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The Upper Jurassic-Lower Cretaceous Vaca Muerta Formation at the Picún Leufú area constitutes bottomset and
foreset marine deposits comprising open bay, siliciclastic basin andmixed carbonate-siliciclastic shelf facies. De-
tailed sedimentological, ichnological and sequence stratigraphic analysis of six stratigraphic sections allows es-
tablishing two depositional sequences. Depositional Sequence 1 (DS1) begins with lowstand eolian deposits
included in the Quebrada del Sapo Formation, and continues with thin, retrograding, transgressive open bay fa-
cies of the Vaca Muerta Formation encompassing coastal sand sheet and dune, marginal marine, bay margin and
distal bay facies. Above the transgressive deposits, the regressive hemicycle of DS1 consists of bottomset deposits
representing a siliciclastic basin facies association. Lobe and lobe fringe hyperpycnal flow sedimentation alter-
natedwith hemipelagic basinal deposition in anoxygen-deficient environment. A relative sea-level fall generated
a sequence boundary, which coincides with an angular unconformity that marks the base of Depositional
Sequence 2 (DS2). This sea-level fall triggered the formation of an extensive lowstand channel-fill and lobe com-
plex at the base of the slope, followed by retrogradational lobe facies during the subsequent transgression. The
regressive hemicycle of DS2 represents foreset mixed carbonate-siliciclastic shelf facies, forming a slope mud
belt and slope sandbodies. Near the top, sedimentation in a foreset-topset transition resulted in the accumulation
of bioturbated mixed slope and sandy shoal deposits. Sand bars and lagoonal facies occur on top of all sections
and are truncated by a sequence boundary. The combined analysis provides insights into the sedimentary pro-
cesses affecting bottomset and foreset deposition, underscoring the role of wave-influenced hyperpycnal
flows, and the effect on organic matter dilution in one of the most important unconventional reservoirs from
Argentina.

© 2019 Elsevier B.V. All rights reserved.
Keywords:
Wave-influenced hyperpycnal flows
Bioturbation
Neuquén Basin
Fine-grained systems
Unconventional reservoirs
1. Introduction

Clinoform-shaped deposits are found in deltas, shelves and carbon-
ate environments, and their analysis aids to identify sea-level variations
which in turn are key for sequence stratigraphic interpretations (Steel
and Olsen, 2002; Helland-Hansen and Hampson, 2009). Systems show-
ing clinothems (i.e. clinoform-shaped rocks) typically encompass three
@unrn.edu.ar (J.J. Ponce),
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distinctive depositional areas: topset, foreset and bottomset (Gilbert,
1885; Bates, 1953; Pirmez et al., 1998; Steel and Olsen, 2002;
Swenson et al., 2005; Patruno et al., 2015). The Upper Jurassic-Lower
Cretaceous Vaca Muerta Formation of the Neuquén Basin, Argentina,
consists of mudstone, marl and limestone representing a mixed
carbonate-siliciclastic shelf showing well-developed bottomset to
foreset strata, overlain by topset carbonate deposits of the Picún Leufú
Formation. This unit shows an intermediate paleogeomorphology vary-
ing between sloping foreset, rimmed shelves and slope-absent ramps
(see Williams et al., 2011). Mitchum and Uliana (1985) highlighted
the importance of basin, slope and shelf positions as distinctive
depositional areas of the Vaca Muerta Formation comparable to
bottomset, foreset and topset areas. Later, several workers continued
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differentiating these segments for sequence stratigraphic interpreta-
tions (e.g. Reijenstein et al., 2014; Domínguez et al., 2014; Desjardins
et al., 2016), incorporating new techniques (Zeller, 2013; Zeller et al.,
2014, 2015a) and recognizing their plain-view geometry (Dominguez
et al., 2017). All of these efforts are useful for understanding deposi-
tional environments and sedimentary processes in each segment of
the depositional system.

Several studies focused on the most prolific Central Neuquén Basin
area (González et al., 2016 and references therein), where carbonate-
rich facies were deposited. In contrast, siliciclastic-dominated facies
occur in the Picún Leufú area, where well-exposed outcrops of the
Vaca Muerta-Picún Leufú mixed system occur. The Picún Leufú area is
located in the NW area of the Picún Leufú depocenter (Fig. 1), compris-
ing a distinctive sub-basin located at the south of the east-west trending
Huincul Ridge structural system that divides the Neuquén Basin at its
39°S latitude. An east-west anticline exposes the clinoform geometries
of the formation and represents an exceptional opportunity to study
the relationship between foreset and bottomset sedimentary facies in
mixed depositional environments. The objective of this study is to inte-
grate the sedimentological, ichnological, and sequence stratigraphic
datasets of the Vaca Muerta Formation in the Picún Leufú area, to con-
struct a depositional model. The proposed model has implications for
understanding bottomset and foreset sedimentary processes, with a
particular emphasis on the importance of wave-influenced hyperpycnal
flows for bottomset sedimentation and organic matter dilution.

2. Geological setting

The Neuquén Basin constitutes a triangular-shaped basin located in
western-central Argentina, bounded by cratonic areas at the northeast
and southeast margins and by the Andean magmatic arc at the west.
The stratigraphic record of this basin consists of approximately
7000 m of Jurassic and Cretaceous strata deposited since Late Triassic-
Early Jurassic times (Arregui et al., 2011). Tectonics controlled basin de-
velopment, and its evolution can be subdivided in three different stages,
namely syn-rift, back-arc (post-rift) and foreland stage (Howell et al.,
2005). The syn-rift phase occurs during the Late Triassic to Early Jurassic
Fig. 1. General map showing location of the study area.
(Gulisano, 1981; Carbone et al., 2011). During the Early Jurassic, subduc-
tion in the active western margin of Gondwana generated a magmatic
arc (Mpodozis and Ramos, 2008) and a subsequent shift to a back-arc
basin stage. Since this time and up to the Early Cretaceous, alternating
marine and continental sedimentation as a response to relative sea-
level fluctuations was recorded by the Cuyo, Lotena and Mendoza
groups. A Late Cretaceous compressional tectonic regime led to the clo-
sure of the connection with the Pacific Ocean and the establishment of
the foreland stage (Ramos and Folguera, 2005; Tunik et al., 2010).

The Vaca Muerta Formation comprises upper lower Tithonian to
lower Valanginian marine deposits of the Mendoza Group (Stipanicic
et al., 1968) and records one of the back-arc stage transgression pulses
of the Pacific Ocean over continental deposits (Leanza et al., 2011). It
is mainly composed by mudstone, marl and limestone that are com-
monly referred to as black shales due to their high organic matter con-
tent (3–8% TOC with upper values of 10–12%, Uliana et al., 1999). The
Vaca Muerta Formation is grouped into the Lower Mendoza
Mesosequence (Fig. 2, Legarreta and Gulisano, 1989), a sequence strat-
igraphic subdivision bounded at the base and top by the intra-Malmic
and intra-Valanginian unconformities, respectively. This mesosequence
starts with the establishment of the Tordillo Formation continental de-
posits and their lateral equivalents, which are covered by the Vaca
Muerta Formation offshore deposits (Legarreta and Gulisano, 1989).
At the top, the Vaca Muerta Formation has a transitional and diachronic
contact with the overlying nearshore deposits of the Quintuco Forma-
tion and their lateral equivalents, such as the Picún Leufú Formation
(Legarreta and Gulisano, 1989). The intra-Valanginian unconformity
marks the end of the Lower Mendoza Mesosequence by a relative sea-
level fall (Gulisano et al., 1984).

2.1. The Picún Leufú anticline and Quebrada del Sapo areas

The Picún Leufú study area comprises the northwestern part of the
Picún Leufú depocenter and the westernmost edge of the Huincul
ridge system (Fig. 1). The area shows the convergence of two Huincul
ridge structures: a south-verging, east-west anticline affecting the
Cuyo, Lotena and Mendoza groups, namely the Picún Leufú anticline,
and a NNE-oriented ravine associated with the Sierra de Chacaico anti-
cline, known as Quebrada del Sapo (Fig. 3).

The stratigraphy of the Lower Mendoza Mesosequence in the study
area is represented by the Quebrada del Sapo, Vaca Muerta and Picún
Leufú formations (Fig. 2). The Quebrada del Sapo Formation
(Digregorio, 1972) is regarded as Kimmeridgian in age based on its
lithostratigraphic correlation with the Tordillo Formation (Veiga and
Spalletti, 2007), although evidence of an unconformity between these
two units has been suggested, indicating that the Quebrada del Sapo
Formation may be younger (Zavala et al., 2008). Sedimentological and
stratigraphic studies indicate that this formation consists of conglomer-
ate, sandstone and mudstone deposited in fluvial, eolian (Veiga and
Spalletti, 2007) and lacustrine systems (Zavala et al., 2005).

The Vaca Muerta Formation overlays the Quebrada del Sapo Forma-
tion by a sharp to erosive transgressive surface. The contact between the
VacaMuerta and the overlying Picún Leufú formations is gradational. An
early Tithonian-early Berrasian age based in ammonite zones has been
assigned for this system in the Picún Leufú area (Leanza and Hugo,
1977).

Several sedimentological and sequence stratigraphic studies focus-
ing on different intervals of these two lithostratigraphic units have
been conducted in this area (Leanza, 1973; Spalletti et al., 2000; Freije
et al., 2002; Zavala and Freije, 2002; Armella et al., 2007; Zeller, 2013;
Massaferro et al., 2014; Zeller et al., 2014, 2015b; Otharán et al., 2016,
2017; Ponce et al., 2015, 2016; Krim et al., 2017). Summarizing all the
previous studies, the Vaca Muerta and Picún Leufú formations consti-
tute a mixed carbonate-siliciclastic system, the first one being the sea-
ward siliciclastic equivalent of the latter. Initially Spalletti et al. (2000)
suggested the development of two shallowing-upwards sequences of



Fig. 2. Neuquén Basin and Picún Leufú depocenter stratigraphy, with an S\\N section of the Lower Mendoza Mesosequence locating the studied interval.
(Modified from Howell et al. (2005).)
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a tidally-influenced siliciclastic carbonate system. Zeller (2013)
interpreted this interval as a mixed carbonate-siliciclastic succession
with the Vaca Muerta Formation comprising one third-order
transgressive-regressive succession (Massaferro et al., 2014; Zeller
et al., 2015b). Otharán et al. (2016, 2017) emphasized siliciclastic sedi-
mentation by turbidity currents and hyperpycnal flows at slope and off-
shore positions, with the development of two third-order sequences.
The last interpretation implies a siliciclastic shelf and a mixed ramp
arranged in two low-frequency transgressive-regressive sequences
(Krim et al., 2017). These papers added plenty of sedimentological in-
formation to the study area, yet the hyperpycnal deposits are still poorly
documented.

