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Abstract. In the western sector of the Neuquén Basin, tlgardac-rich shales of the
Vaca Muerta Formation are intercalated with tutieidiandstone intervals and slump
structures integrated in the Huncal Member. Theddbe Huncal sandstones based on
the integration of the ammonite faunas, calcarammofossils and U-Pb analysis is
late Berriasian in their type locality. The orighh this deposit is probably related with
two lobes of turbiditic sandstones linked with aogmadational regressive phase.
Sandstones are lithic arkoses and feldspathiadthies derived from recycled orogenic
and dissected arc sources. The U-Pb ages confimixed sedimentary provenance
from the south and southeastern margins of thenpapecifically from Paleozoic and
Triassic—Jurassic rocks of the North PatagoniansMasd the Huincul High. The
complex fold and fault system described in the st levels was interpreted as the
result of slump processes with a main transpodction to the SW and W. Sandstone
deposits with slump structures assignable to theceluMember are present throughout
the entire basin from the Tithonian to the Valamginin the Vaca Muerta Formation.
Therefore, the Huncal Member is a diachronic litredggraphic unit and its deposition
probably depended on different factors such asivelaea level changes, the position in
the ramp system or in the platform and slope comfition and internal
morphostructural features of the Neuquén Basin.

' In Memoriam of Marcio Pimentel for many years oiitful collaborative field and lab
works



Keywords. sandstone turbidites, sedimentary provenance, anit@sonannofossils,
slump beds.
1. Introduction

The lower Tithonian to lower Valanginian Vaca M@eRormation is a complex
carbonate-siliciclastic marine succession and d@oms$ in the last years the most
analyzed hydrocarbon shale play of South Ameriasins. It is part of the infill of the
retro-arc Neuquén Basin developed at the footbillthe Andes between 34° and 40° S
latitude in Argentina (Figure 1). The paleogeograpionfiguration of the unit shows
different depositional scenarios. Towards the sentfand northern regions of the basin
a ramp depositional model was described from ssudhe outcrops (Mitchum and
Uliana, 1985; Spalletti et al., 2000; Scasso et28l05; Kietzmann et al., 2014a), while
in the subsurface of the Neuguén Embayment a phatémd slope model is interpreted
(Arregui, 2014; Pose et al., 2014; Gangui and Gnys2014; Reijenstein et al., 2017).
In the western region of the basin, shale depasgsssociated with turbidite sandstone
levels and large subaqueous gravity slumps intedratthe Huncal Member (Leanza et
al., 2002, 2003, 2011; Spalletti et al., 2008). Topposite models have been proposed
to explain the origin of the sandstones and slutnyztures of the Huncal Member.

Leanza et al. (2003) interpreted the sandstondsleag a turbidite succession
associated with slump processes developed in tstereaplatform during a highstand
systems tract. However, Spalletti et al. (2008enmteted the Huncal Member as
turbidite sandstones related to large subaqueastygrflows included in slope facies
and linked with the western active margin of thesibaAlthough the stratigraphy,
sedimentology, and bioestratigraphic features efdlassical Vaca Muerta facies have
been extensively studied through the years, thelstanes included in the Huncal
Member have not yet been analyzed in detail. Thedcise depositional age, possible
correlations and extension, and if it was effedyivelated to a provenance from the
eastern or western margin of the basin are stittersof debate.

The objective of the present work is to characeetie sandstone deposits of the
Huncal Member based on sedimentological, biostapigic and provenance studies
(i.e.: outcrop analysis, ammonite biostratigraptglicareous nannofossils, sandstone
petrography, and U-Pb zircon ages) in order to tstded the regional context and
better define the provenance of the sandstoneshandcomplex internal structure. We
discuss possible correlations with other sandstewels recorded in the Vaca Muerta

Formation in several localities throughout the badparticularity, we discuss the
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possibility to correlate the slump structures diésct in the Huncal Member at its type
locality with other slump structures also recogdize the surface and subsurface by
seismic analysis in previous works (Figure 1) (Kmann and Vennari, 2013,

Kietzmann et al., 2014b; Arregui, 2014; Pose et20014; Gangui and Grusem, 2014;
Reijenstein et al., 2017). The Vaca Muerta Fornmaisothe largest hydrocarbon source
rock of Argentina and is the third reservoir in therld of unconventional gas and oil

(see review in Gonzalez et al., 2016), thus stuitiesutcrops can be very useful as

possible analogues of examples recorded in theusialos.
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Figure 1. Regional map of the Neuquén Basin with exposurethefVaca Muerta
Formation. Localities with sandstone levels andmglutype structures in outcrop
sections and subsurface of the Vaca Muerta Formatie also shown. Numbers refer to
localities mentioned in the text: 1) Huncal typedlity (Leanza et al., 2003); 2)
Rahueco (Spalletti et al., 2008); 3) Cerro Domukatzmann and Vennari, 2013); 4)
Sierra de la Vaca Muerta (Gulisano et al., 1984&t#nhann et al., 2014b; Reijenstein et
al., 2017); 5) Pampas de las Yeguas Il (GanguiGradisem, 2014; Pose et al., 2014);
6) Sierra Chata (Arregui, 2014); 7) Aguada Pich@Rase et al., 2014); 8) Loma
Campana (Reijenstein et al., 2017); 9) Picun Le&\ufficline (Krim et al., 2017); and
10) Pozo La Hoya (Santiago et al., 2014).



2. Geological Setting

Thick Meso-Cenozoic marine and continental sugoass with accurate
biostratigraphic control characterize the Neuquéasi® Many volcanic and
volcaniclastic levels are exposed along its wessetors due to their retro-arc position
(Digregorio et al., 1984; Ramos, 1988; Legarretd dhana, 1991). The stratigraphic
and biostratigraphic frameworks have been studmdugh the years and a robust
knowledge is presently available (Legarreta andand#lj 1991, 1996; Uliana and
Legarreta, 1993; Vergani et al., 1995; Aguirre-thrand Rawson, 1997; Aguirre-Urreta
et al., 2005; and references therein).

The infill of the basin began in the Late Triassigere continental and volcanic
synrift deposits were accumulated in isolated deptars (Franzese and Spalletti,
2001). A long thermal subsidence retro-arc stage developed between the Early
Jurassic and Early Cretaceous and thick marine andinental successions with
interbedded volcanogenic rocks characterized tgso@ (Legarreta and Gulisano,
1989). Since the Late Cretaceous, the basin wad fily typical red beds deposited in a
foreland basin setting (Cobbold and Rossello, 2du@yik et al., 2010; Fennell et al.,
2017).

The Vaca Muerta Formation represents a rapid andespread marine
transgression coming from the Paleo-Pacific Oceanind the retro-arc stage of the
basin according to Legarreta and Uliana (1991). tihi¢ is composed of organic-rich
black shales, marls and limestones deposited battieearly Tithonian and the early
Valanginian (Weaver, 1931; Legarreta and Uliana9119Spalletti et al., 2000;
Kietzmann et al., 2014a). The sedimentary successionore than 800 meters thick in
the main Andes of Neuquén and is widely developethé subsurface of the Neuquén
Embayment (Figure 1).

In the study area, shale-dominated distal faciethefVaca Muerta Formation
are exposed in the Agrio fold-and-thrust belt (Zaandalcarce et al., 2006). The Huncal
Member was defined by Leanza et al. (2003) in tieei zone of the belt, where
turbidite sandstone intervals, in some cases Witims structures, are interbedded in the

distal facies of the Vaca Muerta Formation (Fig2ye

2.1 The Huncal Member
Several localities with sandstone-dominated irdtks;vin cases associated with

slump structures were described in the Vaca Muestanation (Figure 1), but there is

4



no agreement on the precise age of these deptmsits the basin. The Huncal section is
the type locality of the member (Figure 2); accogdio Leanza et al. (2002, 2003,
2011), the fossiliferous content of the mudstoneiel® where the sandstones are
interlayered, indicates an early Berriasian agetlier Huncal sandstones. This relative
age was based on the ammonifssteuerocerasp. andAceveiditessp. found 85
meters below the Huncal Member aAgentiniceras noduliferuniSteuer) located 35
meters above it (Leanza et al., 2003). Other sandsintervals that crop out in the
Arroyo Candelero, 50 km south of the Huncal logalkigure 2), are interbedded with
fossiliferous horizons witBerriasella callisto(d’Orbigny) an ammonite assigned to the
late Berriasian/early Valanginian by Leanza and ditann (1989). The Candelero
sandstones were also included in the Huncal Mefypéeanza and Hugo (2005).
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Figure 2. Geological map of the studied region based on Laatzal. (2003, 2005,
2006), Leanza and Hugo (2005) and Zamora Valcdrak €006). The studied sections
and locations of Figure 3 are also shown. A) Hurtgpke locality (section A); B)
Section B; C) section C; D) section D.

