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Abstract

The volcano-sedimentary succession of the CerrbeP@raben, Rio Negro
province, Patagonia (Argentina), was studied U-Rd &u-Hf in zircon. As well, a
stratigraphic, sedimentological, palynology andeaiew of the paleo flora content was
made. The combined stratigraphic and geochronabgitdy on the volcano-sedimentary
succession indicates that the Cerro Piche Grabendeeeloped during the Early Jurassic
and allow us to propose the Cerro Piche Formalibrs formation is composed of a lower
volcanic succession (named the Loma Blanca Memibat) is restricted to the tectonic
depression and that was probably emplaced duriegSthemurian (ca. 191 Ma), and an
upper sedimentary succession (named the El Tono Bdenthat was unconformably
deposited over the lower sequence during the Rlastsan (ca. 183 Ma). The
sedimentological study of the upper sequence allmmecognition of nine sedimentary
cycles related to the evolution of an alluvial fdine palynofacies interpretations reflect
intermittent exposure to weathering and/or intemeseorking of organic components as a
result of a dynamic sedimentary system with a heghestrial input, sediment reworking,
and/or intermittent subaerial exposure. The pabeaflpreserved in this sedimentary
succession is composed exclusively of conifers asglgned tdCupessinoxylon sp., and
probably corresponds to an arboreal paleocommunite. U-Pb data on Early Jurassic
detrital zircon grains from the El Tono Member tate a maximum depositional age
(MDA) of 185 Ma for this sequence, and the Lu-Htadaupport a reworked continental
crust for the zircon source. . Additionally, theRb-and Lu-Hf data obtained during this
work together with data from the North Patagoniaashif supports the recognition of four

magmatic cycles, called CO, C1 (including; €durce), C2 and C3. The C1 (172-180 Ma)
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and the C3 (155-162 Ma) cycles indicate mixinguwgnile mantle-derived and reworked
crustal components in the parental magma of ziramd the CO (182-192 Ma) cycle,
which includes the distal volcanism identified iietCerro Piche Graben, the;¢172-180

Ma) and C2 (166-169 Ma) cycles seemingly repregese episodes of crustal reworking.

Keywords: Jurassic volcanism, Patagonia, U-Pb/Luddfopes on zircon, Jurassic flora,

Stratigraphy.

1. Introduction

Widespread Jurassic volcanism took place in Patagduaring four main
episodes. From the Rio Negro Province until TidebhFuego Province these four volcanic
episodes were identified as VO, V1, V2 and V3, \whige integrated into the Chon Aike
Province (Pankhurst et al., 2000; Franchi et &012 Hauser et al., 2017, Pavon Pivetta et
al., 2019). The VO-V1 episodes were related taSimemurian and Pliensbachian-Toarcian,
respectively (Pankhurst et al., 2000; Pavon Pivettaal., 2019). These episodes are
characterized by the emplacement of within-platatee acidic lavas, ignimbrites and
sedimentary rocks of the Marifil Formation, alsanted Marifil Complex or Marifil
Volcanic Complex (Malvicini and Llambias, 1974; @, 1981; Franchi et al., 2001),
which outcrops in northeastern Patagonia on thanditt coast (Pankhurst et al., 2020). The
V0-V1 volcanic cycles are also contemporaneous \aith activity in the Subcordilleran
Patagonian Batholith that lasted until 180 Ma (Rajee¢ al., 2005), as well as with the early
stages of the Andean magmatic arc in the NeuquémBRosell et al., 2020 and references

therein). The second volcanic episode, V2 (Middiegsic, 176-162 Ma), occurred in the
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eastern part of the Deseado Massif in southerngBaia This episode has been related to
the high-grade rhyolitic ignimbrites of the Bahiaura Volcanic Complex, the geochemical
characteristics of which suggest a source relatedevolved magmas derived from
continental crust (Pankhurst et al., 2000). Finale V3 episode (Late Jurassic, 157-153)
was related to the pyroclastic rocks and associgtadiites of the eastern Andes (El
Quemado Complex — Argentina; and Ibanez Formatio@hile). This last magmatic
episode is represented by rhyolitic volcanic rockgcropping in the Andean region,
indicating a western migration of the magmatism andink with an active margin

(Pankhurst et al., 2020).

More recently, Hauser et al. (2017) defined theddah Asfalto magmatic
event, which was divided into three magmatic cy¢l@$-C3) based on U-Pb and Lu-Hf
isotopes in zircons of the Cafiadon Asfalto Bashe T1, called Lonco Trapial Cycle, was
developed at ca. 176 Ma and has negative and \p®8itir) values between -2.2 and +4.
The C2, named Las Chacritas Cycle, dated on caM&8as negativ€ysr) values, and
represents a volcanism that resulted from the rewgrof a Mesoproterozoic crust. The
C3, named Puesto Almada Cycle and developed a&t5&Ma, shows mixed Hf isotope
characteristics witliysr) values between -5.6 and +2.1 and interpretedaseaile magma
highly contaminated with old crust. Regarding theW3 episodes (after Pankhurst et al.,
2000), Hauser et al. (2017) recognized that thgesodes overlap partially with the
Canadon Asfalto magmatic event. The C1 magmatiteagcbracketed by the V1 and V2
phases, the C2 overlaps exactly with the V2 episadd the C3 volcanic cycle partially

overlaps with the V3 phase.
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The Early Jurassic magmatism in northern Patageais divided into two
domains: the Andean and Extra-Andean (Benedinilet2814). The Andean domain
includes the Subcordilleran Patagonian Batholithictv corresponds to a belt of
subduction related igneous rocks that extends forenthan 250 km, representing an
oblique batholith developed during Late TriassiaiEdurassic times (Haller et al., 1999;
Rapela et al., 2005; Echaurren et al., 2017; Zafaret al., 2020). The extra-Andean
domain includes the outcrops of Jurassic volcami&s in the NPM. This domain includes
the Marifil Volcanic Complex in the eastern parttioé NPM; and the Taquetrén (Nullo and
Proserpio, 1975), Safico (Stipanicic et al., 19683ramilla (Nullo, 1978) and Lonco
Trapial formations (Lesta and Ferello, 1972), thmm@llo Complex (Barros et al., 2020),
and the Cafiadon Chileno Complex (Benedini et GR02 of the central and western part of
the NPM. This widespread Jurassic magmatism has leled with the Karoo mantle
plume impingement, related to Gondwana break-upptiening of the Atlantic Ocean, and
westward drifting of Patagonia (Cox, 1992; Pankharsl Rapela, 1995; Encarnacion et al.,

1996; Pankhurst et al., 2000; Riley and Knight, R(&torey et al., 2013).

In the central part of the North Patagonian MasXfkm north of the town
of Los Menucos, a relatively small depocenter nartred Cerro Piche Graben (CPG -
Corbella, 1973) was recently proposed to represemew Jurassic unit based on the
interpretation of fossil trunks and stratigrapretationships (Falco et al., 2017; Bodnar and
Falco, 2018). The aim of the present study is tab#ish the maximum depositional age
and tectonic history of the CPG volcanic/sedimegntacks, using U-Pb and Lu-Hf isotope
analysis on detrital zircon. On the basis of thecdption of sedimentary facies and

palynofacies analysis of selected outcrop samplegw sedimentological interpretation is



109 presented. All data together will improve the kneslde on the evolution history of the

110  North Patagonian Massif during Mesozoic times \eithphasis in the Jurassic.
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Figure 1. Simplified geological map (after Echaoret al., 2017; Hauser et al., 2017;
Pankhurst et al., 2000) showing the main occurrenafe Jurassic magmatism in the
Patagonian region. The five main Mesozoic basinsafthern South America are also
depicted: Neuquén Basin, Colorado Basin, CafiaddaltAsBasin, San Jorge Gulf Basin,
and Austral Basin. The positions of the main Huinaod Gastre lineaments are also
indicated. G: Garamilla Formation, M: Marifil Fortian, CPB: Central Patagonian
Batholith, SCB: Subcordilleran Patagonian Batholit@hMC: Chonos Metamorphic
Complex (Late Triassic), PB: Patagonian Batholittréssic—Eocene), LT: Lonco Trapial
Formation, Ib: Puesto Ibafiez Formation, ChA: ChakeArormation, Qm: El Quemado

Complex, Th: Tobifera Formation. See text for aiiet explanation.

2. Geological setting

The NPM (Fig. 1) is a crustal block of approximgt&50,000 kr between
39 °S and 44 °S in Patagonia of Argentina. Thissim&sbounded by the Neuguén Basin to
the northwest (Upper Triassic—Neogene) and the r@dto Basin to the northeast (Upper
Triassic—Neogene). To the south, the NPM is detichtty the Patagonian Precordillera that
uplifts Upper Triassic—Lower Jurassic rocks, angl Jorassic Cafiadon Asfalto Basin (see
Ramos, 1999; Hauser et al., 2017, and referenegsitl). The Paleozoic and Mesozoic
stratigraphy of the NPM consists of Cambrian plitccend metasedimentary rocks, and
Ordovician S- and I-type granitoids; all of thege aovered by a Silurian to Devonian
sedimentary succession in the eastern parts oNBd (e.g., Ramos, 1999; Pankhurst et

al., 2006). Voluminous lower Permian—Middle Tri@ssiagmatism is in evidence along an
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E-W belt from the Andes foothills to the Atlantio&st (Pankhurst et al., 2006; Castillo et

al., 2017; Martinez Dopico et al., 2017, 2019, eefdrences therein).