The Picún Leufú anticline records successive pulses of growth since
the Early Jurassic and up to the Early Cretaceous, represented in outcrop
by growth unconformities and thickness changes (Freije et al., 2002;
Zavala and Freije, 2002; Naipauer et al., 2012). Kimmeridgian tomiddle
Tithonian (lower A. proximus ammonite zone of Parent et al., 2011) syn-
sedimentary deformation affected from east to west the Lower
Fig. 3.Map of the study area showing
Mendoza Mesosequence in the Picún Leufú anticline, whereas in
Quebrada del Sapo the stratum is almost undeformed. Deformational
events caused normal faults and progressive unconformities within
this mesosequence. The syn-sedimentary normal faults crosscut the up-
permost part of the Quebrada del Sapo Formation dune deposits and up
to ~50m of the lowermost Vaca Muerta Formation. The progressive un-
conformity represents a deformational event showing a gradual de-
crease in dip in the Quebrada del Sapo Formation and the lowermost
~80–120mof the VacaMuerta Formation. On top of the progressive un-
conformity, an angular unconformity occurs within the Vaca Muerta
Formation, represented by change of dips of 15°–40° in the strata
below, to 7°–30° in the strata on top, and suggesting a dip difference
of 10° in sections 4, 3 and 2, to 23° near section 5 (Fig. 4). Dips on top
of the unconformity remain constant, indicating the end of the progres-
sive unconformity affecting the anticline. A post-sedimentation defor-
mational event is responsible for an additional ~7–30° tilting in the
whole succession, showing its maximum expression to the east of the
anticline and decreasing towards the west (Quebrada del Sapo).
location of the measured sections.
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3. Methodology

Sedimentological and ichnological analysis was carried on in six
stratigraphic sections of the Vaca Muerta Formation (230–330 m) and
part of the Picún Leufú Formation (~30 m). Two of the six bed-by-bed
stratigraphic sections were measured in Quebrada del Sapo and four
in the Picún Leufú anticline (Fig. 3). Twenty five samples were taken
to analyze lithofacies in thin section under petrographic microscope.
Total organic carbon (TOC) analysis (52 samples) were performed
using LECO SC 632 at the Laboratório de Estratigrafia Química e
Geoquímica Orgânica of the Universidade do Estado do Rio de Janeiro,
Brazil. The fine-grained siliciclastic and carbonate rocks were classified
according to Lazar et al. (2015) and Wright (1992), respectively. The
ichnological analysis consists of the description of ichnotaxa and assess-
ment of ethologies, ichnodiversity and degree of bioturbation (from0 to
6, after Taylor and Goldring, 1993). For the sequence stratigraphic anal-
ysis, Google Earth imagerywas analyzed togetherwith a published seis-
mic line parallel to our section and distant ~10 km SE (Zeller, 2013;
Massaferro et al., 2014) to understand stratal geometry and to visualize
large-scale stratal terminations.

4. Sedimentary facies

Integration of sedimentological and ichnological information
allowed recognition of twelve facies grouped into three facies assem-
blages (Table 1, Fig. 5).

4.1. Facies assemblage A (FAA)

4.1.1. Facies 1 (F1)
This facies consists of sharp-based, thin- to medium-bedded

(3–20 cm-thick), low-angle cross-bedded to horizontal-bedded,
medium-grained sandstone (Fig. 6a, b). Asymmetrical and minor
symmetrical ripples are commonly seen on bedding planes. The
low-angle cross-bedding shows dips towards ESE and WSW, and
minor towards N and NE, whereas current ripples have
paleocurrents towards S and WNW. A thin (≪0.5 m) interval of
erosive-based, trough cross-stratified sandstone is observed
below the low-angle lithofacies, displaying a patchy distribution,
Fig. 4. Angular unconformity (AU) observed in areas close to section 5
and locally showing organic matter drapes. F1 locally shows
water escape structures. F1 is 0.5–2 m thick, and has a large-
scale tabular geometry. This facies occurs in the easternmost and
in the Quebrada del Sapo sections, where the Quebrada del Sapo
Formation eolian deposits show the thicker succession.

F1 records sedimentation in coastal sand sheet and dunes associated
with a shallow groundwater table. Low-angle cross bedding suggests
low-relief bedforms that were later reworked into rippled surfaces by
frequent tidal flooding (e.g. Fryberger et al., 1990). The current ripples
are produced by water-lain sedimentation, whereas the symmetrical
ripples indicate wave reworking in a high water-table environment.
Eolian processes were also active, and the patchy trough cross-
bedded sandstone reflects thin coastal dune construction. The
water escape structures suggest soft-sediment deformation in
water-saturated sands.

4.1.2. Facies 2 (F2)
This facies consists of a bindstone interval of 5–30 cm thick

(Fig. 6a, b). TOC is high (mean = 20.15%, N = 2). In thin section,
the bindstone shows an alternation of sandstone-rich and organic
matter laminae with a wavy to lenticular pattern. The organic matter
laminae contain grains displaying a preferential orientation of their
major axes, which are arranged parallel to the pseudo-lamination.
Ammonite molds and bivalve shells occur intercalated in the
bindstone. This facies overlies the Quebrada del Sapo eolian dune de-
posits or F1 by a sharp surface.

Facies 2 resulted from microbial mat vertical accretion in a low-
energy, marginal marine area subject to stress conditions. The lami-
nae showing wavy to lenticular pattern representing a wavy-crinkly
laminated structure (Schieber, 1986, 2007) and the oriented grain
texture and pyrite in the lamination indicate a microbial mat origin
(Noffke, 2010).

4.1.3. Facies 3 (F3)
This facies is composed by cycles of thin-bedded (1–10 cm),

carbonaceous-calcareous medium mudstone, bioclastic wackestone
and packstone. Symmetrical ripples are locally preserved on top of the
cycles. TOC content is moderate (mean = 2.01%, N = 2), with one
high value of 17%. Locally, thin-bedded (1–5 cm), muddy heterolithic
(see Fig. 3 for location). Dip data shows angle and dip direction.



Table 1
Open bay, siliciclastic basin and mixed carbonate-siliciclastic shelf sedimentary facies of the Vaca Muerta Formation in the Picún Leufú area.

Facies Bedding
thickness

Geometry Lithology Sedimentary
structures

Ichnology Fossil
content

Interpretation Distribution in
the section

F1: Coastal sand
sheet and dune

3–20 cm Tabular Medium-grained
sandstone

Low-angle
cross-bedding to
horizontal-bedding.
Symmetrical and
asymmetrical
ripples on bedding
surfaces

Unbioturbated – Sand sheet and
low-relief
bedforms
associated with
eolian
sedimentation
in a high water
table
environment

At the base of
the Formation,
in areas with
eolian deposits

F2: Mud flat 5–30 cm Tabular Bindstone Wavy-crinkly
lamination

Unbioturbated Ammonites
and bivalves

Coastal mud flat
accretion in
stressed
environments

At the Formation
base, after the
transgressive
surface.

F3: Bay margin 1–10 cm Large-scale
thickness
variation

Medium mudstone,
bioclastic wackestone and
packstone

Wave ripples Poorly-defined
biodeformational
structures (BI =
4–6), crosscut by
Thalassinoides isp.

Fragmented
ammonite
molds and
bivalve
shells

Wave
reworking in a
low-energy
environment
showing
stressed
conditions

At the Formation
base or on top of
facies F2, in a
retrogradational
succession

F4: Distal bay 5–20 cm Large-scale
thickness
variation

Medium mudstone, with
minor medium-grained
sandstone and tuff

Normal gradation in
the sandstone

Highly bioturbated,
displaying
Thalassinoides isp.,
Palaeophycus
tubularis and
Teichichnus rectus
and
biodeformational
structures
Ichnodiversity is
low and
bioturbation index
is 2–3

Bivalve,
ammonite
and
gastropod
shells

Deposition
below
fair-weather
wave base.
Intercalation of
muddy
tempestites and
sandy
concentrated
density flow
deposits

On top of facies
F3, in a
retrogradational
succession

F5:
Sediment-starved
basin

1 m Tabular Carbonaceous-argillaceous
fine mudstone to
argillaceous medium
mudstone, minor thin,
massive fine mudstone

Parallel-lamination,
slumps, sand dykes
and
syn-sedimentary
faults

Unbioturbated Pectinid
bivalves,
ammonites,
plant debris
and fish
scales

Organic carbon
enrichment due
to low
sedimentary
input from
hemipelagic
and eolian
deposition,
minor buoyant
plume
deposition

Above facies F4,
in bottomset
areas

F6a: Hyperpycnal
lobe fringe
(sand-rich)

10–50 cm Tabular to
lenticular
beds

Fine to very fine-grained
sandstone

Structureless, some
wave ripples,
combined-flow
ripples, parallel
lamination, and
minor current
ripples

Unbioturbated Plant debris Hyperpycnal
flows reworked
by
combined-flows

Encased in F6b,
located in
bottomset areas

F6b: Hyperpycnal
lobe fringe
(mud-rich)

1–10 cm Tabular Heterolithic successions of
argillaceous coarse to fine
mudstone, minor very
fine-grained sandstone