To the north of Huncal locality, in the Rahuecotmer (Figure 1), turbidite
sandstone intervals are interbedded with mudstohése Vaca Muerta Formation and
were included in the Huncal Member by Spallett@let(2008). In the absence of fossils

and due to their stratigraphic position, they wergatively assigned to a late Berriasian
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to early Valanginian age (Spalletti et al., 2008)the area of Cerro Domuyo, located
150 km to the north of the Huncal locality (Figuktg an interval of mudstones and
calcareous sandstones with slump structures weeeiatlude in the Huncal Member
(Kietzmann and Vennari, 2013; Kietzmann et al.,202016). Their ammonite content
indicates a late Tithonian age (Kietzmann and Vangal3).

In the Sierra de la Vaca Muerta, 100 km to thetlsaf the studied region
(Figure 1), marls and packstones intervals wittmgistructures were described in the
Los Catutos and Mallin de los Caballos sectiondig@nio et al., 1984; Kietzmann et
al., 2014b; Reijenstein et al., 2017).

On the other hand, core samples from the La Hoyh(leeality 10 in Figure 1)
in the southern Neuquén Basin, show subarcosicssameks interbedded in the typical
black shales of the Vaca Muerta Formation (Santetgd., 2014). These sandstone beds
could be integrated to the Huncal Member.

Finally, complex structures interpreted as slungvehbeen described in the
subsurface of the Neuquén Embayment (Arregui, 2@ahgui and Grausem, 2014;
Pose et al., 2014; Reijenstein et al., 2017). Tishsmp deposits were identified both
seismically as well as from well profiles in diféat oil fields (see Figure 1). It is
important to note that they were mainly recordedabe Tithonian to early Berriasian
sequences and were compared with the slump steuctuhe Huncal Member (Arregui,
2014; Gangui and Grusem, 2014).

3. Methods

Four sections of the Huncal Member distributedrireast-west transect (Figures
2 and 3) were analyzed in order to obtain infororatabout depositional settings,
ammonite biostratigraphy, calcareous nannofossasdstone petrography, and U-Pb
provenance. The sections were logged in detail: B0l and for the estimation of
thickness a tape measure was used that represenbfothe most precise tool for
fieldwork measures. In addition, a structural smecttiwvas measured at the Huncal
locality along a northeast striking section of I)2@eters to show the vergence of the
structures (Figures 2 and 4).

In the four sedimentary profiles surveyed, the amiteolevels have been
recognized. They are mostly represented in theysfagies with moderate to good
preservation as impressions and only in few hoszeithin calcareous nodules. Only

on top of the Huncal Member, the ammonites areepvesl as internal molds and are
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frequently deformed. In many horizons, it was nosgible to get precise systematic
identifications up to the species level. The specimmwere photographed, and initial
identifications were done in the field which weetek corroborated using appropriate

literature in the laboratory.
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Figure 3. Measured stratigraphic profiles in
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In the present study, 48 samples were analyzeddioareous nannofossils, of
which 21 were fertile. These samples are distribuas follow: in the section B
(Northern profile) 16 samples were taken but onlyw&e fertile, in the section C
(Western profile) 14 samples were fertile of 257 amthe section D (La Silla profile) 4
samples of 7 were fertile. The micropaleontolog&amnples were prepared following
the smear slide or smear technique of Edwards (19%Be observations and
photographs were made with a Leica DMLP polarizaticicroscope with an increase
of 1000X and accessories such a& plaster sheet and blue filter. The distribution
charts for the calcareous nannofossil species reped are presented in the
Supplementary Material (Tables 1, 2 and 3). Theensltstudied is deposited in the
Repository of the Facultad de Ciencias Exactas tufdkes, Universidad de Buenos
Aires, under the abbreviations BAFC-NP N°: 4124139 (section B), BAFC-NP Ne:
3955 - N°3979 (section C), and BAFC-NP N°: 41406&(skction D).

Twelve standard thin sections of very fine to fgrained sandstones of the
Huncal Member were prepared and carefully analymeder a Leica DM750P
petrographic microscope fitted with a Leica MC12D Eamera. Modal composition of
the different detrital grains was quantified bymatounting on 300-500 points per thin
section. Petrographic composition for the Huncahdstones is presented in the
Supplementary Material (Table 4).

In the upper part of the Huncal Member a fine-gedingreenish-gray sandstone
was collected to analyze the detrital zircons byhJiaser ablation (sample VM-01,
Figure 3). The zircon separation was performedtagdard techniques of concentration
of heavy minerals in the Departamento de Cienciesld@gicas, Universidad de Buenos
Aires (Argentina). SEM (Secondary Electron Micrgsgp images and U-Pb age
determinations were conducted at the LaboratérioGamcronologia, Instituto de
Geociéncias da Universidade de Brasilia (Brazit)e Binalytical methods (LAM-MC-
ICP-MS) and the age measurements of zircon grassa\ailable in the Supplementary
Material (Table 5).

4. Results

4.1. Outcrop analysis of the Huncal sections

The Huncal type locality is the most eastern apgc(section A) and there,
deformational features include several tight foldwl faults that repeat and overlap

various levels of sandstones and shales. Sectimnb&tween 13 and 25 meters thick
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(Leanza et al., 2003; Spalletti et al., 2008) repn¢ing only the upper levels of the
Huncal Member (Figures 2 and 3). Due to the higfordeation, we decided to
concentrate our sedimentological, biostratigrapdmel provenance analysis in other
sections where the sandy and shale intervals cameliedistinguished (sections B, C
and D). In the type locality of the Huncal Membgisi more interesting to study the
structural features and vergence of the deformatdnch are described and analyzed
in the next section.

The section B (GPS: 37°56°39.4°S and 70°23°07.p0#the Huncal Member
is located west of the Huncal type locality and@meters thick. The succession of the
Vaca Muerta Formation here is characterized byptieelominance of marls and black
shales with two green, fine- to medium-grainedds&ome-dominated intervals (Figures
2 and 3). The lower sandstone-dominated interval imeters thick, composed of
lenticular to tabular amalgamated sandstones, mgnfyjom 0.5 to 1.0 m thick units.
Generally, sandstone beds have erosive bases #ardalate with cm-thick muddy
siltstones. Sandstone beds are massive or exhitatigl lamination and mud intraclasts
represent a common feature in the base of bedsarfiswthe top of this interval
synsedimentary structures are evident (Figure ®&.section continues with 22 meters
of shales with parallel lamination where two levelgh ammonites were identified
(Figure 3), the lower one carridéegreliceras fraternur(Steuer) and the second one
“Neocomites” wichmanniLeanza. Above the shales, the upper sandstonendteni
interval is 17 meters thick, integrated by finemedium-grained amalgamated massive
sandstone beds. In these deposits it is commoadti@rence of abundant plant debris
such as leaves (Figure 4b). On its top, the thievell with ammonites
(“Thurmannicerassp. cf."T." keideli and ‘Thurmannicerassp.) is registered. Along
the section, 16 samples of black shales were dddaiar nannofossils analysis (see
below).

The section C was measured in the western flankhefCerro Mulichinco
(38°00°00.1°S - 70°26°08.7""W), 10 km southwesthef type locality (Figures 2 and
3). The logged section is composed of 130 metebdamk shales and marls interbedded
with very thin calci-mudstones and wackestoneshélower 45 meters of the section,
two thin mudstone levels record the ammorikeocomites” regularisLeanza. The
Huncal Member is also characterized by two san@sttmminated intervals separated
by 50.5 meters thick shales (Figure 4c). The lowtarval is 15 meters thick, while the

upper one is 18 meters thick. Internally, both nveés contain tabular and lenticular
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amalgamated massive beds, ranging from 1 to 5 m#tek (Figure 4d), in some cases
with parallel lamination. Quartz and white mica #re main component in addition to
mud intraclasts frequently observed towards theebat sandstone beds. High
carbonaceous content and leaves characterize puositke In the upper interval some
red sandstones show small scale synsedimentarynuaion features. The shales
intercalated between the two sandstone-dominatedvads record three levels with the
ammonitePseudoblanfordia australi@urkhardt) well preserved in calcareous nodules.
In the top of the sandstones of the upper interwad)ds of deformed ammonites
(“Thurmanniceras” sp. cf."T." keideli and “Thurmanniceras sp.) and bivalves are
common. Along the 130 meters of the section, 25péesrof black shales were obtained

for nannofossil analysis (see below).

Vaca Muerta
Faormation

Figure 4. Photographs of the Huncal Member (Vaca Muerta Rtion) outcrops; a)

lower sandstone interval with synsedimentary stmas at section B; b) detail of plant
debris in sandstones from the Huncal Member; ciored view of the two sandstone
intervals of the Huncal Member in the section CMahssive sandstones with tabular

and lenticular amalgamated beds; and e) sedimersiaugtures include horizontal
lamination and low-angle lamination.

In the southern sector of the studied area, a thaction was logged of the
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Huncal Member (section D in Figure 2). Howevertras exposures are poor, it was not
possible to log it in detail. The two sandstone-dwated intervals are also recognized,
being intercalated approximately by 30 meters ofiteted shales. Sandstone beds are
massive in some cases, but several sedimentargtisga have been recognized
including parallel to low-angle lamination (Figure). In addition, flute casts,
longitudinal scours, mud intraclasts and small escabft-sediment deformation
structures are exhibited. Many leaves were idextifn the top of the sandstones; the
ammonitePseudoblanfordia australi@Burckhardt) was identified in lower and middle
levels within the shales where seven samples wetained for nannofossil analysis

(see below).