The Jurassic period in the NPM is characterizeebtignsive volcanic rocks,
which also have minor sedimentary interbeds. Oretistern side of the NPM, the Marifil
Volcanic Complex has been divided into three foraore that unconformably cover the
Nahuel Niyeu Formation. The basal Puesto Piris &tion (Nuiiez et al.,, 1975) is
composed of red conglomerates, sandstones, blé#skoses, limestones, and reworked
tuff, with thicknesses between 150 and 550 m. A ldew assigned to the Marifil Volcanic
Complex interbedded in the sedimentary successioineo Puesto Piris Formation was
dated to 193 = 3 Ma (U-Pb in zircon age - Strazzatral., 2018). The upper units of the
Marifii Complex are the Aguada del Bagual (subvaolcalavas) and La Porfia
(agglomerates, tuffs, sandstones and ignimbriws)dtions (Cortés, 1981; Marquez et al.,
2012). Further south, in the Arroyo Verde area (Rdegro Province), coulées,
megabreccias, and lapilli tuffs of the Marifil Faatron were assigned to the Sinemurian
(U-Pb in zircon age of 193 £ 2 Ma — Pavon Pivetalgt2019). This Sinemurian volcanic
succession is unconformably covered by welded likeaignimbrites, massive lapilli tuffs,
and rhyolitic lava flows assigned to the Pliensl@ch(Pavon Pivetta et al., 2019).
Geochemistry suggested that the Sinemurian Mafdlcanic Complex was generated by
partial melting of lower crust related to a dehyddasubducting plate in a back-arc setting,
whereas the Pliensbachian magmatism originated frartial melting of the mafic lower
crust, induced by a mantle plume impingement (Pargtrand Rapela, 1995; Pankhurst et

al., 2000; Pavon Pivetta et al., 2019).



156 In the western NPM, the Taquetrén (Nullo and Pmser1975) and
157  Garamilla (Nullo, 1978) formations and the Com&lRarros et al., 2020) and Cafaddn
158  Chileno (Benedini et al.,, 2020) complexes are w&posed from the Limay river to the
159  Sierra de Taquetrén locality (all indicated as Gim 1). The Taquetrén Formation consists
160  of breccias, lavas, tuffs and ignimbrites of anti@ssomposition, and is interpreted as
161  volcaniclastic facies of the Lonco Trapial Formatiahich belongs to the Cafiadon Asfalto
162 Basin (Lesta and Ferello, 1972, Lizuain and Silveetdy 2005). The Pliensbachian
163  Garamilla Formation (U-Pb zircon age of 189 + 1 MaBenedini et al.,, 2014) is
164  characterized by ignimbrites, breccias, tuffs, &s of mainly intermediate to rhyolitic
165 composition, revealing a progressive change frosuladuction to an intraplate-related
166  tectonic setting (Benedini et al., 2014). The Cdm@omplex has been related to a NW-SE
167  pull-apart volcanic depocenter of Sinemurian agd’fzircon age of 192 + 3 Ma, Barros
168 et al., 2020). Volcanic products, including pyratia and coherent volcanic rocks, as well
169 as a few sedimentary deposits, characterize therleection of the Comallo Complex. The
170  upper section is dominated by red beds depositedl filnvial sedimentary environment
171  (Barros et al., 2020). The Cafiadon Chileno ComBenedini et al., 2020) is a small
172 asymmetrical volcanic and sedimentary depocentdnictw has been dated to the

173 Pliensbachian (U-Pb zircon age of 188 + 3 Ma — Bemeet al., 2020).

174 To the south of the NPM, the volcano-sedimentagueace of the Cafiadon
175  Asfalto Basin (Fig. 1) was also developed during Jlrassic. It is considered a sinistral
176  pull-apart basin that was developed accordingderdineaments such as the Gastre system
177  (Silva Nieto et al., 2002). Although the stratigngpof this basin is still discussed (e.g.,

178  Cuneo et al., 2013; Hauser et al., 2017), U-Plorigeochronology supports that this basin
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evolved from the Pliensbachian (Early Jurassic)l uhe Kimmeridgian (Late Jurassic)

(Caneo et al., 2013; Bouhier et al., 2017; Hausat.e2017).

Cretaceous and Paleogene—Neogene sedimentary raoks,the upper
Oligocene to lower Miocene Somuncura Basaltic Rlateover all these Jurassic units of

the NPM (Ramos, 1999; Asiain et al., 2019).

2.3. Local geological setting

The Cerro Piche Graben (CPG - Corbella, 1973) #0&m long, E-W
trending gravitational structure located 30 km hast Los Menucos town in the central
North Patagonian Massif (Figs. 1, 2). The best expes of the CPG are delimited to its
eastern sector of the graben by the Queupuniye@diaand to the west by the Bajos
Hondos Basaltic Plateau (Fig. 2). This tectoniadtire, also mentioned as Piche Fault
System or pull-apart Piche (Giacosa et al., 20@7part of a major family of E-W faults
recognized in the surrounding area, such as thealBlanca fault (Cucchi et al., 2001), as

well as the La Laja and La Laja Norte faults (Geecet al., 2007), inter alia.

The CPG is limited by two subparallel faults (R2y- The northern fault cuts
across granitic and volcanic rocks of the La EspeaaComplex (see Martinez Dopico et
al., 2017, 2019) and the low-grade metamorphic sock the Colo Niyeu Formation
(Labudia and Bjerg, 1994). The southern fault &ists the Colo Niyeu Formation and the
La Esperanza Complex, as well as the eastern settthe Los Menucos Group or

Complex (Lema et al., 2008; Falco et al., 2020).
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The Colo Niyeu Formation is a 1500 m successiormetasedimentary
rocks, mainly characterized by quartzitic and ghgllbeds, which were affected by low-
grade metamorphism (Labudia and Bjerg, 1994). Teedd this metamorphic succession is
still debated between Cambrian (Martinez Dopicalgt2017) or younger than Devonian
(Chernicoff et al., 2018). The La Esperanza Complax been dated between ca. 273 and
244 Ma, and a series of granitic and granodioptitons, mesosilicic lavas, ignimbritic
layers, and rhyiolitic dikes have been grouped ttogrein this complex (see Martinez

Dopico et al., 2019 and references therein).

The Los Menucos Group or Complex and its stratigyapre still under
debate (see Falco et al., 2020 and referencesirtheraitially, the volcanic and
sedimentary succession of the CPG was consideeeldwermost part of the Los Menucos
Group (Labudia and Bjerg, 2001) or Los Menucos JempGiacosa et al., 2007).
Recently, Falco et al. (2020) reviewed the strapby and proposed a subdivision for the
Los Menucos Group (after Labudia and Bjerg, 200iifp ia series of ignimbrites,
mesosilicic lavas and sedimentary layers that veenplaced during the interval of 253 to
248 Ma. In this new stratigraphic proposal, the C8dgcession was considered as a
younger episode than the Los Menucos Group, pgssibplaced during the Jurassic (see
Bodnar and Falco, 2018; Falco et al., 2020). Sihgil&€ucchi et al. (2001) named andesitic
lavas of this succession as the Vulcanitas Lomad3laLoma Blanca volcanic rocks).
Some of these lavas were emplaced along the E-W¢ faluthe graben and also tentatively

assigned to the Jurassic.

The CPG contains a ~500 m volcano-sedimentary seme (Corbella,

1973; Labudia et al., 1992; Bodnar and Falco, 2008pudia et al. (1992) described this
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succession as deposited by ephemeral fluvial systeith channels activated during rainy
seasons. This sedimentary succession included tassks described aBleuromeia sp.
(Labudia et al., 1992), suggesting an Early to NMédiriassic age for these rocks (Labudia
and Bjerg, 2001; Giacosa et al.,, 2007; Lema et 24l08). Later, new paleontological
studies reassigned the fossil trunks Gapressinoxylon sp., discarding an exclusively
Triassic age (Bodnar and Falco, 2018, see alsmedlal., 2020). The age of these deposits
is still unclear; the current state of knowledgggests deposition after the Los Menucos
Group, possibly during Jurassic times (Corbella73t9Falco et al., 2017; Bodnar and

Falco, 2018).

Finally, tectonic and deformational studies of @G indicate that dextral
E-W faults with kilometer-scale displacement warked with a NE-SW to NNE-SSW
oblique extension, possibly following older lineartse (Giacosa et al., 2007). These E-W
structures also show earlier reactivation duriregthocene, which facilitated the extrusion
of basalts, such as the Cerro Piche and other nmmmogenetic bodies (Corbella, 1973;

Giacosa et al., 2007).
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Figure 2. Detailed geological map of the study attea yellow star to the northwest of Pto. L. Alaindicates the measured profile
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3. Material and methods

Fieldwork involved standard profiling techniquessdription of igneous and
sedimentary facies, and their stratigraphic refetiops. At Puesto L. Alvarez, where the
sedimentary succession is best exposed (Fig. 2a @pmplete sedimentary profile was
measured. At the same profile, fine-grained Fadegsee below) was sampled for
palynological studies (Fig. 5, 6). The sample ofi€a 10 for U-Pb and Lu-Hf isotope in

zircon analysis was collected to the south of RuBstMussi (Fig. 2, 4, 7).

3.1. U-Pb and Lu-Hf isotopes on zrcon

For the U-Pb and Lu-Hf isotope study on zircon, kg5rock sample was
crushed and then sieved to different size fractid@® to 400um) in the Laboratorio de
Petrotomia de la Universidad Nacional del Sur (Baf8lanca, Argentina). After
handpicking, the zircon grains were cast into aoxganount, polished to approximately
half thickness, and the polished surfaces wereachenized by back-scattered electron
(BSE) and cathodoluminescence (CL) imaging usinfEd QUANTA 450 scanning
electron microscope (SEM) at the Laboratory of Geowology and Isotope Geochemistry
of the Universidade de Brasilia. These images pgealithe basis for selecting potential
locations in the grains for laser-ablation analyklsPb and Lu-Hf isotope analyses were
performed using a Thermo-Fisher Neptune HR-MC-IC8-kbupled with a Nd:YAG

UP213 New Wave laser ablation system.
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U-Pb analyses (see data Table in the Supplemeriéaterial) were
performed based on the standard-sample bracketétoa (Albaréde et al., 2004) using
the GJ-1 standard (Jackson et al.,, 2004) in omendanitor ICP-MS fractionation. The
91500 reference zircon (Wiedenbeck et al., 19984pPWas also analyzed as a secondary
reference material during the analytical sessidinmed masses were 238, 207, 206, 204
and 202. Integration time was 1 second and ablaitioe was 40 seconds. Spot size was 25
pum and laser adjustment was 10 Hz and 2-3 %/¢m addition, the®*Pb7°®Pb and

2080738 ratios were time corrected.