Structureless, minor
ripple
cross-lamination

Unbioturbated Plant debris Muddy
hyperpycnal
flow and lofting
processes

Vertically and
laterally
associated with
F6a and F7

F7: Hyperpycnal
lobe

5–50 cm Tabular
beds

Medium to fine-grained
sandstone

Structureless,
parallel lamination,
combined-flow
ripples, and HCS.
Water escape
structures occur

Unbioturbated Plant debris Hyperpycnal
flows reworked
by combined
flows

Occur in
bottomset areas,
intercalated
with minor
facies F6a or F6b

F8a: Channel-fill
complex

0.1–3 m Tabular to
lenticular
bodies with
lateral
accretion

Medium-grained
sandstone

Structureless,
parallel-bedding,
trough
cross-bedding, HCS,
combined-flow
ripples, and minor
current and
climbing ripples and
sigmoidal
cross-stratification

Unbioturbated Bivalve
bioclasts

High-energy
bedload
sedimentation
in a
meandering,
subaqueous
sandy channel

Occurs in
bottomset to
foreset areas, in
a landward
position

(continued on next page)
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Table 1 (continued)

Facies Bedding
thickness

Geometry Lithology Sedimentary
structures

Ichnology Fossil
content

Interpretation Distribution in
the section

F8b: Overbank 5–30 cm in
the
sandstone
and 0.5–1
cm in the
heterolithics

Tabular Fine-grained sandstone
and mud-rich heterolithic
successions of very
fine-grained sandstone and
argillaceous fine mudstone

Massive and ripple
cross-lamination

Unbioturbated – Crevasse splay
deposition and
suspension
fallout
sedimentation
from lofting
clouds

Occurs in
bottomset to
foreset areas, in
a landward
position

F9a: Slope mud belt 5–10 cm Tabular Argillaceous fine
mudstone, minor very
fine-grained sandstone

Silt laminae, slumps,
sand dykes and
syn-sedimentary
faults

Unbioturbated Bivalve and
ammonite
shells

Higher
siliciclastic
input by mud
redistribution
processes and
mass
movements

Lower and
middle foreset
areas

F9b: Mixed slope 1–10 cm Tabular Intraclastic wackestone,
minor calcareous
fine-grained sandstone

Structureless Bioturbate
mottlings

Bivalve and
ammonite
shells

Mixed
sedimentation
in an oxic
environment

Upper foreset
areas

F10: Slope sand
bodies

0.1–3 m Lenticular
to tabular

Calcareous fine-grained
sandstone and minor
intraclastic wackestone

Structureless,
locally parallel
lamination and
low-angle cross
stratification

Unbioturbated Bivalve
shells

Spillover lobes Foreset areas

F11a: Sandy shoal 1–3 m in the
sandstone
and 0.1–1 m
in the
wackestone
and
packstone

Tabular Calcareous sandstone,
wackestone and packstone

Structureless, minor
low-angle
cross-bedding and
wave ripples

Bioturbate
mottlings, some
Thalassinoides isp.
and Palaeophycus
tubularis

Bivalve and
ammonite
shells

Wave
reworking and
sand shoal
progradation in
an oxic
environment

Foreset to topset
transition

F11b: Sand bar
complex

1–5 m Tabular to
large-scale
lenticular

Rudstone, floatstone and
calcareous coarse- to
medium-grained
sandstone

Planar to trough
cross-stratification,
minor ripple
cross-lamination

Escape traces Bivalve,
gastropod
and
ammonite
shells

Subaqueous
dune migration
in a high energy
environment

Top of the
sections

F12: Lagoon mm-thick Tabular Medium-grained
sandstone

Structureless to
parallel-lamination

Unbioturbated Bivalve
bioclasts

Protected,
stressed
environment

Topset to foreset
transition
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successions occur. Wackestone and packstone are composed of well-
preserved to partially fragmented, bivalve, ammonite, and gastropod
shells. Poorly defined biodeformational structures are crosscut by
Thalassinoides isp. showing sharp, unlined walls (Fig. 6d). Thalassinoides
is passively infilled by medium- to coarse-grained sandstone. Bioturba-
tion intensity is extremely variable (BI-1-6). F3 shows a high lateral var-
iation of thickness (1–2 m), and overlies the Quebrada del Sapo
Formation where F2 and F1 are absent.

F3 represents sedimentation in an open bay margin environment,
above fair-weather wave base. Symmetrical ripples and bioclastic
wackestone and packstone suggest wave reworking and sediment by-
pass associated with transgressive condensation. The Thalassinoides
isp. suite crosscutting the biodeformational structures was emplaced
under firmground conditions evidenced by the sharp, unlined walls
and passive infill. The coarse-grained sandstone infilling burrows was
probably bypassed from this area of high-energy to the distal bay area
(F4), where sandstone beds are preserved.

4.1.4. Facies 4 (F4)
This facies consists in carbonaceous medium mudstone showing

minor, 5–20 cm-thick, sharp- to erosive-based, grayish-green mud-
stone, medium-grained sandstone and tuff beds. TOC content is moder-
ate (mean = 2.37%, N = 2). The background carbonaceous mudstone
displays abundant 0.2–1 mm-long, oval to round-shaped pellets in the
matrix, whereas the grayish-green mudstone shows pellets at the
base. The sandstone shows normal gradation with organic-rich
intraclasts located at the base. Ammonite, bivalve and gastropods shells
are minor components of the mudstone. This facies is moderately
bioturbated (BI 2–3), displaying biodeformational structures. Discrete
trace fossils, such as Thalassinoides isp., Palaeophycus tubularis and
Teichichnus rectus, can be observed when sediment contrast provided
by a change in mudstone color, sandstone or tuff intervals occur
(Fig. 6c, e). This facies also has variable thickness (2–10 m).

This facies records deposition in a distal bay environment with me-
dium mudstone deposits indicative of low-energy, hemipelagic sedi-
mentation. Deposition below the fair-weather wave base promoted
preservation of sandstone and grayish mudstone beds probably
representing sandy concentrated density flows (e.g. Eschner and
Kocurek, 1986) and muddy tempestites bypassed from the higher en-
ergy coast, respectively. The trace fossil content shows the establish-
ment of suspension feeders and passive predators with minor deposit
feeders (Buatois and Mángano, 2011).

4.1.5. FAA interpretation
The absence of proximal, storm-generated shoreface deposits indi-

cates a low-energy, retrograding coast developing an open bay succes-
sion (MacEachern and Gingras (2007). An absence of bay mouth facies
suggests the deposits can be assigned to an open bay rather than to a re-
stricted bay (MacEachern and Gingras, 2007).

4.2. Facies assemblage B (FAB)

4.2.1. Facies 5 (F5)
F5 is composed by thick-bedded (1 m) cycles grading from

parallel-laminated carbonaceous-argillaceous fine mudstone
(Fmud) to argillaceous medium mudstone (Mmud, Fig. 7a). Rare



Fig. 5.Westernmost stratigraphic section (number 6 in Fig. 3) of the Vaca Muerta Formation, showing the sedimentary facies (see text) grouped into open bay (FAA), siliciclastic basin
(FAB) and mixed carbonate siliciclastic shelf (FAC) facies assemblages.
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Fig. 6. Open bay facies (FAA) of the transgressive basal sequence. A) Microbial bindstone (white arrows) of the marginal marine facies (F2) overlying the Quebrada del Sapo Formation
dune deposits by a Transgressive Surface (TS T1). Note the deformation in the eolian deposits. B) Wave-rippled sandstone of the bay margin facies (F3), overlying the Quebrada del
Sapo Formation dunes. C) Teichichnus rectus (Te) in highly bioturbated F3. D) Thalassinoides isp. (Th) passively infilled by coarse-grained sandstone and e) Thalassinoides isp. and
Teichichnus rectus of the second trace fossil association, in distal bay facies (F4).
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isolated, very thin (0.5–2 cm)massive finemudstone beds also occur
(Fig. 7b). The parallel-laminated mudstone shows a discontinuous,
anastomosing, wrinkle lamination produced by kerogen seams
(Fig. 7c). TOC content in the parallel-laminated mudstone is high
(0.03–12.20%, mean = 3.24%, N = 31), compared with the massive
fine mudstone (1.18% of TOC). Soft-sediment deformation structures
include slumps, sand dykes and syn-sedimentary faults. Oblate-
shaped, 20 to 70 cm long carbonate concretions are observed in the
lower and middle part of the sections. The fossil content mainly con-
sists of high- to moderate-density accumulations of flattened bivalve
shells occurring on bedding planes. Pectinid bivalves (Huncalotis; H.
Leanza, written communication) are found as shell pavements and
include both a widespread small-sized (2–5 mm long) population
and a more localized one of larger (1–2 cm long) bivalves. Ammo-
nites, plant debris and fish scales are minor constituents. Ammonites
are well-preserved to fragmented, with specimens up to 20 cmwide.
Trace fossils are absent.

High amounts of organic matter and a relative absence of event, dis-
crete beds suggest deposition in a sediment-starved basinal environment.
Hemipelagic depositiondominated this area,with the organicmatter pro-
vided by marine snow and silt derived by eolian input (Gabbott et al.,
2010). Occasionally, massive fine mudstone could represent buoyant
plumes advected from the slope area, diluting organic matter content
(e.g.Wright and Nittrouer, 1995). As the study area is located at a tecton-
ically active zone at the time of deposition, soft-sediment deformation
structures were probably triggered by seismicity, at the base of the
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slope. In thin section, the wrinkled lamination and bed contacts observed
are not crosscut or disrupted by bioturbation structures, suggesting oxy-
gen deficiency at bottom and interstitial waters. Bivalve shell pavements
are abundant in some black shale successions, such as the Posidonia Shale
of Germany, andmay reflect short-term benthic colonization due to fluc-
tuating oxygen conditions (Röhl et al., 2001).

