E. and Schiuma, A., 2013. Fault
kinematics and depocenter evolution of oil-beariogntinental successions of the
Mina del Carmen Formation (Albian) in the Golfo Skmge basin, Argentindournal
of South American Earth Sciencé$, p. 63—79.

Peroni, G.O., Hegedus, A.G., Cerdan, J., LegartetdJliana, M.A. and Laffitte, G., 1995.
Hydrocarbon accumulation in an inverted segmenthef Andean Foreland: San
Bernardo belt, Central Patagonia. In: Tankard ASiiarez S., Welsink H.J. (Eds.)
Petroleum basins of South America. American Astooniaf Petroleum Geologists
Memoir,62, pp. 403—-4109.

Pezzuchi, H. y Fernandez, M. I. 2001. Mapa de lgaH®eoldgica 4569-Ill: Sarmiento,
provincia del Chubut. Instituto de Geologia y Reosr Minerales-SEGEMAR
(inédita), Buenos Aires.

Pezzuchi, H. D., 2018. Sarmiento. Hoja Geologic694Bl. Programa Nacional de Cartas
Geoldgicas de la Republica Argentina 1:250.000taC&eoldgica de la Republica
Argentina. Boletin 318. Buenos Aires, Servicio @goto Minero Argentino. Instituto
de Geologia y Recursos Minerales.

Plazibat, S., Rasgido, A. and Paredes, J.M., 2818surface characterization of Cenozoic
igneous activity at Cerro Dragon area (Golfo Sargddasin, central Patagonia):
Implications for basin evolution and hydrocarborogpectivity: Journal of South
American Earth Sciencg86, p. 102389.

Rapela, C.W. and Kay, S.M., 1988. Late PaleozoiR@oent magmatic evolution of northern
PatagoniaEpisodesl], p. 175-182.

Ré, G.H., Bellosi, E.S., Heizler, M., Vilas, J.Madden, R.H., Carlini, A.A., Kay, R.F. and
Vucetich, M.G., 2010. A geochronology for the Samo Formation at Gran



Barranca. In:The Paleontology of Gran Barranca: Evolution andvEonmental
Change through the Middle Cenozoic of Patagor@@mbridge University Press
Cambridge, p. 46-60

Remesal, M.B., Salani, F.M. and Cerredo, M.E., 2@Ré&trologia del complejo volcanico
Barril Niyeu (Mioceno inferior), Patagonia ArgerdirRevista mexicana de ciencias
geoldgicas29, p. 463-477.

Roy, M., Kelley, S., Pazzaglia, F., Cather, S. Hogdise, M., 2004. Middle Tertiary buoyancy
modification and its relationship to rock exhumatiocooling, and subsequent
extension at the eastern margin of the Coloradte&@lieGeology 32, p. 925-928.

Samper, A., Quidelleur, X., Boudon, G., Le Fria#t, and Komorowski, J.C., 2008.
Radiometric dating of three large volume flank ap#ies in the Lesser Antilles Arc:
Journal of Volcanology and Geothermal Resealdt6, p. 485-492.

Savignano, E., Mazzoli, S., Arce, M., Franchini,, [Gautheron, C., Paolini, M. and Zattin,
M., 2016. (Un) Coupled thrust belt-foreland defotima in the northern Patagonian
Andes: New insights from the Esquel-Gastre seetd? 80—43° S):Tectonics 35, p.
2636—2656.

Sciutto, J.C., 1981. Geologia del codo del rio 8eng Chubut, Argentina. ICONGRESO
GEOLOGICO ARGENTINQOVol. 8, No. 1981, p. 203-219.

Sciutto, J.C., Césari, O., Lantanos, N. and ArdpliA.A., 2008. Hoja Geoldgica 4569-1V
Escalante, Provincia del Chubut. Servicio Geoloditinero Argentino. Instituto de
Geologia y Recursos Minerales, Boletin 351, 7@penos Aires.

Sharp, W.D., Renne, P.R., 2005. The 40Ar/39Ar dawh core recovered by the Hawaii
Scientific Drilling Project (phase 2), Hilo, Hawaibeochemistry Geophysics Geosys-
tems 6 Q04G17, doi:10.1029/2004GC000846. 18 pp.

Sinito, A.M., 1980. Edades geoldgicas, radimétrigasnagnéticas de algunas vulcanitas
cenozoicas de las provincias de Santa Cruz y Ch&awt Asoc. Geol. Arger85, p.
332-339.

Steiger, R.H. and Jager, E., 1977. Subcommissiogeachronology: convention on the use
of decay constants in geo-and cosmochronolégyth and planetary science letters
36, p. 359-362.