4.1.1 Structural features in the Huncal type lowali

The best developed folds and faults of the HuM@inber are exposed almost
along the dirty road that goes northwards from kit Pichaihue Arriba (see location
in Figure 5). The exposed succession corresponttetapper part of the Vaca Muerta
section, near the tectonic contact with the Muhci Formation. A north-striking
normal fault suppressed the uppermost levels o Wuerta Formation as can be seen
along the road to Pichaihue Arriba. The study sects bounded along the top and at
the base by gentle dipping non-deformed black shaddich clearly show that the

intense deformation is concentrated within an irgkof few tens of meters.
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Figure 5. Detailed geological map with the location of thexgp bed between A-B.

The deformed succession at Huncal is exposed aaoragtheast striking section
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of 1,200 m. The section is described from eastastvas seen in Figure 6. West of the
normal fault, the upper part of the Vaca Muertankation is flat dipping 12°NE. A tight
anticline and a syncline are developed in the blglckles, with their axial planes
dipping to the east. The first yellow-greenish saode of 4 m thickness is interbedded
in the gently folded black shales. This success®roverriding heavily deformed
sandstones of the Huncal Member, in decametricsfoldth their axial planes dipping
to the east (Figure 6b). This deformed area iscated by a low angle back-thrust
verging N80OCE (Figure 6b). The back-thrust coulchbar horizontal if tilt corrected by

the present Andean dip to the east of the sucaessio
East

Bardas de Huncal

) Back fold S620y
and thrust =N

Figure 6: Cross-section of the fold and thrust system steglen the type locality of the
Huncal Member. For location and map unit referepnses Figure 5.

A second area of intense deformation is illustratedhe Figure 6c. These
structures have been described by Leanza et @3)2dhd Spalletti et al. (2008). The
footwall of the structure is characterized by arertwrned syncline plunging 10 to
12°W. The hanging wall structure is a double-vetganticline, subparallel to the
footwall syncline. The tectonic contact is inteteeas a back-thrust with an apparent
vergence of N82°E. However, if these structurescareected by the Andean tilting (~
12°E), the axial planes of the folds are subhotelowith a gentle dip to the north.
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Based on this fact, the general structure is inétgp as transported in a S62°W
direction. The structure further west is charazestiby another double-vergent anticline
with subhorizontal axial planes, which when coredchas a gentle dipping to the east.
The last isolated structures are secondary fold®ldped in the westernmost sector
with clear west vergence.

As a whole, the described section shows some kirthaotic structures, with
apparent vergence in several directions, but with hain transport direction to the
southwest. However, the vergence in some area®ris aomplex as shown by the
orientation of the sole marks to the north and egsdrted by Spalletti et al. (2008), as

well as some east vergence structures furtheretoointh.

4.2. Ammonite biostratigraphy

In all the sections surveyed in this study sevéraéls with ammonites have
been identified. Representative species are idtedrin Figure 7.

In section C, within the western profile, the lomeaist ammonite found is
“Neocomites” regularisLeanza preserved in thin mudstone levels belovs#melstones
of the Huncal Member. The most common species decbin the shales in between the
two sandstones packages kseudoblanfordia australigBurkhardt), an Andean
endemic ammonite of late Berriasian age which wlastified in the southern La Silla
profile and in the western profile (sections C &hdee Figures 2 and 3). In the section
B, the ammonites registered in the shales betwkensandstones amdegreliceras
fraternun (Steuer) below andNeocomites” wichmannLeanza, above. On the top
surface of the Huncal Member, numerous molds ®hurmanniceras sp. and
“Thurmanniceras”sp. cf. “T”. keideli have been documented.

The age of this fauna is late Berriasian, repredimet of theSpiticeras damesi
biozone. It should be noted here that, althoubledcomites” wichmannhas been
considered an index species of early Valanginia &g precise systematic position and
age are presently under study.

Other ammonite species have been described astrailed from the upper part
of the Vaca Muerta Formation in a locality 8 kmthe southwest of Huncal (very close
to our section C) by Leanza and Wiedmann (1989)es&h correspond to
Thurmanniceras huncalensmdKillianella primaevalLeanza and Wiedmann spp. and
Protancylocerassp. and were recorded in tt&piticeras dameskone of the late

Berriasian.
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Figure 7. Field photographs of ammonites of the Huncal Meml4\) "Neocomites"
regularis Leanza, B) Pseudoblanfordia australis(Burckhardt), C)"Neocomites"
wichmanniLeanza, D-E) Thurmannicerassp. cf. "T." keidell A, B, D and E from
section C, C from section B. Scale bar 1 cm.

4.3. Calcareous nannofossils: bioevents and paleogyical indicators

In the section C, 21 species of calcareous nansibf@ssignable to the
Berriasian have been recognized with a moderaterslty and preservation. The taxa
examined ar€ruciellipsis cuvillieri(Manivit) Thierstein,Cyclagelosphaera margerelli
Noél, Diazomatolithus lehmaniiN6el, Eiffellithus primus Applegate and Bergen,
Ethmorhabdus gallicusNoél, Ethmorhabdus hauterivianu@Black) Applegateet al.
(1989), Helenea chiasti&Vorsley, Manivitella pemmatoidegDeflandre) Thierstein,
Micrantholithus hoschulzi(Reinhardt) ThiersteinMicrantholithus obtususStradner,
Micrantholithussp, Retecapsa surirelléDeflandre and Fert) Grimhagodiscus asper

(Stradner) ReinhardtStaurolititessp., Tegumentum stradnefiihierstein, Tranolithus
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gabalus Stover, Umbria granulosaBralower and Thiersteinywatznaueria barnesiae
(Black) Perch-NielsenWatznaueria biportaBukry, Watznaueria fossacinctéBlack)
Bown, Zeugrhabdotus embergefiNoél) Perch-NielsenZeugrhabdotus howedBown,
Zeugrhabdotus xenotiStover) Burnett. Representative species are liddtex in Figure
8.

Four biomarker species are recognizédibria granulosaEiffellithus primus
Rhagodiscus aspandCruciellipsis cuvillieriwhich first occurrences (FO) are defined
in the Tethys as close to the Jurassic/Cretaceousdary. In this study, based on the
joint presence of these species and in particdlar RO of Cruciellipsis cuvillieri
recognized in the basal profile levels (BAFC-NP BP& Berriasian age is assigned to
the nannoflora recognized in the western profileal@ver et al., 1989; Ogg et al.,
2004). The absence of species of the géasnoconudampter prevents refining the
age of this nannoflora within the Berriasian. Ire tNeuquén Basin, the FO d.
cuvillieri has been correlated, with doubts, with tAegentiniceras noduliferum
ammonite biozone (Aguirre-Urreta et al., 2005) ltst presence has been used in
different regions of the basin as a Berriassensu latobiomarker (Gatto, 2007,
Lescano and Concheyro, 2014).

Only few nannofossil genera have been found irs#wion C, but some present
paleoecological relevance. Species of the gen@fatznaueria Reinhardt and
Micrantholithus Deflandre constitute more than 90% of the recagphizaxa.
Watznauerisspp. W. fossacinctaW. barnesiagW. biportg is the most abundant group
in all the samples. These species are considegdtart to diagenesis (Roth and
Krumbach, 1986; Premoli-Silva et al., 1989; Willerand Bralower, 1995; Pittet and
Mattioli, 2002) and are defined as ecologically ustbforms that constitute the first
species to be established in new biotopes (Muterl©991).

In oceanic environment#/atznaueria barnesiaggresents peaks in its abundance
in oligotrophic conditions, whereas in restrictedsins, as can be considered the
"Western Interior" (USA) the peaks @fatznueria barnesiaare recorded in eutrophic
environments (Cobianchi, 2002; Lees et al.,, 200Whese restricted basins are
considered to have a higher nutrient level than dbean, and runoff plays a very
important role. In this studyyV. fossacinctas more common in most samples thahn

barnesiaewhile W. biportais rare (see range chart in supplementary mayerial
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L, granitoss

M. obfusus M, chirsis M, ohiusis M obtusis

Figure 8. Representative calcareous nannofossils from thea\Muerta Formation at
the section C (western profile). &Vatznaueria fossacinctgBlack) Bown; b-c.
Watznaueria biportaBukry; d. Cyclagelosphaera margereliNoél; e. Rhagodiscus
asper(Stradner) Reinhardt; Diazomatolithus lehmanhNoél; g. Tegumentum stradneri
Thierstein; hEiffellithus primusApplegate and Bergen; Wmbria granulosaBralower
and Thierstein; jZeugrhabdotus xenotStover) Burnett; kZeugrhabdotus embergeri
(Noél) Perch-Nielsen; IRhagodiscus infinitugWorsley) Applegate; mManivitella
pemmatoidedDeflandre) Thierstein; rCruciellipsis cuvillieri (Manivit) Thierstein; -
0. Micrantholithus hoschulzii(Reinhardt) Thierstein; p-sMicrantholithus obtusus
Stradner. Scale bar =1 pm.
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Micrantholithusspp. Micrantholithussp.,M. hozchulzii M. obtusu} represent
the second most common group in the analyzed saniierantholithusis interpreted
as a taxon of warm waters and appears to have Imaditec distribution with a broad
latitudinal range between 50°N — 50°S. Speciescan@mon in coastal environments
and infrequent in pelagic environments (Applegatal.e 1989; Street and Bown, 2000).
Micrantholithus is virtually absent in the Pacific and Indian atggBown, 2005).
Based on its similarities with the extaBtaarudosphaera bigelowithe ecology of
Micrantholithusis probably related to neritic factors such asiced salinity (Street and
Bown, 2000; Bown, 2005). In addition, during theetacceous, the peaks in abundance
of this genus are associated with low salinity ealof surface waters. The increase in
the abundance dflicrantholithusis associated with hypohaline conditions linkedhwi
the entry of freshwater flows in hotter and morenidi conditions (Bersezio et al.,
2002).