4.2.2. Facies 6 (F6)
This facies is composed by sharp- to erosive-based, medium-bedded

(10–50 cm), fine- to very fine-grained sandstone (F6a, Fig. 8), and mud-
rich heterolithic successions of thin-bedded (1–10 cm), massive, argilla-
ceous coarse to finemudstone (F6b, Fig. 9a). TOC content in themudstone
is low (0.18–0.99%, mean = 0.48%, N = 5). Although the sandstone is
mostly massive, some sedimentary structures, including wave ripples
(Fig. 8b, c), combined-flow ripples, parallel lamination, andminor current
ripples, occur. Grooves are common at the base of the sandstone and
within amalgamated sandstone delineating erosive surfaces. Paleocurrents
from current ripples and grooves have two mean vectors, NNE-SSW and
E W (n = 8). The sandstone contains chaotically distributed, 1–3 mm
long plant debris (1–2%, Fig. 8d) or concentrated together with minor
rip-up mudstone clasts in discrete beds at the base (20–30%). The coarse
mudstone shows abundant, up to 2 cm long plant debris (30–50%),
micas (5%), and deformed rip-up fine mudstone intraclasts (0–10%,
Fig. 9b), whereas the fine mudstone contains smaller (1 to 0.5 mm long)
plant remains (5–10%, Fig. 9c), which can show a plant-debris normal
grading frombase to top. This facies occurs as alternations of tabular or len-
ticular beds showing F6a encased in F6b (Fig. 8a).

This facies is associated with sandy and muddy hyperpycnal flow
sedimentation in a lobe fringe, basinal setting. Wave ripples and
combined-flow ripples indicate oscillatory and combined wave oscilla-
tory and unidirectional geostrophic flow reworking due to storm influ-
ence (Plint, 2010). Paleocurrent trends of current ripples (NNE) and
groove casts (ENE-WSW) show a vector of transport parallel to the di-
rection of clinothem progradation (NE). Plant debris in the sandstone
and mudstone indicates an extrabasinal origin for these flows (Mulder
and Chapron, 2011; Ponce and Carmona, 2011a,b; Zavala et al., 2012),
supporting a hyperpycnal flow origin. The sedimentary structures can
be compared with the genetic facies model of hyperpycnal flows put
Fig. 7. Sediment-starved basin facies (F5), showing A) the fine (FMud) to medium mudstone
mudstone. C) Close-up photograph of parallel-laminated mudstone displaying the kerogen sea
forward by Zavala et al. (2011). Therefore, the massive fine-grained
sandstone was formed by progressive aggradation from high-
suspended load long-lived currents, whereas the minor parallel-
laminated and ripple cross-laminated sandstone indicates traction pro-
cesses. The coarse mudstone was produced by turbidity currents that
reworked plant debris and unconsolidated fine mud from an early
phase of deposition (Zavala andArcuri, 2016). In addition, lofting occurs
by negative buoyancy reversal of a hyperpycnal flow as a result of flow
deceleration (Sparks et al., 1993), generating the fine mud and sorting
process of the smaller plant debris. Encasement of F6a within mud-
rich F6b indicates awaxing towaning current showing its higher energy
peak in the sandy F6a deposits.

4.2.3. Facies 7 (F7)
This facies comprises sharp- to erosive-based, medium- to thin-

bedded (5–50 cm), medium- to fine-grained sandstone (Fig. 10a). The
sandstone contains, in order of abundance, massive beds, parallel lami-
nation, combined-flow ripples, and hummocky cross-stratification
(HCS). Water escape structures also occur. Load casts and grooves are
preserved at the base of the sandstone. Grooves exhibit paleocurrents
trending N-S and ENE-WSW (n = 2). The sandstone contains isolated
and randomly distributed, 1–5 mm long plant debris, up to 10 cm
wide rip-up mudstone clasts, and minor bivalve shell fragments. Dis-
crete, high-concentrated layers of plant debris (30–40%) and mudstone
clasts (30–40%) are also common (Fig. 10b, c), with plant debris delin-
eating sandstone parallel lamination in some cases. This facies com-
monly occur grouped in bedsets, developing coarsening- and
thickening-upward patterns at the base, and fining- and thinning-
upward patterns at the top. Beds are tabular, with some swale and hum-
mock geometries on the top. Intra-bed erosive surfaces delineated by
mudstone clast breccias are also common. This facies is locally interca-
lated with thin intervals of facies 6.

This facies represents hyperpycnal flow sedimentation affected by
combined-flow action (as indicated by combined-flow ripples and
HCS) in a lobe setting. Deposition of massive and parallel-laminated,
plant debris-rich sandstone reflects the transition from relatively high
to lower fallout rates that promoted plant debris trapping in the sand-
stone (Zavala et al., 2012). Themudstone-clast breccia indicates erosion
(MMud) cycles. B) Rare massive fine mudstone intervals within the parallel-laminated
ms (darker wrinkled laminae).



170 M. Paz et al. / Sedimentary Geology 389 (2019) 161–185
and bedload deposition. Evidence of alternation between massive and
parallel-laminated facies in the same interval and intra-bed erosive sur-
faces indicate fluctuations in the flow regime. Deposition from more
concentrated density currents in comparison with the lobe fringe facies
(F6) is indicated by the coarser grains, common occurrence of rip-up
mudstone clasts, thicker sandstone lithofacies, and relative lack of lobe
fringe muddy deposits (F6b). The thickening at the base and thinning
at the top patterns of the bedsets can be explained by the shifting of
the lobe depocenter at different scales (Prélat and Hodgson, 2013),
generating intercalation of lobe and lobe fringe deposits.

4.2.4. Facies 8 (F8)
This facies is composed by erosive-based, medium- to thick-bedded

(0.1–3 m), medium-grained sandstone (F8a, Fig. 11a) and by thin- to
medium-bedded (5–30 cm), fine-grained sandstone and mud-rich
Fig. 8.Hyperpycnal lobe fringe facies (F6) of the basin facies assemblage (FAB). A)Outcrop appe
facies (F6a) occurs encased in thick packages of muddy lobe fringe facies (F6b). B, C)Wave-rip
arrows, scale bar is 1 cm.
heterolithic successions of very thin-bedded (0.5–1 cm), very fine-
grained sandstone and argillaceous fine mudstone (F8b, Fig. 12b). Al-
though massive beds are distinctive, sedimentary structures in the
sandstone include parallel-bedding, trough cross-bedding (Fig. 11b)
and HCS, combined-flow ripples, and minor current and climbing rip-
ples and sigmoidal cross-stratification. The sandstone in the heterolithic
succession shows ripple cross-lamination, with organic matter in the
lamination (Fig. 12c). Large-scale water escape structures (Fig. 11a,
c) and slumps are common in the otherwise massive beds. Bioclast
and rip-up mudstone clasts occur at the base of the sandstone, forming
mudstone-clast breccia that delineates bed contacts or isolated in the
sandstone. The mudstone shows mm-thick medium- to fine-grained
sand and organic matter lags. At an outcrop scale, F8a constitute tabular
or lenticular bodies, the latter exhibiting lateral accretion (Fig. 12a).
Minor gutter cast geometries also occur. These bodies are stacked
arance of lobe fringe facies, commonly intercalatedwith basin facies (F5). Sandy lobe fringe
pled sandstone of F6a, showing D) randomly distributed plant debris in the matrix (white



Fig. 9.Mud-rich lithofacies of the hyperpycnal lobe fringe facies (F6b). A) Coarse and finemudstone intercalations of F6b overlying sandy lobe fringe facies (F6a). Plant debris and rip-up
mudstone clasts occur in the coarse mudstone (F, scale bar is 1 cm), whereas fine mudstone contains smaller plant material (G, white arrows).
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forming 50 to 100mwide andup to 12m thick units. F8b is laterally and
vertically associated with facies 8a.

This facies is interpreted as ameandering channel-fill complex (F8a)
and overbank (F8b) subject to hyperpycnal flow sedimentation. Multi-
ple erosive reactivation surfaces and rip-up mudstone clasts indicate
high-energy bedload sedimentation and erosion in or at the channel
base (Zavala et al., 2011). Deposition from dense cohesion-less suspen-
sion can generate liquefied flows with water escape structures (Mulder
and Alexander, 2001). High amounts of massive beds and large-scale
Fig. 10. A) Hyperpycnal lobe facies (F7) comprising massive to parallel-laminated fine-grained
(MCB) at the sandstone bases. C) Close-up view of high-concentrated plant debris layers that d
water escape structures indicate rapid deposition due to loss of flow ca-
pacity in a slope break location. HCS, combined-flow ripple, and gutter
cast occurrence point towards a storm-influenced setting. Bypassing of
the low-density turbidity cloud and/or erosion by the successive
hyperpycnal flows prevented fine-grained sediment and plant debris
accumulation. The fine-grained sandstone of F8b represents crevasse
splays, whereas the heterolithic succession shows the combination of
unidirectional traction structures in very fine-grained sandstone pro-
duced by turbidity currents that overtop the channel margins, and
sandstones, overlying basin facies (F5). B) Lobe facies displaying mudstone-clast breccias
elineates lamination.



Fig. 11. Photographs of hyperpycnal channel-fill complex (F8a). A) Thick-bedded, medium- to fine-grained sandstone of facies F8a showing multiple sedimentary structures. B) Cross-
stratification and C) high-scale water escape structures in facies F8a.
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mudstone lithofacies interpreted as suspension fallout from lofting
clouds developed adjacent to the channel. The sand and organic matter
lags probably indicate the resuming of hemipelagic conditions charac-
teristic of the basin facies (F5).

4.2.5. FAB interpretation
This facies assemblage is characterized by bottomset geometries

(Fig. 13) and alternation of hyperpycnal deposits and sediment-
starved, hemipelagic conditions, suggesting a siliciclastic basin
environment associated with a mixed shelf (see below). The
hyperpycnal system is described with the turbidity element nomencla-
ture utilized by Mutti and Normark (1991).