Common®®Pb was monitored based on #igHg and {®Hg+***Pb) masses.
Common Pb corrections were not carried out durlmg investigation due to very low
signals for’®Pb (<30 cps) and high signals for 18Pb/**Pb ratios. Reported errors were
propagated by the quadratic addition [(2SD ~ 2 £ 222) 1/2] (SD = standard deviation;
SE = standard error) of external reproducibilitydaperformance accuracy. External
reproducibility was represented by the standardatiew based on repeated analyses (n=
20, ~1.1% for®Pb/*°Pb and up to ~2% fd"PbF3%U) of the GJ-1 zircon standard during
the analytical sessions, whereas performance agcwas the standard error calculated for
each analysis. Weighted mean ages were calculaigd tive Isoplot-3/Ex software
(Ludwig, 2012). The adopted geological time scaldoivs the one used by Cohen et al.

(2013, updated).

Lu-Hf isotopes were analyzed on zircon grains thad been previously
analyzed for U-Pb isotopes and that had given aolac data (ratio betweé®Pb/”%Pb
and?°’Pb7**U apparent ages). Whenever possible, both the BRBH_u-Hf analysis points

were set as close as possible to enable an analyzgiscon grain portions with the same



286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

isotopic ages. Before the Hf isotope measuremegpticate analyses of a 200 ppb Hf JIMC
475 standard solution doped with Yb (Yb/Hf = 0.08¢re carried out*(°*Hf/*""Hf =
0.282162+13 2s, n= 4). The analysis of the GJ-hdstal was replicated during the
analytical session and recorded'’8Hf /*"’Hf ratio of 0.282006 + 16 ( n= 25), as
compared to the reference value of 0.282000 + @@BMy Morel et al. (2008) for this
standard. The value recorded for GJ-1 was 0.28201.B00009 (n= 5.2 SD) at an intensity
of 2.03 + 0.08 V for'"®Hf. The Lu-Hf isotope data were collected for 404#tonds of
ablation, yielding 40um spot diameters, and for 85% energy. The signéldhe
interference-free isotopé&yb, *vb and*"®Lu were monitored during analysis in order to
correct for isobaric interferences 8fYb and*’®Lu on the'’®Hf signal. The'’®vb and
178 u contributions were calculated using the isotagiandance of Lu and Hf proposed by
Chu et al. (2002). Contemporaneous measurementsyaf and'’3vb provide a means to
correct for mass-bias of Yb using&Yb/*"*Yb normalization factor of 1.132685 (Chu et
al., 2002). Hafnium isotope ratios were normalizedthe *"*Hf/*""Hf value of 0.7325
(Patchett, 1983). A detailed description of proceduand methods was provided by

Matteini et al. (2010).

The €qgmy values of each grain were recalculated for theblage that had
been previously recorded for the same zircon grEte.€ysr values were calculated based
on the decay constait 1.86*10™ suggested by Scherer et al. (2006), as well ahen
Y78#/2"Hf and*"°Lu/* "Hf CHUR values (0.282786 and 0.0336, respectivalggested by
Bouvier et al. (2008). Depleted mantle ibdel ages (du Hf) were calculated based on
the "®Hf/""Hf and*"®Lu/*""Hf DM values (0.28325 and 0.0384, respectively)gasted by

Chauvel and Blichert-Toft (2001). The value BfLu/*"'Hf ratio (0.0113) was used as
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mean crust reference (Taylor and McLennan, 1985jafehl, 1995). Thus,ply ages were
calculated based on the initial Hf isotopic compoai of zircon by using mean Lu/Hf
crustal values (Gerdes and Zeh, 2009; Nebel e@07). The initial Hf composition of
zircon represented tH&Hf/*"’Hf value, which was calculated at the zircon ctjigetion

time, based on the U-Pb age previously recordethBosame crystal.

3.2. Palynofacies analysis. laboratory treatments and microscopy techniques

Three palynological samples were studied (Fig. 5, The physical and
chemical extraction of the palynological matter (PMas carried out at the Laboratorio de
Palinologia of the Instituto Geologico del Sur (IEGSUR)/Universidad Nacional del Sur
(UNS)-Bahia Blanca. All samples were prepared atingrto standard non-oxidative
palynological techniques, which involved treatmewith hydrochloric and hydrofluoric
acids. This residue was used to prepare a firghpédcies slide, in which a general visual
assessment of the complete palynological assemblage done. Then, the remaining
residues were sieved using a 10-um mesh accordidgdon (1995) and a second slide
was prepared. The slides were examined using amited white-light microscope
(Olympus BX40) and a reflected fluorescent lightmscope (RFL; Olympus BH2) with
the goal of assessing the preservation state ofPtle The description of the organic
particles is based on terminology adapted fromeBa{tl983, 1996), Tyson (1995), and
Oboh-lkuenobe and de Villiers (2003). At least p@0ticles were point-counted per slide
using a 40x objective for the second slide. Theymtdhcies Types (i.e., the different
associations of PM) are defined based on this axtcolhe term Palynofacies Type

describes a specific palynological matter assenebléigought to reflect particular
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environmental conditions (Brugman et al., 1994, aeftrences therein). The organic
content of the sediments behaves in the same welastsc particles (e.g., Traverse, 1994;
Tyson, 1995). Thus, the results of the palynoldgtady correlated with the outcomes of a
sedimentary analysis constitute a useful tool é@onstructing sedimentary processes. The
palynological slides are housed in the INGEOSUR/Uti8y are identified by a catalogue

number preceded by the abbreviations UNSP (UnidadsNacional del Sur, Palinologia).

4. Reaults

4.1. Facies description

In the course of fieldwork in the CPG, 10 faciealfle 1; Fig. 3, 4, and 6)

were recognized.

4.1.1. Facies 1: Columnar jointed andesite

This facies is restricted to the graben (Fig. 2) amps out in the environs of
Puesto J. Velo. This andesite is characterizeddoghyritic to glomeroporphyritic texture
where aggregates of plagioclase, biotite, and Hende phenocrysts are inserted in an
intersertal groundmass composed of plagioclaseofittts and glass. The plagioclase
phenocrysts can be divided into two groups: thet fine of larger and zoned crystals of
euhedral shape (-3 mm), and the second one wittiesnzaystals (~400 pm) without
zonation and anhedral shape. Meta-sandstone andtaggla fragments are common
inclusions in this facies, which are tentativeliated to the Colo Niyeu Formation and the
La Esperanza Complex (Permian). This facies reptesmoling of a lava flow, which was

exclusively emplaced into the tectonic depression.
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Figure 3. Facies 1 to 4 outcrop photographs. Yeltioited lines indicate the skyline or
boundaries in outcrop; the photos on the right gidsets) show microscopic textural
features for each facies. (A) Facies 1, columniauit¢d andesite. (B) Facies 2, flow foliated
rhyolite lava. Figure inset, the flow-foliated dom#ffd) and the undisturbed domain (ud).
The yellow lines on the undisturbed domain highligie foliated groundmass around
phenocrysts. (C) Facies 3, massive andesite. Uppet shows the textural arrangement of
the facies, the lower inset shows the secondargclated texture infilled (yellow dotted
lines) with quartz, fluorite and calcite. (D) Faxié, massive rhyolite dikes cutting across
ignimbritic deposits of the Los Menucos Group & slouthern end of the graben. (A), (B)
and (C) from the Puesto J. Velo area and (D) froenRuesto D. Mussi area. The red scale
bar in the microscope photography of each faciggesents 500 um. PI: plagioclase,
Amph: amphibol, Qtz: quartz, Feld-K: potassium $gdr.Abbreviations based on Siivola and

Schmid (2007)

4.1.2. Facies 2: Flow-foliated rhyolite

Like Facies 1, the flow-foliated porphyritic rhywlid lava of Facies 2 is
restricted to the eastern part of the graben. Rirgsis are euhedral plagioclase, quartz,
biotite, and hornblende (Fig. 3B) that are immersed a fresh vitric groundmass. The
flow foliation is recognizable as two different dams that are both monocompositional
(Fig. 3B). One domain shows massive undisturbetlitexwith euhedral crystals and vitric
groundmass; and the second, flow-foliated domalmbéts brecciated texture, with foliated
vitric groundmass around phenocrysts (Fig. 3B).sThacies represents the cooling of a

rhyolite lava flow.



Facies Description Interpretation
Facies 1: Columnar jointedTexture: porphyritic to glomeroporphyritic Cooling from a lava flow
andesite Phenocrysts: plagioclase, biotite, hornblende

Groundmass: intersertal with plagioclase microliths

Facies 2: Flow foliated rhyolite

Texture: Porpltigri
Phenocrysts: plagioclase, quartz, biotite, horrdiden

Groundmass: vitric

Cooling from a lava flow

Facies 3: Massive andesite

Texture: Porphyritic
Phenocrysts: plagioclase, amphibole
Groundmass: trachytic — calcite replaced

Secondary brecciation infilled with fluorite

Cooling from a lava flow

Facies 4: Massive rhyolite dikes

Texture: porpligtid glomeroporphyritic
Phenocrysts: quartz, K-feldspar, plagioclase

Groundmass: totally replaced to K-feldspar

Cooling from an ascending lava flow

Facies 5: Massive tuff

Texture: fragmentary
Clasts:Y, X, andplaty glass shards, quartz, lithic clasts
Fossil contentCupressinoxylon sp., leaves, shells, palynologig

matter

Ash fall deposit

al

6:

conglomerate

Facies Clast-supporte

dnternal organization: cross to horizontal, cruttatgication
Shape: Channelized deposits
Clast origin: volcanic, granitic and metamorphick®

Matrix: sandy

Deposited by high-energy, unidirectional, tract
flows or fluidized debris flows, infilling mino
channels
Paleocurrents: S, SW, SE

or as longitudinal

bedforms.