Another species with recognized paleoecologicaliezat Rhagodiscus asper
This is a characteristic taxon of warm waters (EA®87; Mutterlose, 1992; Erba et al.,
1992; Street and Bown, 2000; Melinte and Mutterlo®@01; Herrle et al., 2003;
Mutterlose et al., 2005).

In the fossil record, the gend&annoconusas been interpreted as an indicator
of the lower part of the photic zone (Erba, 1994c€oni et al., 1992; Bersezio et al.,
2002) and the changes registered in the abundahd¢keonannoconids and other
nannoliths have been used to reconstruct the ifertdf surface waters and to
characterize the dynamics of nutrition. In the nwéés in which the water presented a
greater stratification, a high abundance of nannmsowould be observed accompanied
by a decrease in the number of other nannofossits from this situation an increase in
the productivity of the lower part of the photicneois inferred (Erba, 2004). In
addition, it has also been observed that a riseitrition (associated, for example, with
an increase in seasonal winds) would generateaegregansfer of nutrients to surface
waters. This would be reflected in an increaseh& dbundance of nannofossils and a
decrease in the number of nannoconids (Erba, 2004).

In sections B and D the calcareous nannofossilnasisgies recognized show
moderate diversity and preservation (Tables 2 amd e Supplementary Material).
The nannofossil markers have not been found améftive it has not been possible to

identify a precise age for this interval.
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4.4. Provenance analysis

4.4.1. Sandstone petrography

Modal composition of the detrital grains is plotiadhe sandstone classification
diagram of Folk et al. (1970), being classifieditsc arkose and feldspathic litharenite
(Figure 9a). According to compositional QFL and QunFprovenance triangles
(Dickinson et al., 1983; Dickinson, 1985) sandstsaeples plot near the boundary
between the mixed (recycled orogenic) and disseategrovenance fields (Figure 9b
and c). Petrographic analysis indicates that tlaeses grained sandstones typically tend
to be better sorted than the finer grained sedimaiftich in some cases are poorly
sorted. The grain shape is mainly subangular, mik-nounded grains are also found;
additionally, grain contacts are point-shaped tnghted (Figure 9d). Detrital quartz
(29-46 vol.%) is mainly monocrystalline and, lessnmonly, polycrystalline grains
show granoblastic and microcrystalline texturegfés 9d and e). Detrital feldspars
(21-34 vol.%) are dominated by plagioclases (olage - andesine) but also include
alkali feldspars, represented by orthoclase, andower proportion, sanidine and
microcline are also present (Figure 9e). In gendetdspars are corroded; plagioclases
show dissolution features being partially replabgdspar calcite, while alkali feldspars
are incipiently altered to illite/mica. The rockhies (13—-26 vol.%) are dominated by
volcanic rock fragments exhibiting felsitic, hyalibig, and pilotaxitic textures. In minor
proportion (<5% vol.%) there are also mica-rich amebrphic and plutonic rock
fragments as well as illite-rich sedimentary lighid@he latter are deformed among more

rigid crystal grains and form part of a pseudomagig., Worden and Morad, 2003).
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Figure 9. Petrographic characterization of the Huncal Memdzerdstones. a) Modal
composition (QmFLt) according to the classificatidiagram of Folk et al. (1970); b
and c) Provenance QFL and QmFLt triangles aftekiDgon et al. (1983); d and e)
Optical photomicrographs under parallel and crosseals respectively. Representative
example with major framework grains: Qm (monocriyista quartz), Plg (Ca-Na
feldspars), Kfs (K-Na feldspars), Lv (volcanic lithy Ms (muscovite); f and g) Detail
microphotographs showing glass shard (Gs) with eetsnof bubble walls in (f); and,
organic particles that represents land-derivedtgtagments in (g), both pictures taken
under parallel nicols. Scale bars: pa®in d, e and g; and 10 in f.

The matrix is composed of phyllosilicates (mairlga/mica and minor chlorite)
and silt-sized quartz grains. Due to the similanposition between sedimentary lithics
and the matrix it is possible that illite-rich lits represent shaly intraclasts derived
from the erosion of interbedded fine-grained ro@xskinson, 1985).

Interestingly, two samples have shown pyroclastagrments (<1% vol.%)
represented by both, glass shards and pumice fragr{fegure 9f). These components
indicate that explosive volcanism processes wetigeaduring the sedimentation of the
Huncal Member. Thin sections also exhibit orggracticles (Figure 9g) that represent

the carbonaceous particles described during fielkwo

4.4.2. U-Pb data

Most of the separated zircons of the sample VM+@&Llcharacterized by a long
prismatic habit with an elongation greater thanp$ramidal faces preserved and
idiomorphic to subidiomorphic forms (Figure 10a). subordinate population has
rounded to subrounded forms. The SEM images ofdieenorphic to subidiomorphic
zircon population showed typical oscillatory zonindicating the igneous origin of the
grains (Figure 10b). Rounded zircons presented mpternal structures suggesting a
metamorphic origin. Also, in many of the zircon igg xenocrystal cores were
observed.

Ninety-two zircons were analyzed by U-Pb but 20lyses were rejected due to
high discordance (more than 20%), large uncertsntiand/or Pb loss. The 72
concordant ages are between ca. 139 Ma and 1,229 apattern of detrital zircon
ages has a multimodal distribution with main peakshe Late Jurassic at 145 Ma
(10%), in the Early-Middle Jurassic at 173 Ma aB8d Ma (35%), in the Triassic at 225
Ma (14%) and in the Permian at 278 Ma (29%). Séw@ngle ages also appear in the
Early Paleozoic (11%) and Late Mesoproterozoic ({Bgure 10 c).

The weighted average of the three youngest agetappeng their error on one-
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sigma is 144.8 £ 3.6 Ma, this value is coherenthwiie youngest peak in the total

probability diagram at ca. 145 Ma (Figures 10 c dnd
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Figure 10.Microscope (a) and SEM images (b) of the analyzsdtdl zircons from the
VM-1 sample, Huncal Member. In the SEM images actuided the laser spot positions
and their age. Frequency histogram and relativbghidity plots of the analyzed zircons
are shown in (c). Weighted average of the 3 youngges overlapping their error on
one sigma is added in (d).

5. Discussion

5.1. Origen and age of the Huncal Member

The Huncal sandstone is a particular facies ambegntost common shale,
mudstone and carbonate facies of the Vaca Muentmdimn. The sandstones in the
type locality contain sets of sedimentary strucuteat allowed previous contributions
to interpreting them as turbidite deposits (Leasakzal., 2003; Spalletti et al., 2008).
They include massive sandstones that show flutek sanall scale soft-sediment
deformation features followed by fine-grained saodss with parallel to low-angle
laminated beds (Figure 4e). These vertical chafigesth models of turbidites (e.qg.,
Bouma, 1963; Lowe, 1982; Mutti et al., 1999; Talliet al., 2012), and as observed to
the north of the studied localities, fining-upwangtles were interpreted as the record of
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repeated emplacement of short-lived turbidity flo{8palletti et al., 2008). Moreover,

other authors recognized combined-flow structureshsas hummocky cross-

stratification (Leanza et al., 2003). Also impottathe abundance of plant fragments,
recognized in outcrop descriptions as well as umdieroscopic analysis (Figures 4b,
99).

In the western profiles two sandstone packages weregnized, which are
separated by shales of variable thickness (FigyreTBe lower sandstone package
disappears near the Huncal locality, while the upgeel continues a few kilometers to
the east. Therefore, it is possible to interprat tiwo independent turbiditic lobes were
involved in the sedimentation of the Huncal Member.

The ammonites, mostly represented in the shalye$abetween the sandstone
intervals, are representative of tBpiticeras dameddiozone. The age assigned to the
Huncal Member according to this ammonite faunaai® IBerriasian. Despite the
moderate diversity and preservation of the calasemannofossils recognized in the
shaly facies of the Huncal Member, a Berriasian sgassigned to the nannoflora
recognized, due to the first occurrenceCoficiellipsis cuvillieridocumented 30 meters
below of the first sandstone interval of the settid (see Figure 3). The peak of
youngest U-Pb ages at ca. 145 Ma, compatible vinéhweighted average of the 3
youngest ages overlapping their error on 1 sigdd.8.+ 3.6 Ma), is the best value to
represent the maximum depositional age of the Hulemnber. However, this value is
older than the late Berriasian age based on th&rht@raphic data. We interpret that
these youngest zircons (ca.145 Ma) were recyclau the Tordillo Formation or from
volcanic sources older than the sediments of HulWeahber. In addition, we conclude
that the contribution of primary volcanic zircon®rh a volcanism coeval with the
sedimentation has been no significant in the saanpheel.