Suarez, M., De La Cruz, R., Aguirre-Urreta, B. &zhning, M., 2009. Relationship between
volcanism and marine sedimentation in northern ralis(Aisén) Basin, central
Patagonia: Stratigraphic, U-Pb SHRIMP and paleogtolevidenceJournal of South
American Earth Sciencg®7, p. 309-325.

Tunik, M.A., Paredes, J.M., Fernandez, M.l., Fdik, and Allard, J.O., 2015. Analisis
petrografico de areniscas de la formacion cagtflbiano) en la faja plegada de San
Bernardo, cuenca golfo San Jorge, Argentina. %8l Revista de la Asociacion
Geoldgica Argentina, pp. 59-76

Umazano, A.M., Bellosi, E.S., Visconti, G., JalfiG.A. and Melchor, R.N., 2009.
Sedimentary record of a Late Cretaceous volcanc iar central Patagonia:
petrography, geochemistry and provenance of fluv@taniclastic deposits of the
Bajo Barreal Formation, San Jorge Basin, ArgentiDeetaceous Researcl30, p.
749-766.

Vallati, P., Casal, G., Foix, N., Allard, J., Tom&sD.S. and Calo, M., 2016. First report of a
Maastrichtian palynoflora from the Golfo san JorBasin, central Patagonia,
Argentina:Ameghiniana53, p. 495-505.

Vermeesch, P., 2018. IsoplotR: A free and openbtolfor geochronologyGeoscience
Frontiers 9, p. 1479-1493.



Vieira, F., & Hamza, V. (2019). Assessment of Geatiial Resources of South America-A
New Look.International Journal of Terrestrial Heat Flow arpplied Geothermics
2(1), 46-57.

Willett, S.D., Fisher, D., Fuller, C., En-Chao, and Chia-Yu, L., 2003. Erosion rates and
orogenic-wedge kinematics in Taiwan inferred frassibn-track thermochronometry:
Geology 31, p. 945-948.

Yonkee, W.A. and Weil, A.B., 2015. Tectonic evotutiof the Sevier and Laramide belts
within the North American Cordillera orogenic sysateEarth-Science Review$50
p. 531-593.

Zachos, J., Pagani, M., Sloan, L., Thomas, E. afldpB, K., 2001. Trends, rhythms, and
aberrations in global climate 65 Ma to pressntence292 p. 686—693.

Figure captions

Figure 1. (A) Geological map of the southern SamBelo Fold-Thrust Belt showing K-Ar
ages 1Sinito, 1980;%Linareset al, 1989;3Bruni et al, 2008; this study) on basalt units.
Geological units from Pezzuchi (2018) and Sciwdtaal. (2008). Principal structures from
Homovcet al. (1995). (B) Stratigraphic log of the study areaoified after Allardet al,
2020) with sampled formations; CG: Cerro GrandelasBP: Buen Pasto basalts, SBC: San
Bernardo Complex. Cross-sections (C and D) inspfrech new structural data, seismic
analysis (Giannet al, 2015; Allardet al, 2020) and existing cross-sections (Pezzuchi, 018
Stratigraphic thickness of Chubut units on the simections from Allardet al. (2020).
Samples indicated on cross-sections correspontbjegiion of the location of sampling sites
(15 kilometers maximum with sample MG7). Red sgsi@@&respond to places were pictures
of tilted Oligo-Miocene Buen Pasto basalts (E) &tidcene Cerro Grande basalts (F) have

been taken.

Figure 2. Pictures of some apatite grains seldateflJ-Th-Sm)/He dating from sample MG7

(A), MG17 (B) and MG20 (C) with dimensions of theams.



Figure 3. Thin sections of dated samples MG18 (&J &G21 (B) under cross-polarized
light. Rocks are fine-grained basalts with olivipgroxene and plagioclase phenocrysts, and a
groundmass composed of the same three mineralsnterdtitial glass. In order to remove
heavier (olivine-pyroxene) and lighter (plagioclagpdenocrysts, only the groundmass was
separated within density ranges of 2.94-3.06 af8-3.04 for MG18 and MG21 samples,
respectively. Such narrow and relatively heavy dgnselected ranges also allow us to
eliminate weathered parts of the rock, if any. @reiecles show the fractions kept for dating,

while red cross show the fraction removed duringeral separation.

Figure 4. A. Comparison of apatite FT and (U-Th-&i8)ages with deposition ages for the
samples collected in the Chubut Group. B. Diagraepsesenting AHe data (eU/AHe age,
Rs/AHe age and depositional age / Th/U). The affectUranium content being
eU=U+0.234 Th+0.0046 Sm. C. Radial plots with IsoplotR (Vermeesch, 20fi88) single-

grain AFT ages which evidence partial reset ofdae.