7.

conglomerate

Facies Matrix-supporte

dInternal organization: massive, normal- to invegsading.
Shape: lobate or convex-up, with non-erosional base

Clasts origin: volcanic, granitic and metamorpliucks

Deposited by unidirectional flows, with hig

sediment concentration, and high inter

>

hal

strength. Paleocurrents: S




Matrix: sandy

Facies 8. Massive coarse-grainethternal organization: massive to faintly laminated Deposited by sediment-gravity flows
sandstone Shape: tabular

Clast origin: volcanic, granitic and metamorphicks, quartz,
k-feldspar, plagioclase and biotite.

Matrix: scarce, fine-grained

Facies 9: Medium to fine graingdinternal organization: cross-stratification (planarough and Deposited by tractive flows. Trough and planar

sandstone low-angle), cross-lamination with normal gradingyrikontal | cross-stratified sandstones are related to fluvial
lamination. channels and migration of 2D and 3D dunes,
Shape: channelized, tabular or mantled horizontally and low-angle cross-stratified

Clast origin: volcanic, granitic and metamorphicks, quartz, sandstone can be linked to washed out dungs or
k-feldspar, plagioclase. an upper flow regime. Cross-laminated
Matrix: scarce, fine-grained sandstones are related to ripple migration.
Paleocurrents: S, SW, SE, N, E, W.

Facies 10: Massive to finelnternal organization: interbedded fine-grained dstone and Deposited by settling, with minor influence pf
laminated mudstone andmudstone; the sandstones occasionally develop stoalent| tractive flows. Paleocurrents: S, SW, SE, N, E.
sandstone ripples or symmetrical ripples.

Shape: tabular

Clast origin: quartz and glass shards, with minootite, K-
feldspar, and clay minerals.

Fossil contentCupressinoxylon sp., leaves

378 Table 1. Summary of the characteristics of theale recognized in the Cerro Piche Graben.
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4.1.3. Facies 3: Massive andesite

The massive andesite is also restricted to theeeagpart of the study area
and is restricted to the graben. The poorly expasgdrops are aligned along the E-W
faults (Fig. 3C). The texture of the massive artdess porphyritic with trachytic
groundmass, which is partially to totally replad®dcalcite. The phenocrysts are anhedral
to euhedral plagioclase and amphibole. This massidesite displays an intense secondary
brecciation with fractures infilled with quartz,Iciée and fluorite. This secondary overprint
is tentatively related to the fluorite mineralizati at the La Bienvenida and La Casual
mines (Figs. 2 and 3C). This facies representsimpdtom a lava flow, and its extrusion

was controlled by faulting.

4.1.4. Facies 4. Massive rhyolite dikes

This is the only facies recognized outside of #ednic depression. In the
eastern area, these dikes are extended paraltebt&-W structure of the graben. In the
western area, to the south of Puesto L. AlvarddEaSW sigmoidal dike swarm intruded
into the Colo Niyeu Formation, which is boundedtly parallel E-W trending faults (Fig.
2). The dikes have thicknesses up to 3 m, are pohdred, and they have porphyritic to
glomeroporphyric textures. Phenocrysts are quHeldspar, and plagioclase (Fig. 3D),
and groundmass is totally recrystallized. Quartamhedral, fresh and normally it has
embayments. K-feldspar is strongly altered but sdbll shapes are still recognizable;
plagioclase crystals are comparatively the smallest have subhedral to anhedral shape

(Fig. 3D). This facies represents cooling from aneading lava emplaced along E-W or
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sigmoidal structures related to the developmerthefCPG structure (see also Giacosa et

al., 2007).

4.1.5. Facies 5: Massive tuff

This facies belongs to the sedimentary succeshairfitls the graben, and it
is mainly recognized in the upper part of the grabk It is a light brown, massive tuff
exposed as loose debris or blocks (Fig. 4A). Unlemicroscope, the texture of this rock
is fragmentary. It is predominantly composed ofsglahards, small crystalloclasts, and
lithic clasts. Glass shards shovy X, and platy shapes and were deposited parallel to
depositional planes. The crystalloclasts are maiolmposed of quartz, and their shapes are
often triangular. Scarce lithic clasts are rounttedub-rounded and derived from volcanic
and sedimentary rocks. This facies bears shellintgprsmall pieces of carbonized wood,
leaves, and fossil trunks @upressinoxylon sp. (Bodnar and Falco, 2017). This lithology
was sampled for palynological analysis (Samples BAE 4, UNSP4515 and UNSP4516).
This facies was deposited by ash fall, and thegmition of shell imprints is indicative of
deposition into water bodies. The rounded lithastd recognized in this facies suggest that

these deposits were probably related to a localasic input/reworking.

4.1.6. Facies 6: Clast-supported conglomerate

This facies, a reddish-brown to dark brown, clagiported conglomerate
(Fig 4B), mostly occurs at the bottom of the seditagy succession, with minor

occurrences in the middle section, and it is absamards the top (Fig. 6). . The internal
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organization varies from cross to horizontal, crusteatification; the base is erosive
resulting from channelized deposits, and the varacrangement tends to normal grading.
Lateral extension of these deposits can reachdengeters, and thickness is up to 2.5 m.
Clasts are derived from volcanic, granitic, andamerphic rocks and they are subangular
to subrounded. Sandy matrix is composed of quanit feldspar, of subangular to
subrounded shape; occasionally matrix shows a derale proportion of glass shards.
Field relations indicate that this facies is linkeith Facies 7, 8 and 9. This facies was
deposited by high-energy, unidirectional, tractifevs or fluidized debris flows, infilling
minor channels or as longitudinal bedforms. Clagbrication and primary sedimentary
structures indicate that flow direction was preduwmnily towards the S, with minor

variations to SW and SE.
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Figure 4. Ouctrop images for Facies 5 to 10. Yellbotted line indicates facies contact;
white dotted lines indicate sedimentary structukégures (A) to (E) show the sedimentary
succession at Pto L. Alvarez, whereas the phot@)rwas taken at Pto D. Mussi where
Facies 10 was sampled for U-Pb and Lu-Hf isotopialysis on zircon. (A) Facies 5,
massive tuff where a shell mold is shown. The nsicopic texture is also shown to the
right; the red scale bar in the photo on the righ800 pum in width. (B) Facies 6, clast-

supported conglomerate. (C) Facies 7, matrix-supdoconglomerate. (D) Facies 8,
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massive coarse-grained sandstone. (E) Facies Qumetb fine-grained sandstone; note
the erosive contact between Facies 6 and 9 (yedlotted line). (F) Facies 10, massive to

fine-laminated mudstone and sandstone.

4.1.7. Facies 7: Matrix-supported conglomerate

This facies is also restricted to the lower halthed sedimentary succession.
Facies 7 is a reddish-brown, matrix-supported, massonglomerate. The vertical
arrangement varies from normal- to inverse-gradifgy 4C). The shape of matrix-
supported conglomerate bodies is mainly lobateomwex-up, with non-erosional bases.
Lateral extension could not be determined; thickngesip to 4 m. Clasts are mainly angular
to subangular and also derived from volcanic, gi@rand metamorphic rocks. The matrix
is sandy and composed of quartz, feldspar, bidtitec clasts, and a minor amount of tuff.
This facies was deposited by unidirectional flowsth high sediment concentration, and
high internal strength. Although paleocurrent diats could not be measured, deposit

shapes suggest a mainly south-directed flow doacti

4.1.8. Facies 8: Massive coar se-grained sandstone

This facies, a reddish brown to greenish gray, smgrained to pebbly
sandstone (Fig. 4D), is restricted to the lowef bithe sedimentary succession. . Deposits
are tabular, and the internal arrangement is maagsive to faintly laminated (to the top).
Lateral extension is on the scale of tens of metadsthickness is up to 2 m. Fabric varies

between matrix- and clast-supported, and the chastg from angular to subangular in
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shape. There are quartz, K-feldspar, plagioclase,baotite, as well as volcanic, plutonic,

and metamorphic lithic clasts. This facies was dépd by sediment-gravity flows.

4.1.9. Facies 9: Medium- to fine-grained sandstone

This facies is recognized in the lower half of #eglimentary succession. It
is a light-brown, medium- to fine-grained sandstenth a clast-supported fabric. Internal
organization shows cross-stratification (planasugh and low-angle) to cross-lamination
with normal grading; horizontal lamination is alsccasionally present. This deposit has a
channel shape when it is cross-stratified, or italsular or mantled when horizontally or
cross-laminated. Lateral extension is highly vdgalp to tens of meters, and thickness is
up to 6 m. Clasts have sub-angular to sub-roundieghes and are quartz, K-feldspar,
plagioclase, and lithic clasts from granites, anetamorphic and volcanic rocks. This
facies was deposited by tractive flows. Trough ptahar cross-stratified sandstones are
related to fluvial channels and migration of 2D &tdl dunes, horizontally and low-angle
cross-stratified sandstones can be linked to wasldlunes or an upper flow regime.
Cross-laminated sandstones are related to ripplgraton. Paleocurrent direction
measurements reveal considerable variation of phglirection. In the lower part of the
succession, the main flow direction is towards $hevith variation to the SE and SW; in
contrast, in the upper part of the deposit, thes fthrection occasionally also assumes N, E

or W directions.
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Figure 5. Fossil images. (A) Fragments of @upressinoxylon sp. trunks from NW of Pto.
L. Alvarez. (B) Polished surface of the permineradi axis ofCupressinoxylon sp (after
Bodnar and Falco, 2018). (C-D) Photomicrographghef identified palynofacies types
(PT). (C) PT-UNSP4514, sample UNSP4514: J32/0; BDBFck or dark brown
fragments, FAOM, fibrous amorphous organic matt@) PT- UNS4515, sample
UNSP45145: O37/4EAOP: equidimensional opaque phytoclasts with ag@dges,
EROP: equidimensional opaque phytoclasts with redndedges, EAOM: spongy
amorphous organic matter. (E) UNS4516 sample: Q493HY, degraded phytoclasts, C,
small pieces of partially degraded cuticles. Bléok-scale bar in figures C-E is 10n

long.