According to the new sequence stratigraphic frammkwor the Vaca Muerta
Formation (Kietzmann et al., 2014a, 2016), the ufg®eriasian Huncal sandstones can
be included in the progradational regressive plo&skee fourth transgressive-regressive
composite sequence. Thus, the deposition of thedite sandstones at Huncal could be
linked with the late stages of a prograding wedwgg teveloped in response to relative
sea-level changes. In addition, the increase imadmrce of the nannofossil genus
Micrantholithus in the shales recorded betweenttfee sandstone packages, suggests
changes in salinity, which could be associated witdrginal environments affected by

the entry of fresh water. These observations cao axplain why the genus
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Nannoconus has not been registered in the studiettah sections, but it has been
recognized in more basinal localities, under normatine conditions as Las Loicas in

southern Mendoza (see Vennari et al., 2014).

5.2. Sedimentary provenance

Lower Jurassic and Permian igneous rocks were th& rsource area of
sediment supply according to the obtained agehene¢trital zircons from the Huncal
sandstones. Subordinate detrital zircon age griouipee Late Jurassic, Late Triassic and
Paleozoic, plus single ages from the Early Cretas@md Mesoproterozoic.

The best candidate to be the source region of penee of the older detrital
zircons (Lower Jurassic, Triassic, Paleozoic aret&mbrian) is the North Patagonian
Massif, located in the southern and eastern marfjihe Neuquén Basin (Figure 11).
The main group composed by volcanic zircons oflLitser Jurassic (main peak at ca.
181 Ma; 35%) could be related to volcanic rockstloé Marifil Formation and
equivalents (see Naipauer et al., 2018). The Parahdrital zircons (main peak at ca.
278 Ma; 29%) reflect a sediment supply from theteresand central part of the North
Patagonian Massif where Permian igneous rocks adelyv distributed (e.g.: La
Esperanza Plutonic Complex and Dos Lomas Volcammm@ex; see Naipauer and
Ramos, 2016 for a review). The isolated early Palmoand Precambrian oldest ages
suggest a provenance from rocks exposed in theraasorder of the North Patagonian
Massif, where Lower Paleozoic igneous-metamorpluicks are described in the
Tardugno Granodiorite and the Nahuel Niyeu andagliglito formations (Pankhurst et
al., 2006, 2014) (Figure 11).

This interpretation is coherent with the fact thatrography of sandstones in the
ternary graphs (QmFLt, QtFL, Dickinson et al., 19B&kinson, 1985) indicates mixed
(recycled orogenic) and dissected arc provenanEggires 9b and c). Acidic and
intermediate volcanic rock fragments are the maimmonent of lithics as was also
observed by Marchese (1971), while metamorphic risagments are subordinate,
mainly represented by polycrystalline quartz. Thbyllpsilicate assemblage is
dominated by detrital illita/mica and minor chlerithat suggests low to medium grade
metamorphic rocks as other source rocks. Theretbee,detrital components of the
Huncal sandstones could have been supplied fronthNRatagonian Massif rocks and
not significantly from the contemporary volcanic.ar

Our interpretation that the main source region tfog clastic sediments was
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located towards the southeast of the basin is stggbby the regional depositional dip
as well as the progradation of clinoforms defingdsbismic interpretation in the Vaca
Muerta Formation to the northwest (e.g. Gulisan@let1984; Legarreta and Uliana,
1991, Kietzmann et al., 2014a; Reijenstein e2&ll,7).

On the other hand, the youngest detrital zirconsaga. 145 Ma) are more
difficult to explain from the southeastern margintlee Neuquén Basin because rocks
with those ages are absent in the North Patagdéssif. The zircon group of the Late
Jurassic (peak at ca. 145 Ma) should be a recyalihghe underlying Tordillo
Formation, as this unit has a typical most promimpeak at ca. 144 Ma (Naipauer et al.,
2012, 2015). In that sense, geochemical studiedumed by Spalletti et al. (2014) also
demonstrate the participation of the detritus fréine Tordillo Formation in the
sedimentation of the Vaca Muerta Formation durhregttansgressive process.

The Tordillo Formation could have been exhumedrduthe Early Cretaceous
along the Huincul deformation zone (Naipauer et 2012). The Huincul High is an
east-west oriented morphostructural feature thaensls at depth for hundreds of
kilometers across the southern Neuquén Basin (Esgurl). Several works have
demonstrated a complex compressive system devekdpad the Huincul deformation
zone and its tectonic activity during the Middlealsic to the Late Cretaceous (Freije et
al., 2002; Mosquera and Ramos, 2006; Pangaro ,eR@0D9; Naipauer et al., 2012;
Gangui and Grusem, 2014). This structural featusesibly constituted a positive
element during the late Kimmeridgian and the E@ngtaceous (Mosquera and Ramos,
2006; Naipauer et al., 2012). Thus, the populabbretrital zircon ages at ca. 145
possibly reflects a sediment supply from the Huittigh (Figure 11).

Alternatively, youngest zircons (ca. 145 Ma) coclome from Late Jurassic
volcanic rocks related to the Andean arc. Widelypasures of the Rio Damas
Formation, located towards the northwest of thelystrea, are characterized by a thick
volcanic sequence with U-Pb ages at ca. 146 Mas@®es al., 2014) (Figure 11).

5.3. Slump structures at the Huncal locality

We interpret the complex fold and fault system dbsed in the upper sandstone
levels of the Huncal Member as the result of sulomeaglumps processes (Figures 5 and
6). The main features that support our interpretatire: (1) the deformed sandstone
levels occur in a restricted area between undistlidinales and (2) the structure system

has a wide range of deformational style and vagiafgirgence; although we defined a
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main transport direction to the SW and W. In additithe presence of these complex
slump structures is not recorded westward in thdistl region. In the western profiles
(sections B and C) only small levels, few metersckth show synsedimentary
deformation. The distribution of the slumps is aamicated on the southern edge of the
outcrops and can be recognized only in the uppaistane levels. The lower sandstone
levels of the Huncal Member disappear 5 km to testwf the type locality (section A)

and were not intensely affected by slumping proeeéBigures 3 and 5).
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Figure 11. Simplified paleogeographic map with tectonic eletaeand major sediment
dispersal directions for the Early Cretaceous. Reiees of the absolute ages of the
basement areas are cited in the text.

Previous works have proposed two opposite modeéxpdain the origin of the
slump structures in the Huncal Member. Leanza e(24l03) suggested a vergence
towards the NE for the slump structures (see figun@ Leanza et al., 2003). They
highlighted that this direction is coherent witle ttedimentary progradation in the inner

platform setting for the Vaca Muerta Formation atsddevelopment in a highstand
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system tract during the Berriasian (Mitchum andabii, 1985; Legarreta and Uliana,
1991). On the other hand, Spalletti et al. (2008)gested that the Huncal Member
represented submarine sediment deposits as a emmsegof gravity-driven processes
that pushed semi-lithified rocks into the mud-doatéd outer ramp to basinal settings.
These authors showed a main direction of trangpasirds the NE (see their Figure 6 b
and c) based on the axial plane of the folds. Hanethey suggested a depositional
scenario for the Huncal Member characterized byalarupt slope zone towards the
west, close to the volcanic arc.

The main slump vergence towards the SW combineth wituctures with
opposite vergence (NE) that were interpreted akfblals and backthrusts do not
suggest an origin from the western margin of theirbé&igure 11). In addition, the
sedimentary supply from sources located to thehsast, in the North Patagonian
Massif, would also not agree with a simple westergin of the Huncal sandstones.

Due to the localized position of the slump, we msggghat its origin may be
linked with an internal morphostructural high oetbasin. The Chihuidos High, or
Cerro Arenas High (according to Dominguez et abl7), is a subsurface structure
located 50 kilometers east of Huncal (Figure 113. dtructure has undergone a
differential subsidence and conforming an intenmalrphostructural high during the
Early Cretaceous (Arregui, 2014; Dominguez et28117; and references cited therein).
Possible vertical movements concentrated in thigcgire might be the causes to
destabilize previously deposited sandstones anddéwelopment of the slumping
deposits in the Huncal locality.

On the other hand, the time span between the deposi the sandstones and
the generation of slump structures is controver3iaére are many variables involved in
the triggering process: climate-driven factors sastsea-level fluctuations and changes
in sedimentation rate that impact in the pore pnessvithin the sediment column as
well as in the hydrostatic pore water pressureaddition to seismic shaking generated
by earthquakes, among other factors (e.g. Lewigl;1Blampton et al., 1996; Urlab et
al., 2013; Talling et al., 2012). Despite these autainties, the combined effect of
regression during a relative fall of sea level &ctonic earthquakes due to retro-arc
position of the Neuquén Basin could have promadbedrtstability of the deposits in the
slope or ramp system of the Vaca Muerta Formatidiichum and Uliana, 1985;
Legarreta and Uliana, 1991; Kietzmann et al., 2020846). The occurrence of tectonic

earthquakes during the Late Jurassic and EarlyaCGeetis in the Neuquén Basin is also
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supported by several soft-sediment deformationcgiras recorded in the base of the
Vaca Muerta Formation that were attributed to ame@ origin (Martin-Chivelet et al.,
2011; Kietzmann and Vennari, 2013; Gangui and Gn2014).