Figure 5. Inverse modeling evidencing Eocene -yédibcene heating and cooling for all the
samples which may have started at the end of tHg Bhocene. Each line represents the
best-fit model (in bold) and the uncertainties. tBdtrectangles show the constraints used for
the models as the deposition time (in bold) andiniteal high temperatures. Below, thermal
histories show the maximum likelihood model for le@ample evidencing that models are
poorly constrained between the Cretaceous anddherte. Then, observed vs predicted ages
plots are shown for all the samples (inverse madetiata available upon request) and

evidence that models are valuable.



Figure 6. Schematic sketches representative oddbthwestern San Bernardo FTB evolution
and including samples MG7, MG9 and MG17. The sketchvidence first the impact of
modest Eocene (A) and significant Oligo-Mioceneaptate volcanism (B) on the geothermal
gradient (e.g. moderate burial below the basatileec, downward thermal heating below the
basalts, high heat flow circulation due to sillslaikes). Then the sketches show the probable
combined effect of the slow decrease of the thergrabient since the cessation of the
volcanic activity combined with moderate exhumati@@) related to basalts weathering,
deformation and dynamic topography. Finally, theeaize of any effect of the last volcanic
phase on the samples is illustrated on the sk@&ghAFT ages for each sample represented

are in bold, AHe ages in italic and K-Ar ages impge.

Table captions

Table 1. Apatite fission tracks data for the sammellected in the Chubut Group including

samples location, sampled formations sampled aatgtphic ages.

Table 2. Apatite (U-Th-Sm)/He single-grain datauiess AHe ages corrected using the
ejection factor I (determined using the Monte Carlo simulation otddam et al., 2011).
Equivalent-sphere radius Rs calculated using pruaeedf Gautheron and Tassan-Got (2010).

eU is the effective uranium concentration in pprarr€cted ages given at Error.

Table 3. K-Ar dating results.



45°10'S

45°20'S

45°30'S

69°40'W

69°20'W 69°00'W

System/Stage Formations [samples|
Plio-Quaternar fluvio-glacial deposits MG21
late Miocene Rio Mayo Fm.
late Eocene - MG18
early Miocene -
late Paleocene -
middle Eocene
. Laguna
Turenian - B Lago
Maastrichti o Colhué
aastrichtian Hsapl Fn
Cenomanian- 3] .
. S|  Bajo Barreal Fim MG7
Coniacian ] Bajo Barreal Fim
=
=)
3
] MG
Aptian - Albian MG17
Aptian MG20
Jurassic -
Lower
Cretaceous

Paleozoic - Trias

‘\ +

Published '** Thisstudy ¢ Newstructuraldata @ Samples
c N ¢
1000 MG20 <
S AN
600 T F
10 km
D Fm D’
g AT g - 2 800




MG17-A

232.6 ym

100 um 'C

MG20-A

> 70.9 um

100 um







MG7
Al MG7 MG MG17 MG20 |[B % EHT TP
o T 8
————————————————— = Buen Pasto
TR ° -
) | rf (-] Q
2l ¢ $Y§ ; Pip= 1072 o 1%
Buen Pasto basalts < q] * é g 1 2 3
MG9 o 120

92.6+12.5Ma

10 20 eU (ppm)

| SanBernardoComplex |

40










Tables

TABLE 1. SUMMARY OF SAMPLE INFORMATION AND APATITEFISSION TRACKS DATA
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Table 1. Apatite fission tracks data for the samples codldah the Chubut Group including samples locatgampled formations sampled and
stratigraphic ages.



TABLE 2. APATITE (U-TH)/HE SINGLE-GRAIN DATA.
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Table 2. Apatite (U-Th-Sm)/He single-grain data results. éABlges corrected using the ejection facto{determined using the Monte Carlo
simulation of Ketcham et al., 2011). Equivalentaghradius Rs calculated using procedure of Gamthand Tassan-Got (2010). eU is the

effective uranium concentration in ppm. Correctgdsagiven at 1error.



TABLE 3. K-AR DATA.

5 % ) weight fused K 40Ar*  40Ar*E+12 Age +1 Weighted
Sample experiment no. mean age + 1
(9) (wt.%) (%) (at/g) (Ma) (Ma)
MG18 -69.4250 -45.0682 739 5654 0.50052 1.188 62.929.348 23.50+0.33
(Buen Pasto) 5668 0.40044 1.188 64.9 29.862 2391+0.34 230B4
MG21 -69.7130 -45.4616 582 5655 0.49925 1.79 46.7 316 2.84+£0.04
(Cerro Grande) 5667 1.4048 1.79 56.9 5.3209 .8420.04 2.84+0.04

Table 3.K-Ar dating results.