4.1.10. Facies 10: Massive to fine-laminated mudstone and sandstone



503 This is the most common facies in the upper partthef sedimentary
504  succession. It comprises interbedded fine-graimedisone and mudstone; the sandstones
505 occasionally develop small current ripples or syrmioa ripples (Fig. 4F). The more
506 common clasts are quartz and glass shards; minaglbiotite, K-feldspar, and clay
507 minerals are also present. Lateral extension coolde determined, but seems to be at the
508 scale of hundreds of meters; thickness is on thke sif tens of meters. These deposits bear
509 leaf impressions and fossil trunks Glipressinoxylon sp. (Corbella, 1973; Bodnar and
510 Falco, 2018) (Fig. 5). One sample (Sample GP1) tatasn for U-Pb and Lu-Hf isotopic
511 analysis on zircon on the eastern side of the gratoethe south of Puesto D. Mussi (Fig.

512 2).

513 This facies was deposited by settling, with mindtuence of tractive flows.

514 The measured paleocurrent directions for sandy bledw variable flow directions, mainly
515 towards the S, with variations to the SE, SW, amehdo the N or E. The upper half of the
516  succession is interpreted as deposited in diskaslaor lagoons; the lower half of the
517 deposit can be related to abandoned channel oddlam deposits. The recognition of a

518 large amount of glass shards is interpreted aseatkfrom distal volcanism.

519

520 4.1.11. Sratigraphic relations and facies associations

521 Fieldwork and mapping of the recognized facies .(R)ysuggest that the
522 columnar jointed andesite of Facies 1 and the flolated rhyolite of Facies 2 crop out
523  together, but with Facies 2 overlying Facies 1 (Rig These two facies are emplaced over

524  rocks that are tentatively assigned to the Los MesuGroup, although the contact surface
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is covered. The attitude of the upper layers suggélse existence of an angular
unconformity. The sedimentary and volcaniclasticida (Facies 5 to 10) comprehend a
concordant succession. The massive andesite oég$-&cis emplaced following an E-W
direction, and although the outcrops are not wegposed, the shape of this Facies 3
suggests that it was emplaced concordant to theeathry succession on the eastern side
of the CPG (Fig. 2). Similarly, field relations g&gt that the sedimentary and
volcaniclastic succession, together with the massindesite of Facies 3, was emplaced
above the volcanic facies 1 and 2; dip and strikthe rocks support the existence of an
angular unconformity between the concordant suamessnd the lower volcanic facies 1

and 2.

The massive rhyolite dikes of Facies 4 are onlguohihg the basement rocks
of the Colo Niyeu Formation, La Esperanza Complax laos Menucos Group; no rhyolite
dikes were identified intruding the other nine &acidescribed before. In addition, this
Facies 4 is following E-W direction, or was emplhadong sigmoidal trends along the
extent of the faults of the CPG. This suggests ttiege dikes were coevally intruded with
the development of the faults. The lack of dikesuiding the other facies suggests that
Facies 4 constitutes the oldest record relatelddCPG fault development. Other rhyolitic
dikes are also present in the area. They are cudsby those that are here assigned to
Facies 4; these earlier dikes are probably relébethe La Esperanza Complex (e.g.,

Giacosa et al., 2007; Martinez Dopico et al., 2848 references therein).

Regarding the sedimentary and volcaniclastic ssooes three facies
associations A, B and C are recognized. Faciesofetsun A is given by Facies 6 and 8,

and Facies 7 is also present but subordinate. dtterb of this facies association is a major
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surface, which sometimes is erosive. This surfade&cates the deposition of coarse facies
with lobate aspect that is followed by massive gaeposits. The recognition of Facies 7
is indicative of less dense flows that allowed dufon of tractive-flow dominated
deposits. This association is representative dticlavedges, deposited by alluvial fans on
proximal areas. Paleocurrents from Facies 6 indittedt these fans were deposited towards

the S, SE and SW.

Facies Association B combines Facies 7, 8 and ® Whse of this
association is given by an extensive erosive sarfabis surface suggests a change of the
depositional system, which is dominated by gravelyannels and overlapped by sandy
skirts related to down-slope loss of transport bdjpy. Paleocurrent directions from Facies
9 show a progressive migration to the sides (paleents to SE and SW) and possibly
generating transversal, minor, fluvial systemsistad position (paleocurrents to the E and

W).

Facies Association C is given by Facies 10, 9, &ndrhese deposits
represent distal deposits, which are mainly charerdd by settling from water bodies and
minor, sandy tractive flows. In the lower half dktsuccession, settling processes can be
linked to abandoned channels, swamps, floodplainsyccasionally small lakes. In the
upper half, this association might represent latwest sedimentation, where distal

pyroclastic sediment of Facies 5 was easily preskerv
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569 Figure 6. Detailed sedimentary profile measuredht® NW of Puesto L. Alvarez. The

570 levels for the three palynological samples aredatdid. Based on the sedimentological
571  study, nine sedimentary cycles were recognizedyebkalting fining upward arrangement
572 for each cycle is interpreted as a retrogradatiGtatking pattern. The three schematic

573 facies associations A, B and C are also shown.
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4.2. Palynofacies analysis

A statistical count was performed for the two lowsamples (Fig. 6),
because in the upper one the organic content scarce that 500 particles could not be
counted. The three studied levels are barren iynpatorphs. The PT-UNSP4514 and PT-
UNSP4515 samples are dominated by phytoclasts §88®82%), mainly by black-brown
fragments (48.4-43.8% respectively) (Table 2). Dpaque phytoclasts are present in
minor proportion (22.28-20%), and in this group #meall equidimensional particles are
predominant (Fig. 5C-E; Table 2). The amorphousaoigg matter (AOM) shows similar
frequencies in both palynofacies (11.4-10.8%); TRUNSP4514 it mainly has a spongy
aspect, and in PT-UNSP4515 it is chiefly of fibrayse (Table 2). The scant palynological
matter (PM) in the UNSP4516 sample shows a stregyed of degradation (chemical
oxidation in the sense of Delcourt and Delcourt8@9and is represented by brown

particles that are in part structureless (Fig. HEall samples the PM is non-fluorescent.



595 Table 2. Descriptions of dispersed organic comptnieientified in this study; terminology

596 based on Batten (1983), Tyson (1995), and Obohnikoe and de Villers (2003).

Groups of
microscopic
organic
components

Main division Subgroups Category Description

Particles with
Cuticle different types of
“cell” patterns
Particles angular in
Yellow-brown shape and small in
fragment size; without

Translucent structures

(at least at edges) Particles angular in
Black-dark brown | shape and small in

Phytoclasts fragment size; without
Structured (PHY) structures
palynological (woody Degraded, partially
organic matter| fragments of amorphized,
land plants) Degraded macrophyte tissue
with irregular or
embayed appearancg
Elongate particles,
Lath-shaped without structures,
variable in size
Quadrangular
particles, without
structures, variable in
size
Masses with
homogeneouaspect,
Spongy orange-brown to pal¢
Amorphous or dark brown in
Unstructured | Organic Matter color
organic matter (AOM) Masses with typical
internal fibres,
Fibrous orange-brown to pale
or dark brown in
color

Opaque
(Oxidized or
carbonized woody
material) Equidimensional

597

598  4.3.U-Pband Lu-Hf analysis (LA-MC-1CP-MS)

599 Sample GP1 (40°36'39.19"S; 68°22'36.66"W), wasectdld to the south of
600 Puesto D. Mussi (Fig. 2) for U-Pb zircon provenaacalysis and determination of Hf

601  isotope compositions on zircon. This sample coordp to Facies 10, a massive to fine-
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laminated mudstone and sandstone (Fig. 4F). Thé BRRlyses involve 101 measurements
on 98 zircon crystals. From these analyses, sextemtywere concordant between 90 and
110 % (Fig. 7A), considering the relation betweka£%U/*°Pb and*U/*°’Pb apparent
ages. The probability density plot of this dataget= 72) delineates a polymodal
distribution with three main populations (Fig. 7Qhe most abundant one (~54 %) is
Jurassic in age with a range between 193 and 173Hdasecond population (~29 %) is
Permian to Early Triassic, with an age range frod3 20 245 Ma, and a small third
population (~6 %) is also Triassic, but with stsicNorian ages (210 Ma). The main
population of Jurassic age has a youngest graplpeak (YPP, see Sharman and
Malkowski, 2020 and references therein) at 185 HMkef(sbachian) and a second, less
represented population at 191 Ma (Sinemurian). S¢wnd population has two important
peaks at 264 and 271 Ma. Furthermore, scarce t@&20aMa, 367 Ma, 470 Ma, 532 Ma,

551 Ma, 645 Ma and 1330 Ma were also obtained.

The zircon crystals of the main population thairdsdtes the YPP at 185 Ma
(n= 28) are prismatic and bipyramidal with magmatimation (Fig. 7A — inset). The 28
crystals yielded a weighted average age of 183 M& (MSWD = 2.27), which is
interpreted as the maximum depositional age (MDd) the massive to fine-laminated
mudstone and sandstone of Facies 10. The oldestatsyof this population, related to the
191 Ma peak, have sub-rounded to prismatic shapigs TA — inset). Furthermore, the

Th/U ratios for both populations are higher tha?y dhdicating igneous origin.

Lu-Hf isotope analyses on zircon from the main patfon (between 192
and 183 Ma) show negative to positlg values of -5.7 and +1 and Mesoproterozaig T

of 1.5-1.1 Ga. Permian to Triassic crystals (betw2Z&0 and 210 Ma) have more negative



625  &ur values between -36 and -6.5 and Archean to Palemproic by of 3.4-1.6 Ga. One

626  crystal dated to 532 Ma has & () of -4.5 and Paleoproterozoigd of 1.7 Ga.

627
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Figure 7. U-Pb isotope analysis of sample GP1.T&)a-Wasserburg concordia diagram
showing the distribution of the most concordanaddte inset shows representative zircon
morphology: in black thé°Pb/*®U ages, and in green tldg; values. The error quoted is
the realistic error; it was based on the quaddidition of the average mean error (given
by Isoplot) and the 1% error representing the iaheiprecision of the technique. (B)
Probability density plot showing tH&%U/?°®Pb U-Pb age distribution of the youngest and
most abundant populations of the analyzed crystés.inset shows the oldest single ages.
PCM: Puesto Cuya Monzonite, RD: Rhyolitic dikes, GMLos Menucos Group, LEC: La
Esperanza Complex. YPP is the youngest graphicat, ghat was calculated taking into

account the youngest mode in the probability depot following Couts et al. (2019).