5.4. Extension of the Huncal Member in the NeuquéBasin

It is important to note that there are several mésoof sandstone levels
interlayered with shales in the Vaca Muerta Foramabut not all of them are related to
slump structures as in the Huncal locality. Fotanse, this is the case of the turbidite
sandstones described in Rahueco by Spalletti g2@08) that were assigned to the
upper Berriasian — lower Valanginian, and thus tbhewld be correlated in age and
lithology with the Huncal Member. Moreover, two &y of fine sandstones with leave
remains were found in the Rahueco section, whigipai their correlation. In addition,
the sandstone intervals that crop out in the ArrGamdelero (Leanza and Hugo, 2005)
can be correlated based on the late Berriasiaofatte Huncal Member assigned in the
present work. However, it is necessary to enhaheestudy of the composition and
structure of these sandstones. In the Picun Leutbébssin, south of the Huincul High
(Figure 11), Santiago et al. (2014) described ta@okpges of massive fine sandstones
between shale facies of the Vaca Muerta Formatidme study is based on the
description of two core of the La Hoya well refer® the middle section of the Vaca
Muerta Formation but there is not a precise tempmatrol. Although it is possible to
establish a comparison based on the presence chtiustone levels with the Huncal
Member.

On the other hand, several deposits assigned to/#ta Muerta Formation
associated with slump structures have been regastiroughout the basin. However,
the age and composition of these deposits are blari@rigure 12). In the Cerro
Domuyo area, an interval of approximately 60 metgrsnudstones and calcareous
sandstones with slump structures were includetienHuncal Member (Kietzmann and
Vennari, 2013). Its ammonite content indicatesta lEthonian age, which is not in
agreement with the late Berriasian age of the HubM@mber in its type locality.
Another difference is the composition of the saodes, while those from the Huncal
locality are siliciclastic in composition; the satohes from the Cerro Domuyo are
calcareous.

South of the study region, in the Sierra de la Vihteerta (Figure 1), slump

structures with NW vergence were described in manmi$ packstones associated with
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internal and external ramp facies (Gulisano et H84; Kietzmann et al., 2014b;
Reijestein et al., 2017). The slump structures wetated to tectonic activity in the
Huincul High during the middle and late Tithonidfigtzmann et al., 2014b). It should
be noted that the composition of the slump bedb®fSierra de la Vaca Muerta locality
is different from the typical sandstone faciesha Huncal Member. This difference in
composition of the slump beds difficult their insion in the Huncal Member (Figure
12).

In the Picun Leufu Anticline, the Vaca Muerta Fotima records sandstones
beds associated with several slump structuresreddig to the lower Tithonian (Figures
11 and 12) (Krim et al., 2017). These depositsa@aissibly be included in the Huncal
Member taking into account their composition amddtres.

Western sector Eastern sector
Age Ammonite Zones Cerro Study Area Sierradela | Picun Leufd Neuquén
Domuyo Huncal Vaca Muerta Anticline Embayment
Mulichinco Mulichinco (subsurface)
“g" lower O.atherstoni Formation Formation
Valanginian | [ jssonia riverol )
8 I - - Quintuco Bajada Upper
S INeocomites wichmann Formation Colorado Vaca Muerta
[5) S e 4 : :
&5 | Upper Berr. | Spiticeras damesi M%F;Et?;r RgFmigtign Famition
= |Middle Berr| Argentiniceras V?ca MLt{erta
L(IJU noduliferum omjaton
Lower Berr. Upper T
Substeueroceras [Hunca Vaca Muerta Huncal Mb./
\Cmf(oori]%/ ' Formation Picun Leufu
T.g,ppe.r ‘ alternans ~ 1 Vaca Muerta FEnnElin
Ithonian I"\/indhauseniceras Formation
internispinosum
Vaca Muerta
Aulacosphinctes Formatlon 4
proximus — Huncal Mb. / Lower
Member Lower : | Vaca Muerta
Lower : Vaca Muerta Vaca Muerta L Formation
Tithonian | Pseudolissoceras Fornation Formation
zitteli
Virgatosphinctes V?:%? mMaL;%r:\a
andesensis
Tordillo Formation

Figure 12. Chronostratigraphic chart of the early Tithonianhed/alanginian of the
Neuquén Basin with the sandstones and slump bedsaned in the text and included
in the Huncal Member (modified from Spalletti et 2000; Krim et al., 2017).

On the other hand, recent works in the subsurfaidhkeoNeuquén Embayment
have shown very large slump structures progradinge NW associated with the Vaca
Muerta Formation (Pose et al., 2014; Gangui ands&@ny 2014; Reijenstein et al.,
2017) (Figure 11). The slump structures describethé subsurface of the basin are
recorded in late Tithonian — early Berriasian segee and are include in slope facies
(Arregui, 2014; Pose et al., 2014; Gangui and Gns2014). The sizes of the slumps
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that have been interpreted in seismic scale raraye $mall displacements of seismic
reflectors to deformed packages that extend foersékilometers and have thicknesses
of up to 100 meters (Arregui, 2014; Gangui and &mus2014). The smaller structures
can be compared in size with the slumps describesuiiface of the Huncal Member.

Therefore, it is also possible to include the slumepls of the subsurface in the Huncal
Member (Arregui, 2014; Gangui and Grusem, 2014).

According to the above discussion, the availabledence points out that
sandstones levels and slumping processes occatadently from the Tithonian to the
Valanginian and that they are present throughauetitire Neuquén Basin. Therefore, it
should be noted that the Huncal Member is a diagbrbthostratigraphic unit. In
addition, it is important to note that the vergen€t¢he slump structures is variable and
probably depends on variable factors as internatphustructural features (e.g.:
Huincul and Chihuidos highs) and position in theapasystem or in the platform-slope
configuration. A common point among all of thenthat the sandstones and slump are
developed during a progradational regressive prasmpt the slump described in the
Sierra de la Vaca Muerta that is related to a geessive systems tract (Kietzmann et
al., 2014b). Therefore, the deposition of turbidigmdstones and slump structures in the
Vaca Muerta Formation occurred during regressivesph probably related to episodes
of relative sea-level fall (Krim et al., 2017).

6. Conclusions

The age of the Huncal Member in the type localigsed on the integration of
the ammonite faunas, calcareous nannofossils aRt BRalysis, is late Berriasian. The
origin of these deposits was probably related t lbvbes of turbiditic sandstones linked
with a progradational regressive phase. Howevermae detailed analysis of
sedimentary facies must be done. The analyzed w®aneds are lithic arkoses and
feldspathic litharenites derived from recycled aoig and dissected arc sources. The
U-Pb ages confirm a mixed sedimentary provenamnu@ fthe south and southeastern
margins of the basin, specifically from Paleozomd alriassic—Jurassic rocks of the
North Patagonian Massif and the Huincul High. A totwtion from the Early
Cretaceous active volcanic arc in the western margis subordinated.

The complex fold and fault system described inupper sandstone levels of the
Huncal locality was interpreted as the result oftgd processes with a main transport
direction to the SW and W. The combined effect oégression during the relative fall
of sea level and tectonic earthquakes due to tihe-aec position of the Neuquén Basin
could have promoted the instability of previouslgpdsited sandstones and the
development of the slumps. Possible vertical moveséinked with the Chihuidos
High could also have triggered the instability lné sediments.
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Sandstone deposits with slump beds are presenighoot the entire basin from
the Tithonian to the Valanginian in the Vaca Mudftamation. Therefore, the Huncal
Member is a diachronic lithostratigraphic unit ateddeposition probably depended on
different factors such as the relative sea levahges, the position in the ramp system
or in the platform and slope configuration and riné& morphostructural features of the
Neuquén basin.