4.3. Facies assemblage C (FAC)

4.3.1. Facies 9 (F9)
This facies consists of parallel-laminated, grey, argillaceous fine

mudstone, with minor thin-bedded (5–10 cm) very fine-grained



Fig. 12. Photographs of hyperpycnal channel-fill complex (F8a) and overbank facies (F8b). A) Lateral accretion in facies F8a, associated with facies F8b and basin (F5) deposits, with
drawing of structures below. B) Facies F8b intercalated within channel-fill complex facies (F8a), showing crevasse-splay sandstone and heterolithic successions containing C) ripple
cross-laminated sandstone (scale is 1 cm).
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sandstone (F9a, Fig. 14a, b) and coarsening upwards successions of thin-
bedded (1–10 cm), massive to mottled, green, dolomitic intraclastic
wackestone capped by medium-bedded (10–50 cm), calcareous fine-
grained sandstone beds (F9b, Fig. 14a, c). Laminae in F9a are mm-
thick and composed of silt showing very angular clast. TOC content is
low (0.23–2.50%, mean = 0.97%, N = 12). The mudstone contains
50 cm wide, carbonate concretions, and minor bivalves and ammonite
shells. Slumps, sand dykes and large scale syn-sedimentary faults
occur. In addition, 5–10 m wide, shallow-marine olistoliths are ob-
served within the mudstone. The olistoliths comprise massive fine-
grained sandstone, wackestone or mudstone. Bioturbation structures
are absent in F9a, whereas mottlings are common in F9b (BI = 3–6)
and no discrete trace is recognized (Fig. 14c, d).

This facies is interpreted as a slope mud belt (F9a) and a mixed
slope (F9b). High-energy near-bed shear stress in the topset pro-
duced by wave, tidal and oceanographic currents generated mud by-
pass towards the deeper foreset area (Pirmez et al., 1998). Mixed
sedimentation in coarsening upwards succession suggests minor
scale sea-level changes, with the calcareous fine-grained sandstone
representing increased siliciclastic export from the topset during
sea-level lowstands (Kendall and Schlager, 1981; Yose and Heller,
1989). Angular shapes in clasts indicate eolian dust delivery caused
the observed silt laminae, as eolian abrasion in silt-sized grains is rel-
atively low (Kuenen, 1960). Other possible interpretations for the
silt laminae as produced by current ripples flattened by compaction
(cf. Yawar and Schieber, 2017) are less likely because of the absence
of downlapping relationships in the laminae or erosive surfaces.
Soft-sediment deformation structures and olistoliths originated
from mass movements due to tectonic influence and slope construc-
tion. Along-shore redistribution by geostrophic currents (Swift et al.,
1986), and across-shore sediment delivery by storm-ebb surge cur-
rents (Aigner, 1985; Snedden and Nummedal, 1990), hyperpycnal
flows (Bhattacharya and MacEachern, 2009) and wave-enhanced
sediment gravity flows (Wright and Friedrichs, 2006) transport
mud to this area, yet structures associated with these processes
were not observed. Compaction constitutes the main problem
when analyzing fine-grained depositional environments because of
their high water content at the time of deposition, and therefore,
samples from carbonate-cemented concretions could be helpful to
elucidate the relative importance of these processes (e.g. Otharán
and Zavala, 2016). Existence of bioturbation structures in F9b indi-
cates a change to oxic environments in the mixed slope.



Fig. 13. Topset, foreset and bottomset geometries with their stratal terminations observed in satellite imagery of the Picún Leufú anticline and Quebrada del Sapo areas.
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4.3.2. Facies 10 (F10)
This facies consists of thick- to medium-bedded (0.1–3 m), massive,

calcareous fine-grained sandstone to intraclastic wackestone, interca-
lated with minor thin-bedded (1–5 cm), heterolithic intervals
(Fig. 15a). Locally, subtle parallel lamination to low-angle cross stratifi-
cation is observed. Some of the beds are amalgamated showing lenticu-
lar geometries with erosive bases. The sandstone contains minor
isolated, small bivalve shells and mudstone rip-up clasts. This facies
comprises 3–10 m thick intervals encased in facies F9 and located in a
foreset position.

This facies is interpreted as foreset sand bodies produced by
resedimented material from the shelf topset. The sand bodies are
similar to the spillover lobes generated during times of strong
tidal-ebb currents on the slope and consequent resedimentation in
the foreset areas (Tucker and Wright, 1990; Playton et al., 2010),
with sufficient energy to rework the muddy clinothem and
transported it as rip-up clasts. The existence of faint sedimentary
structures suggests development of concentrated density flows
(Mulder and Alexander, 2001). Absence of well-defined structures
precluded paleocurrent measurements and interpretation of likely
triggering factors (wave, tidal or storm).

4.3.3. Facies 11 (F11)
This facies is composed of very thick successions (1–3 m) of

medium- to coarse-grained, calcareous sandstone intercalated with
medium- to thick-bedded (0.1–1 m), bioclastic wackestone and
packstone (F11a, Fig. 15c) and erosive-based, thick-bedded (1–5 m),
planar to trough cross-stratified, rudstone, floatstone and calcareous
coarse- to medium-grained sandstone (F11b, Fig. 14a). F11a is mostly
massive, although minor low-angle cross-bedding and wave ripples
occur. F11b shows minor ripple cross-lamination showing escape
trace fossils (Fugichnia) (Fig. 15d, e). Cross-stratification and lamination
display paleocurrents towards SW and NE to E. The wackestone and
packstone intervals are intercalated in the sandstones with gradational
contacts. The matrix is composed by clay to fine-grained sand-size sed-
iments, and the fossil content comprises articulated to disarticulated
ammonites and bivalves (bioclastic fraction is 20–50%). The bioclastic
material is abundant in the rudstone and floatstone (80–70%), and is
composed of fragmented to partially preserved, disarticulated, large
(up to 7 cm long) bivalve, gastropod and ammonite shells. Bioturbation
completely reworked this facies (BI 4–6), giving a massive appearance,
although Thalassinoides isp., Palaeophycus tubularis and horizontal to
vertical undetermined trace fossils can be recognized (Fig. 14b). Burrow
infill is commonly similar to the host rock, except for some grey mud
infill.

This facies represents deposition in an oxygenated sandy shoal
(F11a) with associated sand bars (F11b). The presence of trace fossils
of a suspension feeding and active predator infauna in the calcareous
sandstone (F11a) suggests suspended particles in a relatively moderate
energy environment. Low-angle cross-bedding can be produced by
bedform migration of the shoal edges (Ball, 1967), whereas wave rip-
ples indicate oscillatory reworking in a relatively shallow environment.
The packstone was produced during storm events due to the
winnowing of the underlying sediment (Schlager, 2005), whereas the
wackestone with clay matrix was generated during fair-weather
times. High-energy currents scoured the underlying bioturbated sandy



Fig. 14.Mixed carbonate-siliciclastic shelf facies association (FAC). A)Outcrop panorama of the foreset and topset area, showing slopemudbelt (F9a) andmixed slope facies (F9b), grading
towards bioturbated sandy shoal (F11a) and sand bars (F11b),with delineation of the uppermost sequence boundary (SB T3). B, C) Samples of F9a and F9b, respectively. Note the change of
color andmottling of F9b. Scale bars are 1 cm. D) Outcrop photograph of a calcareous fine-grained sandstone encased in intraclastic wackestone showing burrowmottlings in facies F9b.
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shoal deposits and generatedmigration of 2D and 3D subaqueous dunes
(Hine, 1977; Tucker and Wright, 1990; Schlager, 2005). SW
paleocurrents opposite to the direction of general coastal and clinothem
progradation (NE) suggest a tidal influence in the origin of the bars
(Spalletti et al., 2000). High energy levels and high sedimentation rate
limited bioturbation, and therefore, trace fossils are excluded or repre-
sented only by escape structures in the sand bars (F11b).

4.3.4. Facies 12 (F12)
This facies is only recorded in the upper part of the Quebrada del

Sapo section comprising a ~4.5 m-thick interval. It is composed by
green, structureless to parallel-laminated, medium-grained sandstone.
Isolated, up to 4 cm long, bivalve bioclasts are common. Bioturbation
is represented by biodeformational structures (BI 0–2).

This facies is interpreted as a lagoonal deposit in a protected setting.
The paucity of body fossils and bioturbation points towards an environ-
mental stress caused by restricted water circulation.

4.3.5. FAC interpretation
The FAC represents the foreset and topset deposits of the mixed

carbonate-siliciclastic shelf facies (Fig. 13). The FAC slope refers to a
low-angle, shelf-prism slope (0.91–1.15° angles observed in seismic re-
flections; Zeller, 2013) prograding into a relatively shallow basin floor
comparable to an epicontinental shelf, instead of exemplifying the con-
ventional usage of continental margin slope (see Patruno et al., 2015).
5. Depositional model

Analysis of sedimentological and ichnological datasets allows the
proposal of a depositional model for the Vaca Muerta Formation and
part of the Picún Leufú Formation in the study area (Fig. 16). Jurassic de-
formation generated a heterogeneous pre-Vaca Muerta relief, repre-
sented by an E-W topographic high located in the Picún Leufú
anticline area (Zavala and Freije, 2002; Zavala et al., 2005, 2008;
Naipauer et al., 2012). This high constituted an important controlling
factor for open bay facies assemblage (FAA), which generated
paleorelief smoothing through sediment shedding from topographically
elevated areas towards depocenters. Consequently, the initial transgres-
sion generated thicker FAA deposits in low areas and thinner in high
areas.

The relative sea-level rise started with a rapid upward migration of
thewater table in the Quebrada del Sapo eolian deposits (Fig. 16a), gen-
erating liquefaction of active coastal dunes. Coastal sand sheet and
dunes (F1) were developed laterally from the soft-sediment deforma-
tion structures, where a high-water table restricted dune height, and
constituted the first expression of the Vaca Muerta Formation.