5. Discussion
5.1. Stratigraphy and sedimentology

Based on the field relations between facies desdrib Section 4.1.11, we
propose the existence of an intrabasinal anguleonformity. Thus, the entire volcanic and
sedimentary sequence restricted to the CPG isealividto a lower and an upper section.
The lower section is composed of the columnar gurandesite of Facies 1 and the flow-
foliated rhyolite of Facies 2, recognized in theteen part of the study area, close to Puesto
D. Mussi and Puesto J. Velo (Fig. 2). The uppetiaecunconformably deposited over the
lower one, is composed of all the other sedimensay volcaniclastic facies (Facies 5 to
10) and the massive andesite of Facies 3. The ggotion is better exposed in the western

part of the study area, to the north of Puesto lvadez. Other minor exposures were
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recognized on the eastern side of the graben, wtherangular unconformity between the
lower and upper sections was recognized. This réiflee between the exposures of the
eastern and western sidesof the tectonic strucioumél be the result of different rates of
subsidence along the basin. This feature is camistith a pull-apart type basin proposed
by Giacosa et al. (2007), in which different parftshe basin exhibit differential subsidence

and, therefore, different accommodation space.

The massive rhyolitic dikes of Facies 4 cannotetially linked to the two
sections mentioned above. These dikes are onlydetr into the basement rocks of the
CPG, like the La Esperanza Complex, Colo Niyeu Fdion, or Los Menucos Group.
Therefore, these massive rhyolitic dikes can b&atemely linked to the initial stage of the
development of the tectonic depression, contempgonas) to the lower section or even

slightly older.

5.1.1. Sedimentary depositional model for the upper section

Three facies associations were recognized basédldrobservations. These
associations are here interpreted as representdtip®ximal (Facies association A - FA),
medial (Facies association B - FB), and distal péifacies association C - FC) of the
downslope evolution of an alluvial fan (Fig. 8).€TRA represents the initial stage of the
fan. The rapid generation of coarser facies depasiy debris flows represents clastic basal
wedges, in response to the rapid generation of nacwmmlation space caused by the

development of the tectonic depression.



672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

FB and FC represent the medial and distal portafrtbe fan, respectively,
indicating the progressive infill of the depressieith finer sediments. The finer sediments
can be derived either as continuous sedimentamyt itgpthe depression, mostly from the
north, or by reworking of the lower facies as sigjge by the strong degree of degradation
or chemical oxidation of the palynological samp(ese Section 5.2). In addition, a distal
volcanic provenance should be considered, whichldvba the source of the glass shards
recognized in Facies 10 and the ash fall depos$itzaoies 5. The transition between the
proximal and medial sections is characterized bylgamated gravelly to coarse-sandy
channels. Decrease of clast size is related widilasker channels and overbank sandy

deposits (sandy skirts), possibly related to thbiltation of the slope.

The distal portion, represented by FC, is charetdr by fine-grained
deposits, which are dominated by mudstone. Thegesits are massive to fine laminated.
Sandy interbeds are scarce and there are sma#éntuor symmetrical ripples. Another
feature is the presence of biological activity eanted by shell and leaves imprints. In the
lower part of the succession, this FC is intergtete abandoned channels or swamps, and

in the upper part, it would represent lakes or ¢tango

The vertical stacking of the two or three faciesoagtions conforms to an
individual sedimentary cycle, with each sedimenteygle fining-upward and bounded at
the bottom and at the top by a major surface theasionally can be erosive. In the study
profile, nine cycles were recognized and all armposed of proximal to medial and/or
distal deposits (Fig. 6). The recognized cyclicdyuld be tentatively linked to fault
reactivation, which would be responsible for theivenation and subsequent deposition of

the following sedimentary cycle (e.g. Heward, 1978)



695

696

697

698

699

700

701

702

703

704

705

706

707

Cycles 1 to 6 are dominated by proximal to medgbaskits, with minor
distal deposits at the top; these cycles are reptasve of the first stages of basin
development and sedimentary infill (Fig. 8). Disfakies is scarcely developed and
restricted to abandoned channels or local swampslajged on the floodplain. The poorly
developed medial deposits of these cycles evidencapid transition from proximal to

distal facies caused by a steep fan surface.

Cycles 6 to 9 are progressively dominated by metbaldistal facies,
indicating minor tectonic activity and fine sedimenpply. The thickness of distal facies in
these cycles is at the scale of tens of meterdieative of lacustrine sedimentation and a
shallow fan surface. The progressive diminutionthickness of proximal facies and
increase of distal facies can be related with mesgve retraction of the fault scarp, which

results in a retrogradational configuration (Fig. 8
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Proximal Portion
Matrix-supported gravel and massive coarse-grained sandstone
Clastic wedges, debris flows, minor channelized conglomerate

\ Medial Portion

Clast-supported gravel and medium to fine-grained sandstone
Sedimentation on channels, sandy overbank deposits, sandy skirts

Distal Portion
Massive to fine laminated deposits with minor sandy interbedding
Sedimentation on abandoned channel, floodplain, swamp, lake

Figure 8. Simplified sketch for the sediment defsoBi the Cerro Piche graben based on
facies analysis. Three main portions were idemtifimsed on facies associations, which
suggest an alluvial depositional environment. Abdescription of the three portions of the

downslope evolution of the alluvial fan is providedhe text.

5.2. Palynological interpretation

The composition and distribution of the dispersettrascopic organic
components (i.e., palynomorphs, fungal remainstpdiebris, and AOM) in sedimentary
rocks reflect their taphonomic history (e.g., distas and/or time of transport, sorting,

burial conditions, and post-depositional changesl) the biosphere association from which
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the palynological fossils were derived. As mentwdove, the study of a clastic deposit
from a palynological point of view constitutes aefud tool to elucidate the depositional
conditions of the sediments carrying palynologicahtter (e.g., Tyson, 1995; Oboh-

Ikuenobe and de Villers, 2003).

The three studied samples, related to ash-fall glespaccumulated in water
bodies (Facies 5), show a large percentage of péartt debris that suggests an important
terrestrial input into this depocenter. High freacies of dark brown and opaque
phytoclasts, such as those recognized in thesendfaljies Types (Fig. 5C-D), were
interpreted by Oboh-Ikuenobe and de Villers (20@8)a consequence of a relatively high
degree of oxidation at the source of the phytos|gstior to deposition. However, if the
dark-colored phytoclasts present fairly roundedesddghese authors suggested that the
particles may have been either recycled from ottgosits or transported far from their
source before deposition. Furthermore, Tyson (1@@f)ted out that among the opaque
phytoclasts, the predominance of equidimensiorddtively smaller particles, rather than
lath-shaped ones, could be the result of long migtdransport from the source area. The
recognized Palynofacies Types, namely dark pastiei¢h angular and rounded edges (Fig.
5D), degraded phytoclasts, and scarce non-fluonescAOM (Fig. 5C-D), reflect a high
degree of oxidation under environmental conditiong/hich other components have been
selectively destroyed (Tyson, 1995). The scant rmdbgical matter identified in the
UNSP4516 level, only composed of degraded tissw@sforces this idea (Fig. 5E). This
strong chemical oxidation could reflect the intdtemt exposure to weathering and/or
intense reworking. The presence in Facies 5 of dednlithic clasts related to a local

epiclastic input suggests that these sediments, tliadassociated organic components,



742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

could have been the result of a dynamic system Wwith terrestrial input, sediment

reworking, and/or intermittent subaerial exposure.

5.3. Paleofloristic content

The first mention of a fossil plant from the CeRhe succession was made
by Labudia et al. (1992), who described two spensm# stem impressions assigned to the
lycophytePleuromeia sp. The same authors found a second plant fasstem impression
and a stem permineralization (not published — ctbe of the Museo de La Plata,
Argentina) that they also assigned, although witkikds, toPleuromeia sp. These fossil
plants were later reinterpreted by Coturel (Mused.d Plata - Argentina, pers. commun.)

and Bodnar and Falco (2018) as conifer material.

Recently, Bodnar and Falco (2018) described fompéas of permineralized
trunks and branches, of 5-23 cm diameters, fromeBas (Fig. 5). These materials
correspond to the conifer genGsipressinoxylon, but their regular preservation prevented
their assignment at the species level. The sizéhefsample, added to the presence of
branch traces and scars, indicates that the phattsa profusely branched tree-habit. The
genus Cupressinoxylon, related to the Cupressaceae family, had a widgrilalition
extending throughout both hemispheres in the Ufpiassic to Miocene (Philippe et al.,
2004; Gnaedinger and Zavattieri, 2020); consequeit detection would not provide

conclusive information about the age of these atrat
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In summary, the paleoflora preserved in the sediangrsuccession of the
Cerro Piche Graben is, until now, composed excélgiof conifer material, and probably

corresponds to an arboreal paleocommunity.

5.4. U-Pb maximum depositional age (MDA) versus true depositional age (TDA)

It has been discussed over recent years how tadeéstmine the maximum
depositional age (MDA) of a detrital sample on Hasis of U-Pb on zircon, and whether
this MDA can be considered to reflect the true d¢gpmmal age (TDA) (e.g., Dickinson and
Gehrels, 2009; Couts et al., 2019; Sharman and dwaki, 2020, among others).
Dickinson and Gehrels (2009) supported the us@efybungest U-Pb ages for individual

detrital zircon grains to constrain the MDA.

Couts et al. (2019) concluded that no single MDAthuod is the most
successful in constraining the MDA, however, theaghors emphasized that better
calculations can be derived from large datasetsgsf precision ages. They also discussed
that the most used methods for MDA determinatioreHaeen to use; i) the youngest single
grain (n = 1), ii) the youngest grain cluster atuhcertainty (n > 3), which is calculated by
computing the weighted average age of the yourtgest or more dates that overlap within
26 uncertainty, and iii) the youngest graphical p@aRP) that is calculated from the age of

the youngest mode in the probability density pfahe measured sample (n > 1).