Finally, this study demonstrates that the combamatof biostratigraphic,
structural and provenance analysis provides a rbeiteerstanding of a particular
stratigraphic interval within the Vaca Muerta Fotioa, an analogy that can be used in
the analysis of other source rock and unconventiomgs worldwide.
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Table 2 of the Supplementary material, section B
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Table 4 of the Supplementary material, petrographicdata

SAMPLE (?T:z Qtz p Plg Kfs Lv Ls Lpyr | Lp/m | Mi | CCar | Cqtz | CChl | COx Ma
pnh-5 39.15| 3.18 | 23.61 | 3.23 | 19.63 0.30 2.00 | 0.50 | 0.70 | 3.50 | 1.50 | 2.70
pnh-4 32.15| 4.48 | 2694 | 497 | 16.31 2.17 1.60 | 433 | 0.50 | 2.80 3.75
pnh-3 35.42| 432 | 22.33 | 3.07 | 19.23 1.42 130 | 6.03 | 1.12 | 1.67 | 1.20 | 2.89
pnh-2 46.26 | 3.12 | 18.43 | 3.11 | 15.19 1.18 128 | 6.19 | 1.20 | 1.15 | 1.20 | 1.69
pnh-1 41.31| 3.82 | 24.14 | 438 | 14.22 1.35 1.18 | 1.12 | 141 | 4.09 | 1.11 | 1.87
Ish-2 36.41| 3.12 | 24.11 | 4.52 | 26.11 0.31 1.00 1.15 | 2.10 | 1.17
Ish-1 3455 3.02 | 24.66 | 4.12 | 18.72 3.13 | 0.80 1.25 | 2.15 2.19 5.41
H2-S1 33.11| 192 | 30.51 | 4.11 | 17.19 1.12 | 0.75 1.18 | 2.25 | 141 | 2.15 | 2.15 | 2.15
VM1-M6 |44.96| 2.11 | 15.82 | 5.63 | 18.31 2.13 1.01 | 512 | 2.12 | 1.02 | 045 | 1.32
HSE-3 46.25| 1.87 | 21.08 | 1.18 | 15.69 | 1.25 1.74 | 1.25 | 4.41 | 1.13 | 0.82 | 1.15 | 2.18
HSE-2 45.65| 3.21 | 24.61 | 3.27 | 10.75 2.13 2.14 | 1.24 1.71 | 1.12 | 4.17
HSE-1 29.49 | 4.83 | 24.00 | 4.50 | 24.29 1.25 | 211 | 1.32 | 071 | 1.14 | 1.15 | 5.21

U-Pb Analytical methods

Sample VM-01Laboratoério de Geocronologia, Instituto de Geoci&s da

Universidade de Brasilia, Brasil):

to the reproducibility and within-run precisionedch unknown analysis. The

The zircon grains were radon selected and sgiaryeresin mounts. The mount
surface was polished to expose the grain interiaskscattered electron images of
zircons were obtained using an SEM JEOL JSM 58@Qhatersidade de Brasilia
(UnB), Brazil. The samples were loaded into a Neev&/UP213 Nd:YAG laser
(A=213 nm), linked to a Thermo Finnigan Neptune Mattilector ICPMS. Helium was
used as the carrier gas and mixed with argon befuering the ICP. The laser was run
at a frequency of 10 Hz and energy of 34% and thmeker with a spot size of 30 um.
Laser induced fractionation of the 206Pb/238U rat&s corrected using the linear
regression method (Kosler et al., 2002). Two irdéomal zircon standards were
analyzed throughout the U-Pb analyses. The zirtamdard GJ-1 (Jackson et al, 2004)
was used as the primary standard in a standardlsdorgzketing method, accounting
for mass bias and drift correction. The resultingection factor for each sample
analysis considers the relative position of eadlyasms within the sequence of 4
samples bracketed by two standard and two blankyseseach (Albaréde et al, 2004).
Analyses were performed using spot size ofi80 The Temora 2 standard (Black et al,
2004) was run at the start and the end of eaclytaadisession, yielding accuracy
around 2% and precision in the range of 1 %. Thereof sample analyses were
propagated by quadratic addition of the externakuainty observed for the standards

instrumental set-up and further details of the @il method applied are given by
Buhn et al (2009). Masses 204, 206 and 207 wersuneg with ion counters, and
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238U was analyzed on a Faraday cup. 202Hg signehvaaitored by an ion counter

for correction of the isobaric interference betw@28AHg and 204Pb. The signals
during ablation were taken in 40 cycles of 1 sethekor data evaluation, only coherent
intervals of signal response were considered. Battaction was performed with an in-
house Excel spreadsheet, which considers blanlesahircon standards composition
and errors, and error propagation. The 204Pb sigtelsity was calculated and
corrected using a natural 202Hg/204Hg ratio of @.&lommon Pb correction was
applied for zircons with 206Pb/204Pb lower than@,pplying the common lead
composition following the Stacey and Kramers (1976gdel. Plotting of U-Pb data was
performed using ISOPLOT v.3 (Ludwig, 2003) and estfor isotopic ratios are
presented at thesdevel. Because of the statistical treatment apphecalculating
Concordia Ages, those are more precise than anyidiocl U-Pb or Pb-Pb ages
(Ludwig, 2003) and, in the present study, alwaysespond to less than the 2%
accuracy obtained from the intercalibration of skendards. Consequently, the Isoplot
calculated errors were modified in order to incogbe this uncertainty level and, hence,
represent a more realistic age in terms of theyéinal limitations of the method. The
age probability plots (Ludwig, 2003) used in thigdy were constructed using the
206Pb/238U age for young (<1.0 Ga) zircons an@@&b/207Pb age for older (>1.0
Ga) grains
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Table 5 of the Supplementary material, U-Pb data

Summary of analytical results by MC-ICPMS-LA U-Pb zircons data.
Data analyzed in the Universidade de Brasilia (UnB), Brazil