Marginal marine (F2), bay margin (F3) and distal bay (F4) environ-
ments were developed in a low-energy, sheltered embayment area
(Fig. 16a)weakly affected bywaves. The distal bay deposits are only pres-
ent in the Quebrada del Sapo area and section 1, probably due to its posi-
tion as a topographic low with respect to the anticline. The area was



Fig. 15. Photographs of slope sand bodies (F10), sandy shoal (F11a) and sand bar complex (F11b). A) Facies F10 (white beds) encased in fine-grained mixed slope facies. B,
C) Undetermined trace fossil from facies F11a, and wave-rippled to parallel-laminated calcareous sandstone to wackestone from the same facies. D) Ripple cross-laminated medium-
grained sandstone from facies F11b showing E) escape structures.
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subject to suspension fallout sedimentation, punctuated by minor sandy
concentrateddensityflows andmuddy tempestite sedimentation. Oppor-
tunistic, low-diversity communities were sparsely developed in the distal
bay, generating highly bioturbated intervals. On top of the FAA, a
basinwide flooding led to deposition of the basinal facies (F5). The entire
transgressive event ended with condensation and sediment starvation in
the basin, leading to the formation of carbonate concretions.

After development of retrogradational FAA, alternating hemipelagic
basinal (F5) and hyperpycnal flow sedimentation (F6 and F7) domi-
nated in the bottomset area (Fig. 16b). Development of a low-angle
coastal profile generated a basin of relatively shallow depth, allowing
wave and combined-flow reworking of the hyperpycnal flow deposits.
Oxygen-deficient conditions in the basin prevented bioturbation and
produced short-term benthic colonization by bivalves during fluctua-
tions of oxygen levels. In addition, the combined effect of oxygen defi-
ciency and sediment starvation contributed to organic matter
enrichment. Slumpswere generated in a base of slope area by active tec-
tonic deformation affecting the Picún Leufú anticline, which is recorded
by the progressive unconformity lasting until the angular unconformity
within the formation. Extensive slump and olistolith generation were
produced nearby section 5, where the Picún Leufú anticline showed
its maximum deformation.

Wave-influenced hyperpycnal flows moving across-shelf (NE
paleocurrents) punctuated hemipelagic deposition at the basin and con-
tributed to siliciclastic dilution of organic matter content. Moreover,
slump deformation indicates that turbidite flows probably affected the
bottomset area. The hyperpycnal flows generated lobe fringe (F6) and
lobe (F7) deposits that can be traced 5 to 10 km laterally, losing energy
in a seaward direction. Therefore, lobe sedimentation was restricted to
the landward sections (SW), and lobe fringe facies occur in the seaward
sections (to the E). Amalgamation of hyperpycnal flow deposits oc-
curred in the lobe area, whereas lobe fringe settings were subject to oc-
casional flows alternating with basinal hemipelagic sedimentation
(Fig. 9a). The continuous shifting of lobes generated thickening and
coarsening upward patterns and controlled abandonment of lobe
fringes seaward. The energy gradation of combined-flow structures
from lobe fringe containing wave and combined-flow ripples, to the
lobe area with HCS sandstone suggests reduced oscillatory energy in
deeper lobe fringe positions. Sandy lobe fringe facies (F6a) encased in
thick muddy lobe fringe deposits (F6b) shows the waxing and waning
behavior represented by sandy andmuddy hyperpycnal sedimentation.
Evidence of flow regime fluctuations also occurs in the lobe facies (F7)
with alternated S1 and S2 facies (sensu Zavala et al., 2011) and intra-
bed erosive surfaces. Absence of these wax and wane energy changes
in some lobe and lobe fringe facies can be attributed to the pervasive
reworking by wave and combined-flows.

The extensive lateral distribution of hyperpycnal sedimentation and
common lack of vertical gradation or connection between lobe fringe
and lobe facies is noteworthy. These observations can be related with
(1) the low-frequency, intermittent nature of hyperpycnal deposition,



Fig. 16. Depositional model for the Vaca Muerta Formation (see text for explanation).
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which is restricted to specific bottomset intervals associated with ex-
traordinary river discharges, and (2) an angle-independent behavior
of these flows, showing occurrences distally in the bottomset area in
contrast with surge-like flows deposited near the base of slope (Zavala
and Arcuri, 2016). The two probably source areas for these flows were
the Somuncurá Massif to the SE, and the active Andean volcanic arc to
the SW.

Rejuvenation of hyperpycnal sedimentation occurs after progressive
anticline deformation ceased, and the angular unconformity was devel-
oped (Fig. 16c). Tectonic uplift related with the last phase of deforma-
tion at the end of progressive unconformity may have triggered base-
level changes. In this scenario, deltas approached to the foreset break
and delivered high amounts of sediment to the bottomset, reactivating
hyperpycnal sedimentation. Hydrodynamic energy decreased seaward,
and therefore channel-fill (F8a), overbank (F8b) and lobe (F7) facies
were produced at a base of slope position in the landward sections
(SW), whereas lobe fringe facies (F6) occurs seaward in the basin (to
the E). Facies F8a rests erosively on the underlying basin facies (F5) in
the highly active tectonic area (section 5), where the higher energy
facies occur. On top of facies F8a, hyperpycnal sandy deposits initiated
a retrogradational pattern, displaying an increased amount of
hemipelagic basin sedimentation (Fig. 16d).

The foreset area comprises clinoforms of the mixed carbonate-
siliciclastic shelf (FAC) showing progradation towards the NE and
downlapping relationships with the underlying bottomset strata
(Fig. 13). These shelf-prism clinoforms developed a distinctive zonation
of a topset, high carbonate productivity area, and a foreset showingmud
belt accretion (Fig. 16e). The seaward area of the sections (sections 1
and 2) also developed minor bottomset basinal sedimentation during
the beginning of clinoform progradation. Hyperpycnal sedimentation
in the bottomset was restricted due to the evolution of the lower
angle siliciclastic basinal system into a mixed carbonate-siliciclastic
shelf prone to more sediment redistribution by coastal diffusion pro-
cesses in a wider topset area. The addition of higher foreset angles to
the mixed shelf system also prevented storm action in foreset and
bottomset areas.

The lower foreset area comprises mud belt deposits (F9a)
representing the shelf siliciclastic counterpart, whereas upper foreset
and foreset to topset transition showed mixed siliciclastic carbonate
sedimentation (F9b). Mass movements in the foreset generated slump
and olistoliths, which are also more pervasive in the tectonically active
area (section 5). Higher sedimentation rates of the foreset mud belt
compared with those of the sediment-starved bottomset basin contrib-
uted to organicmatter dilution. Rivers supplied siliciclastics towards the
topset, which were later bypassed by across- and along-shore currents
reaching the foreset. Sand bodies (F10) were an additional source of
sediment, supplied from the shoal and sand bar complex (F11) located
at the shelf break. The chemocline was located in the F9a-F9b transition
and restricted bioturbation and organic matter preservation. The
foreset-topset transition constituted an area of carbonate production
with oxygenated waters, where organisms thrived and intensely
reworked mixed slope facies (F9b) and sandy substrates of the sandy
shoal (F11a). The sand bars (F11b) protected the lagoon in the topset
and represented a sediment source as well. Bioturbation was precluded



Fig. 17. Sequence stratigraphy analysis of the correlation, showing the angular unconformity location (AU). The correlation datum is the lower MFZ. Paleocurrents measurements are
restricted to F6a and F7.
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in the lagoon (F12) or restricted to escape structures in the sand bars
due to salinity and sedimentation rate stresses, respectively. The
whole FAC sedimentation ended with an erosional surface recording
erosion of the foreset and truncation towards topset structures
(Fig. 14a).

6. Sequence stratigraphy

The sequence stratigraphy analysis of the correlation panel is pre-
sented in Fig. 17. The analysis follows Depositional Sequence Model II
of Posamentier et al. (1988), to avoid confusion with delineation of a
Falling Stage Systems Tract (FSST). The ammonite biostratigraphic
zonation of Riccardi (2008), following Parent et al. (2011) analysis in
the easternmost of our sections was utilized to calibrate
chronostratigraphically the correlation, although the proposed new
zone (Picunleufuense) is not used due to a lack of consensus (cf.
Riccardi, 2008, 2015). Progradation or aggradation of lobe deposits
were considered as product of autocyclic changes, as they are likely gen-
erated either by lobemigration or aggradation and progressive smooth-
ing of the depositional surface (Mutti and Sonnino, 1981), or by changes
in the fluvial input related with climatic factors (Zavala and Arcuri,
2016). Two depositional sequences (DS1 and DS2) were recognized in
the study area.

6.1. Depositional Sequence 1 (DS1)

The base of DS1 is placed at the base of the Quebrada del Sapo For-
mation LST deposits. The first expression of marine facies of the Vaca
Muerta Formation indicates the development of a Transgressive Surface
(TS) located on top of eolian dune facies and deflation surfaces of the
Quebrada del Sapo Formation (Fig. 6a, b). On top, FAA shows a
retrogradational stacking pattern and constitutes the TST. Bay margin
facies (F3) representwave reworking and therefore, a wave ravinement
surface is developed at the base. The TST is within the V. mendozanus
ammonite zone, which has been assigned to the late early Tithonian-
earlymiddle Tithonian. Themaximumflooding zone (MFZ) is suggested
by the extensive occurrence of carbonate concretions indicating
condensation and high TOC values within basin facies (F5) and marks
the top of the TST.

Above the MFZ, facies F5 shows coarsening upwards cycles, and the
first hyperpycnal facies occur, indicating the beginning of HST. At a
larger scale, a progradational 55–110m-thick siliciclastic basin facies as-
semblage (FAB) is observed. The HST was deposited during the middle
Tithonian, constituting the upper V. mendozanus, the P. zittelli and the
lower A. proximus ammonite zones.
6.2. Depositional Sequence 2 (DS2)

The angular unconformitywithin the VacaMuerta Formation occurs
at the 80–120 m of the section (Figs. 4 and 18, “AU”), representing the
end of the progressive unconformity affecting the anticline. Above the
angular unconformity, the abrupt reactivation of sandy hyperpycnal
flow facies and existence of shallow-water wave and storm reworking
suggest a relative sea-level fall associated with a Sequence Boundary
(SB) and LST sedimentation, marking the beginning of DS2. The coinci-
dence of the angular unconformity with the SB indicates tectonicmove-
ments along the anticline could be associated with base-level and
accommodation space changes. Hyperpycnal facies (F6, F7 and F8)
overlaying the LST display retrogradational stacking patterns with in-
creased deposition of F5, indicating a TST developed upon a transgres-
sive surface (TS). The LST and TST are 25–50 m thick and are middle
Tithonian in age based on the A. proximus ammonite zone location.
TheMFZ occurs at the top of the TST and is suggested by carbonate con-
cretions and higher TOC values within F5 interval.