Sharman and Malkowski (2020) suggested, for andetital samples, the
use of one or more conservative MDA methods basedmaltiple, overlapping age
measurements to reduce the risk of calculating &AMhat is younger than the TDA,

which could result from late resetting of the U-Bbtopic pair. Based on these ideas, we
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use the YPP method to constrain the youngest atidrepresented population, which in
turn involves the largest dataset; and we finallg a weighted average age involving the

most concordant data of the YPP to calculate theAMIE)g. 7).

U-Pb isotope analysis on zircon grains from san@iRd gave a YPP (~54
%) of 185 Ma (Pliensbachian) and a weighted avesageof 183 £ 2 Ma that is interpreted
as the MDA (Fig. 7). A significant percentage ohsg shards found in Facies 10 and the
prismatic shapes of zircon crystals (with magmatication) could be indicative of a distal
volcanic source, probably outside of the graberenTthe possible source for these zircons
may have been the coeval magmatism related to ubeo&dilleran Patagonian Batholith
located to the south-west of the study area, whahbeen dated between 181 and 185 Ma
(Rapela et al., 2005). If this is indeed the cdrsmurce, sedimentation would have been
synchronous with distal volcanism (Fig. 9), andthe183 Ma age could represent the true
depositional age (TDA) of Facies 10 at the CPG.coosider that the analyzed deposit
yielded an MDA close to the TDA, the two fundaméntaquirements (Sharman and
Malkowski, 2020; see also Rossignol et al., 2018l be fulfilled: the first that there
must be a source of contemporaneous grains, incdge the Subcordilleran Patagonian
Batholith, and the second that the supply from #matrce is much higher with respect to
the supply of older sediment sources (the youngeptilation representing ~54% for the

total amount).

Besides the youngest population, we identified akpeith an age of ca. 191
Ma (Sinemurian). The possible source for graindwitis Sinemurian age could be the
Comallo Complex (Barros et al., 2020) to the west,the Subcordilleran Patagonian

Batholith (Rolando et al., 2002) to the southwédghe study area. Another possible source
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for the Sinemurian zircons could be the Marifil Yahic Complex east of the CPG, with U-

Pb zircon ages between 190 and 193 Ma (Strazzate 2018; Pavon Pivetta et al., 2019).

Late Paleozoic to early Mesozoic ages are corvelatiith those presented
by Lema et al. (2008), Luppo et al. (2017, 2018y Martinez Dopico et al. (2017, 2019).
The age of ca. 210 Ma (Fig. 7) could be relatethtomonzogranite of Puesto Cuya dated
to ca. 207 Ma ‘PAr-**Ar on biotite - Lema et al., 2008). The Middle H&sic ages
correspond to a rhyolitic dike swarm formed at 244 Ma (Luppo et al., 2019, and
references therein); and Early Triassic ages cbeldelated to the Los Menucos Group
developed around 253 to 248 Ma (Falco et al., 2020plly, Permian ages are correlative
with that of the La Esperanza Complex (Luppo et2017, 2019; Martinez Dopico et al.,
2017, 2019, and references therein). The oldestnah@bundant ages are consistent with
the results of provenance analysis for the metamorpasement of the Colo Niyeu

Formation (Martinez Dopico et al., 2017; Chernicafal., 2018).

Our U-Pb MDA of 185 Ma discards the initially pregeal Triassic age for
the CPG that was based on the paleontological de@ae Labudia and Bjerg, 2001), and
supports an Early Jurassic depositional age for @G sedimentary sequence, as

previously suggested by Bodnar and Falco (2018).

5.4.1. The Early Jurassic U-Pb age record for northern Patagonia

The Pliensbachian provenance age obtained for B@, @vhich is assumed
to be the TDA, allows us to correlate it with aggsother units in the North Patagonian
Massif (NPM) (Fig. 9). To the west of the NPM, tBaramilla and Taquetrén formations

have been dated to the Pliensbachian (Franzede 2082; Benedini et al., 2014, 2020).
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To the east of the NPM, the El Sotano granodieunité the Marifil Volcanic Complex also
have Pliensbachian ages (Sato et al.,, 2004; Pauwgitd et al., 2019 and references
therein). To the south of the NPM, into the Cafad&falto Basin, Pliensbachian ages
were also obtained for the lower Las Leoneras Fbhom&Cuneo et al., 2013).

Tectonic studies carried out on the CPG by Giaebsd. (2007) suggested
that the extensional tectonics that led to the wyeaf this tectonic depression were NE to
NNE oriented. With the new Pliensbachian provenaage for the CPG we can now
propose that this NE directed stress field is alyEdurassic age. A similar tectonic pattern
was also recognized for the Marifil Formation fomé&nurian to Pliensbachian times
(Strazzere et al., 2018; Pavon Pivetta et al., (A& on Pivetta et al. (2019) described an
angular unconformity between two different sucaassiassigned to the Marifil Formation
- the lower succession of Sinemurian age, and pperuwith a Pliensbachian age. Based on
these comparisons, we suggest that the CPG migie baen developed since the
Sinemurian, and the unconformity between the loveécanic and the upper volcanic and
sedimentary sections in the CPG might reflect émaestectonic episode described for the

Marifil Formation.
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Figure 9. Simplified geological map with Lower Jsg& igneous and sedimentary units in
Patagonia, modified after Naipauer et al. (2018) &wossel et al. (2020). M: Marifil
Complex; CA: Cafadon Asfalto Basin including thento Trapial Formation; SCB:
Subcordilleran Patagonian Batholith; G: Garamil@rkation including the Comallo and

Cafiadon Chileno complexes; PS: Piedra del AguithSariicé formations; NB: Nacientes
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del Rio Biobio Formation; CV: Cordillera del VientoH: Chachil Limestone. Ages for the
Marifil Complex after Sato et al. (2004), Strazzeteal. (2017, 2018), and Pavon Pivetta et
al. (2019); Garamilla Complex after Franzese et(2002) and Benedini et al. (2014);
Comallo Complex after Barros et al. (2020); Cafna@hileno Complex after Benedini et
al. (2020); Cordillera del Viento after Leanza &t(@013) and Zappettini et al. (2018);
Chachil Limestone after Leanza et al. (2013) andhdr et al. (2016); Subcordilleran
Patagonian Batholith after Rolando et al. (2002) Rapela et al. (2005); Cafiadon Asfalto
Basin and Lonco Trapial Formation after Cuneo e(24117), Bohuier et al. (2017), Hauser
et al. (2017) and Zaffarana et al. (2020); Naceidkl Biobio Formation after Rossel et al.

(2020) and references therein.

5.5. Stratigraphic proposal

The new data presented in this manuscript allovo uefine the Cerro Piche
Formation, a new Lower Jurassic unit in the ceMliaith Patagonian Massif (Fig. 2). The
Cerro Piche Formation is the only stratigraphictunside the Cerro Piche Graben
(Corbella, 1973). It overlies the Colo Niyeu Foriont the La Esperanza Complex, and the
Los Menucos Group. According to Giacosa et al. 20@he basin development was
triggered by NE extensional tectonics, which imttniggered the infilling of the tectonic

depression.

Based on field observations, we propose to divigeGerro Piche Formation
into the lower Loma Blanca Member (modified aftercChi et al., 2001) and the upper El

Tono Member, which are separated by an intrabasingllar unconformity. Théoma
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Blanca Member crops out in the eastern part of the graben angtgponds to the andesite
and rhyolite lavas of Facies 1 and 2; this memle@rasents the initial stage of basin
development, tentatively assigned to the Sinemuifiae El Tono Member crops out along
the graben with better exposures in the westerfy gad includes the massive andesite of
Facies 3 and the sedimentary succession that espisethe infill of the tectonic depression
from Pliensbachian time. Sedimentary facies analgarried out on the El Tono Member
suggests that sedimentation occurred in alluviakfan which fossil trunks assigned to
Cupressinoxylon sp. (Bodnar and Falco, 2018) were identified, &l &s palynological
matter with a high degree of deterioration; shied &eaf imprints were also mentioned from

the basin (Corbella, 1973, this study).

5.6. Hf isotope data from detrital zircon from the CPG: combining provenance and

crustal evolution
5.6.1. U-Pb and Hf combined provenance analysis

Our Hf isotope analyses show similarities with poeg studies in the NPM.
The combined U-Pb and Hf isotope analysis is a plveool to establish provenance and
to identify the possible source(s) for the studiegosit (e.g., Gehrels, 2014). In our CPG
analysis, one zircon crystal dated to 532 Mathag, of -4.5 and Paleoproterozoigy of
1.7 Ga suggesting a source derived from a recyobadinental crust. Similar Hf isotope
values were obtained in Cambrian plutons in théegagpart of the NPM (see Rapela and

Pankhurst, 2020).
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The Permian-Triassic zircons of the CPG suggedt tthese crystals are
derived from a source in which the main processiafima generation was the recycling of
continental crust. Th&usT) values of the zircon crystals of sample GP1 vatywken -36
and -6.5, and the recycled crust was Archean tedpabterozoic, with gy of 3.4-1.6 Ga.
These values agree with previous Hf isotope studesied out on Permian-Triassic
magmatic rocks (Chernicoff et al., 2013; Castil@le, 2017). In addition, and based on the
observed paleocurrent directions, the most plagissiolurce for these zircons is the La
Esperanza Complex, which is part of the basemerthenCPG region and crops out

immediately to the north of the graben (Fig. 2).

The negative to positiv€ysT) values from -5 to +1 found in the Jurassic
zircon grains, related with the maximum depositicage of 185 Mas, indicate that the
main processes related to the generation of thiesens in the source areas could have
been: i) partial melting of a Mesoproterozoic lowseust (o of 1.5-1.1 Ga), ii) or a
fossilized lithospheric mantle (Pankhurst et 800@, Hauser et al., 2017), or iii) a juvenile
magma source that had been contaminated with Metproic crust (du between 1.5
and 1.1 Ga). The Hf isotopic compositions of zicdmom the CPG (Fig. 10) are similar to
the values for zircon from the Cafadon Asfalto Ba@ilauser et al., 2017). Thus, the
negative and positiveym values of the CPG could be consistent with a readcrustal

source with a possible minor contribution of judemagma.