SAMPLE VM-01 - Huncal Member (GPS: 37959°36,6"" S - 70225°56,9"" N)
Spot f(206) Th/uU 6/4. 7/6. 1s 7/5. 1s 6/8. 1s Rho 7/6. 1s 7/5. 1s 6/8. 1s Conc Conc
% ratio ratio (%) ratio (%) ratio (%) age (%) age (%) age (%) (%) (%)*
010-Z05B 0.05 0.35 403344 0.05 0.66 0.15 1.18 0.02 0.97 0.81 170 16 144 2 139 1 81 96
078-Z50B 0.06 0.35 171469 0.05 0.75 0.15 1.00 0.02 0.67 0.62 71 18 144 1 144 1 202 100
069-ZA5N 0.09 0.44 20664.1 0.05 0.68 0.16 0.95 0.02 0.67 0.65 157 16 149 1 144 1 92 97
077-Z50N  0.08 0.27 22589.5 0.05 0.75 0.15 1.12 0.02 0.83 0.71 53 18 144 2 145 1 272 101
067-243 0.20 1.02 9390.5 0.05 0.82 0.18 1.07 0.03 0.68 0.59 38 20 168 2 173 1 456 103
088-257 0.03 0.37 471043 0.05 0.64 0.19 1.06 0.03 0.84 0.77 120 16 174 2 173 1 144 99
076-249 0.06 1.10 310749 0.05 0.67 0.19 092 0.03 0.62 0.63 128 16 175 1 174 1 136 929
028-716B  0.22 0.72 5208.8 0.05 1.19 0.19 1.44 0.03 0.82 0.54 103 29 174 2 174 1 168 100
058-7237 0.17 0.31 184439 0.05 0.60 0.19 0.83 0.03 0.57 0.63 48 15 172 1 177 1 370 102
016-209 0.35 0.84 52953 0.05 1.17 0.19 144 0.03 0.84 055 49 29 174 2 178 1 367 102
046-229 0.03 1.03 55958.2 0.05 0.73 0.20 1.04 0.03 0.74 0.67 131 18 181 2 180 1 137 929
074-247 0.08 0.32 11084.2 0.05 0.89 0.20 1.11 0.03 0.67 0.55 170 21 185 2 181 1 106 98
073-246 0.04 096 503345 0.05 0.56 0.19 094 0.03 0.75 0.78 104 14 180 2 181 1 174 100
023-Z13B  0.09 0.48 21163.3 0.05 1.05 0.18 130 0.03 0.77 056 -47 26 170 2 181 1 -381 106
075-248 0.03 0.20 70076.1 0.05 0.60 0.20 0.88 0.03 0.64 0.68 168 15 185 1 181 1 107 98
085-254 0.32 104 56787 0.05 0.82 0.20 1.11 0.03 0.75 0.64 192 20 187 2 182 1 95 97
030-218 0.07 0.99 255974 0.05 093 0.20 1.15 0.03 0.67 0.53 125 23 184 2 184 1 147 100
086-255 0.07 126 273479 0.05 0.55 0.20 1.03 0.03 0.87 0.83 89 13 183 2 186 2 209 101
037-222 0.05 0.43 39899.3 0.05 0.64 0.21 097 0.03 0.74 0.73 115 15 191 2 192 1 167 100
065-741 0.11 0.75 16275.2 0.05 1.05 0.22 1.33 0.03 0.82 0.58 142 25 199 2 198 2 140 100
079-251 0.06 0.90 303415 0.05 0.63 0.23 092 0.03 0.67 0.69 199 15 211 2 206 1 103 98
019-712 0.03 0.66 61162.5 0.05 0.74 0.24 1.03 0.04 0.72 0.66 122 18 222 2 225 2 184 101
053-733 0.18 0.53 10001.4 0.05 0.61 0.24 092 0.04 0.69 0.71 119 15 222 2 225 2 189 102
038-7223 0.02 052 902849 0.05 0.54 0.27 0.79 0.04 0.58 0.67 248 13 241 2 233 1 94 97
045-728 0.07 0.45 26071.6 0.05 0.67 0.26 1.09 0.04 0.86 0.77 168 16 235 2 235 2 140 100
064-240 0.05 0.50 506306 0.05 0.52 0.27 1.22 0.04 1.10 090 159 12 239 3 240 3 151 101
005-Z02N  0.01 0.74 172959.9 0.05 0.52 0.29 0.91 0.04 0.75 0.80 272 12 260 2 252 2 93 97
006-Z02B  0.02 0.73 112250.1 0.05 0.37 0.28 0.86 0.04 0.77 0.88 158 9 251 2 254 2 160 101
090-259 0.05 0.48 345065 0.05 0.87 0.29 1.12 0.04 0.70 0.59 142 21 258 3 263 2 185 102
039-224 0.02 0.59 86163.7 0.05 0.41 0.30 1.06 0.04 0.98 0.92 226 10 268 3 265 3 117 99
089-258 0.02 0.37 932544 0.05 0.57 030 1.52 0.04 1.41 092 190 14 268 4 269 4 141 100
008-204 0.02 0.25 16868.2 0.05 0.49 0.32 0.86 0.04 0.70 0.79 295 11 282 2 272 2 92 97
087-256 0.01 0.44 2503055 0.05 048 0.31 0.71 0.04 0.52 0.65 192 12 275 2 277 1 144 101
040-225 0.00 0.50 534739.0 0.05 0.54 0.31 0.89 0.04 0.70 0.76 161 13 272 2 278 2 173 102
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048-Z30B 0.14 0.10 36390.5 0.05 0.87 0.32 1.16 0.04 078 0.63 265 20 284 3 279 2 105 98
060-239 0.06 0.43 292125 0.05 0.68 0.32 1.06 0.04 0.81 0.74 249 16 283 3 279 2 112 929
035-720 0.08 0.26 225743 0.05 0.49 0.34 0.88 0.04 074 081 328 11 295 2 282 2 86 96
018-711 0.03 0.34 332665 0.05 0.56 0.33 0.83 0.05 0.61 0.69 224 13 288 2 287 2 128 100
013-Z06 0.02 0.52 98863.5 0.05 0.43 0.34 0.89 0.05 0.78 086 280 10 295 2 289 2 103 98
056-7235 0.11 148 16106.2 0.05 0.84 0.38 1.04 0.05 0.61 0.53 270 20 324 3 323 2 119 100
025-Z15N 0.03 0.25 56793.6 0.06 0.86 0.42 1.19 0.05 082 066 406 20 353 4 336 3 83 95
004-201 0.03 0.36 48436.37 0.05 0.76 0.43 1.15 0.06 0.86 0.73 338 18 365 4 359 3 106 98
026-Z15B 0.08 0.20 23506.97 0.05 0.54 0.44 095 0.06 079 0.80 294 13 373 3 376 3 128 101
049-731 0.05 0.29 37786.62 0.05 0.37 0.46 0.72 0.06 0.62 0.82 239 9 387 2 401 2 167 104
036-721 0.06 0.24 27909.24 0.05 0.41 0.48 0.72 0.07 059 077 277 10 397 2 407 2 147 102
007-203 0.03 0.95 52574.08 0.06 0.59 0.55 1.13 0.07 0.96 0.84 409 14 448 4 443 4 108 929
068-744 0.01 0.13 212653.9 0.06 0.31 0.67 1.47 0.08 1.44 0.98 541 7 52 6 505 7 93 97
016-268 0.03 0.45 68521.88 0.05 042 0.16 1.69 0.02 1.63 097 25 10 148 2 151 2 612 102
017-269 0.03 0.39 56715.93 0.05 0.50 0.16 1.39 0.02 130 093 79 12 152 2 152 2 193 100
015-267 0.16 0.36 11297.05 0.05 0.72 0.16 2.09 0.02 196 094 19 18 149 3 153 3 811 103
047-788 0.14 1.04 12812.61 0.05 135 0.18 1.70 0.03 1.02 058 142 33 171 3 168 2 118 98
048-7289 0.06 0.46 2942194 0.05 0.84 0.18 1.17 0.03 0.82 0.67 72 21 170 2 172 1 237 101
030-Z78 0.05 1.05 40315.67 0.05 0.52 0.18 1.12 0.03 1.00 0.88 20 13 168 2 174 2 865 103
034-7279 0.06 0.71 42848.81 0.05 0.48 0.18 0.89 0.03 0.75 0.82 50 12 170 1 174 1 350 102
004-260 0.05 0.24 24259.35 0.05 0.76 0.19 1.35 0.03 1.11 082 123 18 177 2 177 2 143 99
028-276 0.04 0.80 20884.23 0.05 0.69 0.19 1.10 0.03 0.85 0.76 102 17 180 2 181 2 178 100
042-785 0.18 0.57 10427.78 0.05 1.54 0.21 1.92 0.03 1.15 058 235 37 190 3 181 2 77 95
036-281 0.08 1.12 2220499 0.05 0.76 0.20 1.22 0.03 0.96 0.77 82 18 183 2 186 2 225 101
039-782 0.05 0.29 36523.71 0.05 0.57 0.20 1.00 0.03 0.82 0.80 48 14 184 2 190 2 398 103
021-771 0.06 0.68 30702.74 0.05 1.66 0.22 2.02 0.03 1.15 0.56 254 39 200 4 190 2 75 95
011-765 0.09 0.72 20651.48 0.05 0.51 0.22 1.62 0.03 1.54 095 51 12 202 3 209 3 410 104
027-275 0.06 0.84 31664.34 0.05 0.72 0.24 1.18 0.03 0.93 0.77 123 18 215 2 217 2 176 101
012-Z66 0.11 0.80 15961.44 0.05 0.79 0.25 1.86 0.04 169 090 144 19 228 4 230 4 160 101
054-792 0.03 0.63 68034.50 0.05 0.42 0.27 1.25 0.04 1.18 0.94 104 10 243 3 250 3 240 103
041-784 0.04 0.67 50603.41 0.05 0.55 0.29 0.94 0.04 076 078 217 13 259 2 256 2 118 99
018-270 0.01 0.10 2270175 0.05 0.31 0.31 1.21 0.04 1.16 0.96 220 7 274 3 273 3 124 100
023-773 0.01 0.10 1732545 0.05 0.31 0.32 1.31 0.05 1.28 0.97 197 8 282 3 284 4 145 101
053-7291 0.04 0.30 49918.54 0.05 091 0.32 145 0.05 1.13 0.77 129 22 279 4 289 3 224 104
005-Z61 0.04 0.44 40889.30 0.05 0.63 0.35 1.30 0.05 1.14 087 206 15 301 3 305 3 148 101
024-274 0.01 0.14 196514.7 0.05 046 0.40 1.11 0.06 1.01 0.90 237 11 345 3 352 3 149 102
045-786 0.03 0.18 55510.24 0.05 0.54 0.47 1.16 0.06 1.03 088 331 12 390 4 389 4 117 100
010-z64 0.07 0.24 39914.89 0.08 0.49 2.22 153 0.19 145 095 1229 10 1188 11 1136 15 92 96
Rejected analysis - - - - -

015-208 0.24 050 7835.84 0.05 1.30 0.12 1.84 0.02 1.29 0.69 156 31 118 2 113 1 72 96
055-Z34B 0.07 0.42 26193.10 0.05 0.59 0.14 1.09 0.02 092 0.82 90 14 131 1 130 1 143 99
054-Z34N  0.33 0.45 12188.27 0.05 0.77 0.14 1.01 0.02 0.65 0.59 -13 19 131 1 135 1 1062 103
070-Z45B 0.20 0.0 911498 0.06 1.04 0.21 129 0.02 0.77 056 699 23 193 2 150 1 21 78
044-7227 193 0.00 256798 0.03 1.89 0.12 2.09 0.03 0.89 0.54 -993 55 114 2 167 1 -17 147
059-738 0.58 1.48 318594 0.04 091 0.17 1.15 0.03 0.70 060 -167 23 161 2 179 1 -107 111
083-Z53N 0.07 1.10 25417.09 0.05 1.32 0.21 1.55 0.03 0.82 0.49 262 31 190 3 179 1 68 94



050-7232
024-714
057-7236
066-242
029-717
043-226
006-262
022-272

029-277
035-7280
040-283
046-287
052-790

0.11
0.37
0.55
0.07
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0.01
0.11
0.15

0.13
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0.14
0.07
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Conc (%): 6/8 - 7/6

1.52
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0.53
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0.11
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16948.24
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0.02
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1.14
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1.40
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1.42

0.39
0.42
0.39
0.45
0.83
0.93
0.60
0.16

0.32
0.60
0.47
0.22
0.78

150
203
306
335
783
1740
-157
2154

487.1
-49.8
229.3
100.7
395.7

33
36
64
23
27

38
139

89.3
243
61.6
96.0
25.8

187
196
274
289
602
1211
162
560

153.5
150.7
294.0
154.2
308.0

4.9
1.8
7.5
5.8
4.8

184
190
263
276
540
913
180
245

192
159
294
153
288
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123
93
86
82
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52

-114
11

-320
128
152

73

43

99
97
96
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90
75
111
44
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106
100
99
94



Highlights
The age of the Huncal sandstones is late Berriasian in their type locality.
The sedimentary provenance is from the North Patagonian Massif and the Huincul High.

Sandstones and slump structures are present throughout the entire basin from the Tithonian to
the Valanginian

The Huncal Member is a diachronic lithostratigraphic unit.
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