The overlyingmixed carbonate-siliciclastic shelf (FAC) facies display
foreset geometries prograding towards the NE with downlap relation-
ships with the MFZ, as revealed in outcrop and seismic images
(Fig. 13), indicating development of HST (DS2). The HST comprises
the A. proximus to W. internispinosum ammonite zones, suggesting a
middle to late middle Tithonian age. The foreset shows a significant lat-
eral thickness variation from NE to SW of ~254 to ~119 m caused by an
irregular truncation surface at the top, which deepens towards the SW
and represents a SB (Figs. 14a, 16).



Fig. 18. Interpreted panorama photograph displaying the facies succession and sequence-stratigraphic surfaces. F5: basin, F6a: sandy lobe fringe, F8a: channel-fill complex, F8b: overbank,
F9a: slope mud belt, F9b: mixed slope, F11a: bioturbated sandy shoal, F11b: sand bar complex.

179M. Paz et al. / Sedimentary Geology 389 (2019) 161–185
6.3. Correlation of outcrop-based sequence stratigraphy with seismic
section

The sequence stratigraphy analysis fromoutcropswas correlatedwith
the seismic section fromZeller (2013) andMassaferro et al. (2014),which
is parallel to our outcrop section (Fig. 19). The seismic section clearly dif-
ferentiates bottomset, foreset and topset reflectors. The bottomset dis-
plays continuous reflectors in its lower and upper part, and a low-
amplitude middle part, which has subtle downlapping relationships
with the lower bottomset. The bottomset thins basinward, towards the
NE. The foreset reflectors are above the bottomset, showing mostly
downlap terminations towards the upper bottomset top, with minor in-
ternal downlap and onlap surfaces. At the top, the foreset-topset contact
constitutes an irregular truncation surface that is dipping towards SW,
underlying a topset composed by continuous horizontal reflectors.

The correlation from outcrop to seismic was created adjusting the
thickness of the easternmost Picún Leufú section to the NE edge of the
seismic line, tying the TS to the Vaca Muerta Formation base, and the
uppermost SB to the foreset truncation surface. The Picún Leufú section
was chosen for being a more homogeneous depositional environment
with less hyperpycnal flow sedimentation, and its proximity with the
seismic section. After adjustment, bottomset and foreset outcrop geom-
etries match with the seismic image. The lower bottomset correlates
with TST (DS1), and the middle low-amplitude bottomset corresponds
to the HST (DS1) siliciclastic basin (FAB) sedimentation. The upper
bottomset coincides with LST and TST (DS2) position: the base matches
with SB (DS2), whereas the top, which is a downlap surface, correlates
with MFZ (DS2). The continuity of the upper bottomset reflectors with
an absence of terminations (Fig. 19b) supports its correlation with an
aggradational-retrogradational LST and TST. HST (DS2) shows foreset
reflectors in a landward position and bottomset reflectors seaward,
both of them downlapping over the MFZ (DS2). On top, the truncation
surface is highly irregular, similarly as it is observed in outcrops.

7. Discussion

7.1. The hyperpycnal sedimentation model for basinal sand deposits

Analysis of sedimentological evidence of the basinal sandstone inter-
vals hereby described (F6, F7 and F8) indicates a wave-influenced
hyperpycnal flow origin formost of the turbidity and concentrated den-
sity currents responsible for sedimentation. Threemodels are meaning-
ful in the discussion of the origin of these deposits: waning flow model
(Kneller, 1995; Mulder and Alexander, 2001), tempestite model
(Aigner, 1985; Myrow and Southard, 1996), and hyperpycnal flow
model (Mulder et al., 2003; Zavala et al., 2011), and these are revised
in detail in the following paragraphs.

Thewaning flowmodel follows the classic turbiditemodel proposed
by Bouma (1962), which was intended to explain the processes and
products of waning, unidirectional turbidity flows. These flows are dif-
ferentiated from hyperpycnal flows mainly by the steadiness of sedi-
mentation: while hyperpycnal flows are considered quasi-steady
currents, waning flows are unsteady flows (Mulder and Alexander,
2001). Many factors can trigger waning flows, although commonly
they are related to slumping produced by gravity-collapse or
seismogenic activity. The model is useful to explain the occurrence of
erosive bases and unidirectional structures in the sandstone, yet fails
to account for the riverine signal provided by the plant debris occur-
rence and the wave and combined-flow reworking.

Second, the tempestite model explains deposition of storm-
generated beds across the shelf, in offshore areas (Aigner, 1985;
Myrow and Southard, 1996). The possibility for a density flow to be



Fig. 19. Correlation of seismic sequence stratigraphywith the correlation panel of Fig. 17. A) Seismic 2D section fromMassaferro et al. (2014). Red and green lines represent VacaMuerta
Formation base and their MFS II, respectively. Vertical scale is in time. B) Seismic interpretation showing truncation, downlap and minor onlap and toplap stratal termination. Blue
reflectors comprise continuous, aggradational strata, whereas red reflectors are prograding, downlapping deposits. C) Interpretation of seismic image based on the position of
stratigraphic surfaces and correlation with the westernmost Quebrada del Sapo (QDS) and easternmost Picún Leufú (PL) sections of Fig. 17 (sedimentary environments key in Fig. 17,
and sequence stratigraphy terminology referred in the text). Vertical scale on the left corresponds to stratigraphic section thickness (relationship between time and depth in seismic
line is unknown). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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offshore-transported is controlled by the interplay between offshore
pressure gradient, Coriolis forces, bottom friction and excess-weight
forces (Myrow and Southard, 1996). Offshore pressure gradient is pro-
duced by coastal set-up and set-down generated by stormwind energy,
which consequently trigger currents that are deflected along-shore by
Coriolis forces (geostrophic flows, Swift et al., 1986). Excess-weight
forces refer to the downslope force produced by a sediment suspension,
and itsmagnitude is relatedwith sediment concentration and the avail-
able slope. High offshore pressure gradient, high excess-weight forces
and weak Coriolis forces facilitate across-shelf sediment transport;
however, high excess-weight forces achieved by catastrophic introduc-
tion of sediment are particularly emphasized by Myrow and Southard
(1996) as a likely triggering factor. These authors suggested that many
tempestites represent across-shelf transport during storms with high
bottom sediment concentration, with the sediment-rich suspensions
being provided by river floods or earthquakes. Consequently, this
model can successfully interpret the storm (wave and combined-flow
structures and gutter casts) and riverine input (plant debris), evidence
of our basinal sandstone facies.

Lastly, hyperpycnalflows are negatively buoyant, freshwater density
underflows generated during times of river flood (see Mulder and
Syvitski, 1995; Mutti et al., 1996; Mulder et al., 2003; Ponce, et al.,
2008; Zavala et al., 2011; Wilson and Schieber, 2014; Canale et al.,
2015; Zavala and Arcuri, 2016). Negative buoyancy is easily achieved
in freshwater bodies, yet in marine settings, the concentration of
suspended sediment in the flows needs to be large enough in order to
overcome seawater density (Mulder and Syvitski, 1995). These flows
differ from waning flows by the duration and steadiness of the event:
hyperpycnal flows are originated by a continuous fluvial discharge
thatmay last for days orweeks, which generates a quasi-steady current,
whereas waning, surge-like flows are very short duration, unsteady and
strongly non-uniform events (Mulder and Alexander, 2001).
Hyperpycnal flow deposits display a typical coarsening-up to fining-
up trend as a result of the waxing-waning behavior of the fluvial dis-
charge (Mulder et al., 2003), which contrasts with the waning, surge-
like turbidite sequence. In addition, hyperpycnal flows are able to trans-
port extrabasinal material as plant debris in their suspended load
(Ponce and Carmona, 2011a,b; Zavala et al., 2012; Canale et al., 2015).
Hence, the hyperpycnal model can account for the abundance of plant
debris in our basinal sandstone deposits.

Following these definitions, a combination of the tempestite and
hyperpycnal flow models can explain the evidence detected by our
analysis. As pointed out before, evidence of flow regime fluctuations oc-
curs in the lobe facies (F7), and lobe fringe facies (F6). Typical waxing
and waning flow sedimentary structures are not observed in the lobe
fringe sandy facies, probably due to the pervasive reworking by waves
and combined-flows and the abundance of massive beds. Nevertheless,
massive bed deposition do not exclude interpretation of river-derived
flows, as structureless beds produced by hyperpycnalflows occur in Ho-
locene subaqueous fans in southern California (Steel et al., 2016).

The high amount of plant debris constitutes a direct evidence sug-
gesting a connection with riverine systems (Plink-Bjölrklund and
Steel, 2004; Ponce et al., 2008; Mulder and Chapron, 2011; Paim et al.,
2011; Ponce and Carmona, 2011a,b; Zavala et al., 2011; Zavala and
Arcuri, 2016). Not only plant debris have been extensively found in
the fine-grained deposits, but also randomly disposed in the sandstone
and draping sandstone parallel lamination. In addition, it is difficult to
explain the abundant plant remains in the mudstone facies as being
reworked from prodelta or delta front deposits, as biological and phys-
ical reworking contributes to oxidize the organic material deposited in
these areas (Zavala and Arcuri, 2016). However, abundant slump struc-
tures indicate turbidite flows probably contributed to bottomset
sedimentation.