The U-Pb and Hf combined analysis also suggestgiifiarent stratigraphic
units of the NPM likely contributed as sourcestfee CPG detritus. Populations of zircon
with ages older than Jurassic are mainly deriveenfthe north and east, whereas the

Jurassic sources can be related to distal volcar{ssh fall), possibly the Jurassic



920 magmatism of the western part of the NPM. On theohand, and although there are no
921 available analyses for comparison, the magmatistheoMarifil Volcanic Complex cannot

922  be discarded as a possible source.

923

924  5.6.2. Crustal evolution of the North Patagonian Massif during Jurassic times

925 Hauser et al. (2017) reported a Hf isotope studyimon from the Cafiadon
926  Asfalto Basin. They described the Cafiaddn Asfalégmmatic event in terms of three major

927 cycles: C1, C2 and C3 (Fig. 10).

928 The C1 Lonco Trapial (172-180 Ma) cycle, which is characterized by a

929 prominent peak at 176 Ma, is well constrained byistitopic compositions on zircon
930 showing negative and positiir values between -2.2 and +4.0. These values suggest
931 that these magmas could have either been genetgteflivenile magmas strongly
932 contaminated with old crust, or by partial meltiog old lower crust or fossilized
933 lithospheric mantle, of Neoproterozoic-Mesoproteiozage (~1.0 Ga). Part of the data

934  presented in this study for the CPG are consistéhtthis C1 (Fig. 10).

935 The C2 Las Chacritas (166-169 Ma) magmatic cycle is well constrained by

936  Hf isotopic compositions of zircon crystals - witlegative€ysr) values. This magmatism
937  represents crustal reworking during Jurassic tiafes old crust with §y between 1.4 and

938 1.55 Ga, which is also similar in terms of Hf iquto character to the Mamil Choique
939 magmatic event (see Hauser et al., 2017). Theypirgeed that it was possible that Mamil

940 Choique basement was recycled at ~168 Ma during C2.
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The last magmatic cycl€3 Puesto Almada (155-162 Ma) shows mixed Hf

isotope characteristics, from negative to sligiphgitive E¢m) values between -5.6 and 2.1
and Tou between 1.3 and 0.9 Ga. This magmatic cycle wespreted to represent a

juvenile magma that was highly contaminated with @ust.

The new data provided in the present study sugfesbccurrence of an
older CO magmatic cycle, with Hf isotope charactemparable to C3 of Hauser et al.
(2017). Similarly, some of the data previously préed by Hauser et al. (2017) also
suggest the existence of another source for thecyCle, here denoted as Cthat is

contemporaneous to C1, but has a Hf isotope sigmnatmilar to C2.

The CO magmatic cycle is constrained between 182 and 182 With a
prominent peak at 185. For C3, thg) values suggest a mixed isotopic character, with
values between -8 and +1, and Mesoproterozejg df 1.5-1.1 Ga. As discussed before,
this isotopic character can be interpreted in teomsiixed sources, dominated by crustal

reworking and scarce juvenile contributions, altfiothe source area is still unknown.

The C1; source is part of the C1 cycle (172-180 Ma) of $tawet al. (2017).
The Ensmy values suggest crustal reworking, as interpretedCtb by Hauser et al. (2017).
This new proposal highlights that during the 17D-Ma interval there were two different
Hf isotopic sources, one related to C1 (after Haeseal., 2017) that most probably reflect
a juvenile magma contaminated with a Neo- to Pat#epozoic crust, and a second source

related to Cilthat is interpreted as having been derived framstet reworking.

Recently, Zaffarana et al (2020), based on whoté&-geochemistry and Sr-

Nd isotopes, suggested that the Lonco Trapial magmaf the central NPM had mixed
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signature between mantle-derived magmas and therlowst. The Marifil volcanism,
developed in the eastern NPM, was chemically relaea thicker crust, with magmas
isotopically akin to upper crust. In turn, the Bsi@ magmatism of the eastern NPM has
more isotopic affinity to mantle-derived magmasf{@iana et al., 2020). Based on these
new insights about Jurassic magmatism in the NP&I,nixed Hf isotopic values for the
CO0, C1 and C3 magmatic cycles can be tentativédye® to the magmatism developed in
the central and eastern NPM, whereas the Hf isotgynatures related to crustal
reworking (Cland C2 magmatic cycles) could be related to thgnmadism in the western

NPM.

5.6.3. Relationship between the C0-C3 magmatic events and the putative VO-V3 volcanic

cycles of Patagonia

Based on geochronological data, Pankhurst et @0Q2Fig. 10) proposed
three main volcanic cycles: V1 (188-178 Ma), V21162 Ma), and V3 (157-153 Ma).
Recently, Pavon Pivetta et al. (2019) suggestedMiaafil volcanism is older than 188 Ma
and took place during Sinemurian times of ca. 198{¥a. Furthermore, these authors also
proposed a VO volcanic cycle based on the recagnitf an angular unconformity and
geochemical changes within the volcanic strata ebBavon Pivetta et al. (2019) proposed
that VO had Sinemurian age, with a lower boundafryth@ V1 cycle related to the

Pliensbachian.

When the VO0-V3 volcanic cycles are contrasted witin Hf-based C0-C3

magmatic cycles, some temporal similarities areogaized (Fig. 10). The VO and V1
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volcanic cycles seem to be coincident with CO asppsed here. The probability density
curve (Fig. 10) highlights a prominent peak at X85 Ma and a minor peak at 192 Ma,
coincident with the unconformity recognized by Pav@ivetta et al. (2019). The V2

volcanic cycle is partially coincident with the @R events, which begins with a prominent
peak at ca. 178 Ma and a minor one at ca. 166 Magét et al., 2017). The V3 cycle is
marginally coincident with the C3 event (Hauserlet 2017). It is worthwhile noting that

the CO-C3 cycles (Hauser et al., 2017; this stwdgje defined based on U-Pb and Hf
isotope signatures of magmatism exclusively deeddp the NPM. Further investigations
in different Jurassic units of Patagonia will cdmite to a better characterization of the

magmatism, Patagonian crustal evolution, and tidalesources for the Jurassic basins.
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Figure 10.€4 vs Age diagram for the data from the Cerro Pichrab@n and Cafadon

Asfalto Basin where the C1: Lonco Trapial, C2: l@acritas and C3: Puesto Almada
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cycles were defined (Hauser et al., 2017). The GOvagmatic cycles discussed in this
study are shown (see text for a detailed discujsimmsed on analysis by Hauser et al.
(2017). The V0-V3 volcanic phases of Patagoniaespond to the proposals by Pankhurst
et al. (2000) and Pavon Pivetta et al. (2019). Bathe Cafiadon Asfalto Basin data are
from volcanic rocks (CZ); the remaining analysesnfrthis basin were performed on
detrital zircon (DZ). The red lines represent thebability density plot of the detrital
zircons of the CPG and the analyses presented bgafat al. (2017) for the Cafladon
Asfalto Basin. The crustal evolution trends repnéseéhe bulk-rock trends for
Mesoproterozoic juvenile crust, calculated using 176Lu/177Hf ratio of 0.0113 (Taylor

and McLennan, 1985; Wedepohl, 1995).

6. Conclusions

The Cerro Piche Graben represents an extensios@l inethe Central North
Patagonian Massif. The graben structure was deeélapuring Early Jurassic times,
discarding a Triassic age. The new results of ttesent work allow defining the Cerro
Piche Formation, which is here divided into a lowema Blanca Member and upper El
Tono Member. The Loma Blanca Member is restrictethé eastern side of the area, and

we grouped andesites and rhyolites lavas intouthits

The ElI Tono Member crops out along the graben amdudes the
sedimentary succession that represents the irffithe tectonic depression during the
Pliensbachian (ca. 183 Ma), and a concordant aledesia. Sedimentary facies analysis of

the El Tono Member indicates that deposition tolalcg in alluvial fans. The proximal fan
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was dominated by mantled gravelly deposits, theiahddn by channelized gravel and
sandstone deposits, and the distal fan by lacesti@posits. Nine sedimentary cycles were
recognized in a retrogradational arrangement, vd#position controlled by normal
faulting. The palynological matter (PM) recovereanfi deposits of the El Tono Member is
dominated by terrigenous materials, suggestingga kerrestrial input mainly by runoff
into the depocenter. The great degree of deterdoraf the PM would reflect a taphonomic
control rather than the origin of sedimentary orgamatter (biocenosis), with selective
preservation of the most resistant componentshgurtore, the paleoflora preserved in the
El Tono Member likely only involves conifers, whicborresponds to an arboreal

paleocommunity.

A Lu-Hf isotope study on Early Jurassic detritaicen crystals of the El
Tono Member (MDA of 183 Ma) supports a source dmtifrom the reworking of
continental crust, with possible minor contributiminuvenile magma. The evolution of the
Hf isotopes in the North Patagonian Massif suppthts recognition of four magmatic
cycles, called CO, C1, G1XC2 and C3. The C1 (172-180 Ma) and C3 (155-16pdyeles
represent a magmatism involving mixed sources, inickv a juvenile magma is
contaminated by crust. The CO (182-192 Ma) cycleickv includes the distal volcanism
identified in the CPG, the G%ource (172-180 Ma) and C2 cycle (166-169 Ma) segyn

represent three episodes of crustal reworking.

Appendix A. Supplementary Material

Supplementary material related to this article loarffound at
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A combined U-Pb/Hf isotope study related to the evolution of the Cerro Piche
graben, northern Patagonia, Argentinais reported.

A new U-Pb in zircon age of 183 Maindicate that the Cerro Piche Graben is
Jurassic in age, contrasting with the previous Early-Middle Triassic age.
Stratigraphic, sedimentological and paleontological analyses are also integred to the
understanding of this basin.

Four magmatic cycles (CO-C3) with different Hf isotopic characteristics are

recognized for northern Patagonia
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