These hyperpycnal flow deposits were reworked by wave and com-
bined flows during storms in a shallow basin. Storm imprint in
hyperpycnal facies was only possible during siliciclastic basin
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development (HST of DS1, and LST and TST of DS2) due to its gentler
angle of slope compared with mixed shelf systems and consequent
lower water depth. Other possible origins to consider for combined-
flows include internal waves associated with density contrast in the
upper interface of the flows (Mutti et al., 1996), or reflection and
ponding processes by flowing against obstacles (Edwards et al., 1994,
Kneller et al., 1997). The storm-generated combined-flow hypothesis
is the most plausible explanation due to (1) the genetic association
with oscillatory flow reworking, which may reflect a decelerating later
phase of the unidirectional component and consequent shift to pure os-
cillatory movement, and (2) the existence of combined and/or oscilla-
tory flow reworking in mostly every bottomset sandstone bed,
suggesting deposition above storm wave base.

Therefore, the basinal sandstone facies are interpreted as wave-
influenced hyperpycnites produced by sediment-rich riverine dis-
charges during a superimposed storm event. Shore-perpendicular
paleocurrents suggest offshore-directed sedimentation and exclude
the hypothesis of along-shore geostrophic currents. Studies on modern
continental shelves showed that sediment gravity flows are of prime
importance in distributing sediment across-shelf (Hill et al., 2007),
with some examples associated with fluvial discharges (Wright and
Friedrichs, 2006; Ma et al., 2008). Boundary shear stress produced by
storm-generated waves or currents aid to sustain suspended sediment
and maintain negative buoyancy (Wright et al., 2001; Wright, 2012).
Sediment suspensions generated during storms without associated riv-
erine discharge were probably deflected by along-shore currents and
contributed to foreset construction landward from the study area. The
superimposed storm-generated, wave and combined-flow action over
a sandy sediment-gravity flow associated with fluvial discharges has
been described in the fossil rock record as a wave-modified (or wave-
influenced) turbidite (Myrow et al., 2002, 2008; Higgs, 2004; Pattison,
Fig. 20. Summary of sedimentary facies and processes occurring during siliciclastic basin and m
Fair-weather wave base location.
2005; Pattison et al., 2007; Lamb et al., 2008; Pattison and Hoffman,
2008; Buatois et al., 2019) or shelfal hyperpycnite (Zavala et al., 2011).

7.2. Sedimentary and sequence stratigraphic models: Regional and global
importance

Bottomset and foreset represent two contrasting areas of deposition,
impacting on siliciclastic, organic matter and carbonate accumulation
(Fig. 20). The bottomset area was characterized by extensive
sediment-starvation and oxygen deficiency, allowing higher organic
matter concentration produced by hemipelagic sedimentation. The ab-
sence of bioturbation and an abundance of pectinid bivalves indicate
this environment could represent the exaerobic zone of Savrda and
Bottjer (1987), where low oxygen bottomwaters coexist with reducing
substrates, contrasting with trace element geochemistry that suggests
oxic bottom waters and reducing pore waters (Krim et al., 2017). The
mudbelt accretion and eolian input contributed to dilution of organic
matter in the foreset. These models are similar to the mudbelt and
sediment-starved shelf descriptions of Birgenheier et al. (2017) for the
Mancos Shale, USA, with their limit representing the most seaward ex-
tension of mud delivery by coastal redistribution processes.

In addition, slumping and olistolith formation related with tectonic
activity represented an important sediment contributor to both
bottomset and foreset areas. Tectonic movements along the Picún
Leufú anticline affected early development of the siliciclastic basin
(Krim et al., 2017) up to the end of HST (DS1), and also during SB and
LST (DS1) formation. Krim et al. (2017) located slumps as a facies asso-
ciation on top of their high-frequency cycle S2 and related them with a
gently prograding slope. However, random slump distribution in both
bottomset and foreset positions and association of the siliciclastic
basin with a progressive unconformity suggest a mixed sedimentary
ixed carbonate-siliciclastic shelf progradation in bottomset and foreset segments. FWWB:
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and tectonic origin for the slope triggering slump deformation.
Slumps and other deformational structures were also documented
at the bottomset-foreset transition in seismic sections from the cen-
tral Neuquén Basin (Pose et al., 2014; Arregui, 2014; Notta et al.,
2017; Reijenstein et al., 2017). In addition, hyperpycnal and minor
surge-like flows also contributed to bottomset sediment accumula-
tion. Otharán et al. (2016) recognized the sandstone deposits as pro-
duced by shelfal hyperpycnal flows, a similar interpretation to the
one favored here.

Delineation of the base of DS2 described in the present contribution
agrees with the “SB2” proposed by Spalletti et al. (2000), and the “dis-
continuity 8” described by Freije et al. (2002). In addition, this SB coin-
cides in age with the T2 surface recognized in seismic analysis
(Desjardins et al., 2016), yet regional seismic correlation of stratigraphic
surfaces is needed to confirm this hypothesis. Seismic information pro-
vided by Massaferro et al. (2014) and outcrop delineation of facies ge-
ometry also support SB interpretation. The correlation with the
seismic section was helpful to confirm the location of the conformable,
non-erosive SB seaward, in an area where absence of abrupt facies
changes makes its recognition difficult. This sequence stratigraphic in-
terpretation addsmore detail to bottomset reflectors analysis in seismic,
which were described as a transgressive succession (Massaferro et al.,
2014).

LST (DS2) shows extensive hyperpycnal flow sedimentation in both
bottomset to foreset positions. These LST sandstone intervals from the
Quebrada del Sapo sectionwere correlatedwith the LHo.x-1well log, lo-
cated 35 km southeast from the area (Santiago et al., 2014), and also
interpreted as turbiditic resedimentation processes in a slope setting
(Otharán et al., 2017). Slumps and water escape structures support
the existence of a slope, yet the seaward association of high-energy
LST facieswith lobe fringe, plant debris-rich deposits, probably indicates
an extrabasinal origin.

Carbonate productivity increased during HST (DS2) and was
exported towards the foreset. Siliciclastic elements were probably fed
by riverine buoyant plumes bypassing the high-energy topset and con-
tributing to clinothem progradation in deeper areas. Alternation of HST
carbonate and TST siliciclastic deposition were explained by an along-
shelf current system redistributing sediment during TST and being ter-
minated during HST by a lack of accommodation space in the shelf
topset (Zeller, 2013; Zeller et al., 2015b). In addition, several authors de-
scribed the tidal influence of the system (Spalletti et al., 2000; Armella
et al., 2007; Zeller et al., 2015b; Krim et al., 2017) and associated this
process to tidal amplification caused by the embayed geometry of the
Neuquén Basin and existence of the Huincul Ridge (Spalletti et al.,
2000). Evidence presented in this contribution underscores the action
of fluvial input in the bottomset showing across-shore paleocurrents,
expanding and modifying the knowledge of sedimentary processes af-
fecting the system.

Presence of a slope with olistoliths and pervasive slumping, and
absence of a clear and graded outer-mid-inner ramp partitioning
lead us to utilize the shelf terminology instead of ramp. The system
has been also considered as a gently inclined shelf (Zeller, 2013;
Zeller et al., 2015b), which might be a reasonable alternative termi-
nology. The foreset and foreset-topset transition ended with a SB
truncating HST (DS2) on top correlated with surface T3 of
Desjardins et al. (2016), that has been also observed in seismic sec-
tion and correlation with outcrops from Sierra de la Vaca Muerta
(Zeller, 2013; Massaferro et al., 2014).

The analysis of bottomset and foreset sedimentary processes in
the Vaca Muerta Formation has implications for understanding
shelfal sand sedimentation in sequence stratigraphic models and or-
ganic matter enrichment in one of the most important unconven-
tional reservoirs in the world (cf. Wang et al., 2016). Warrick et al.
(2013) and Steel et al. (2016) described sandy hyperpycnites in the
modern Santa Barbara channel, USA, indicating sandy shelfal sedi-
mentation disconnected from offshore tempestite processes was
not restricted to LST deposition or TST shelf sand ridges (Berne
et al., 1998; Snedden and Dalrymple, 1999), as conventional se-
quence stratigraphic models suggest (Posamentier and Vail, 1988;
Catuneanu, 2006). Similarly, the Vaca Muerta sandy shelfal sedimen-
tation shows en masse deposition of wave-enhanced currents with
massive beds and dewatering structures during HST and addition-
ally, LST development. Therefore, the Vaca Muerta Formation repre-
sents a direct fossil example of the Santa Barbara channel deposits
that occur in bottomsets associated with short topset distances
able to bypass the littoral energy fence.

In addition, organicmatter distribution in this unconventional reser-
voir shows a clear pattern affected by dilution of siliciclastic material.
Organicmatter enrichment constitutes a process balanced by the effects
of dilution by inorganic components, production and preservation of or-
ganic matter (Tyson, 2005), and the question of which of these pro-
cesses represents the main driving factor constitutes an extensive
debate (Hedges and Keil, 1995; Sageman et al., 2003; Katz, 2005;
Macquaker et al., 2010). Recently, many studies underscored the contri-
bution of sediment-density flows in trapping organic matter towards
deep, fine-grained depositional environments (Könitzer et al., 2014;
Lash, 2016, DeReuil and Birgenheier, 2019), in addition to studies from
the Vaca Muerta Formation (Otharán and Zavala, 2018). The present
analysis shows low TOC content associated with buoyant plume
(minor massive fine mudstone in facies F5) and fine-grained
hyperpycnal flows (facies F6b) deposits in the bottomset, and with
mudbelt (facies F9a) deposits in the foreset, suggesting that, dilution
of sediment-starved, hemipelagic basinal areas constitutes the main
controlling factor for organicmatter enrichment in the study area. How-
ever, more analysis focused on the organic matter quality and type
should be conducted to fully understand the processes of organic carbon
burial in the Vaca Muerta Formation.
8. Conclusions

Two third-order sequences (DS1 and DS2) representing bottomset,
foreset and foreset-topset transition sedimentation accumulated in the
Vaca Muerta Formation. TST (DS1) started with deposition in an open
bay setting, represented by coastal sand sheet and dune, marginal ma-
rine areas, bay margin and distal bay environments showing
retrogradational patterns, and ended during a MFZ developed within a
sediment-starved basin. Bioturbation suggests firmground conditions
in the bay margin and opportunistic behaviors in the distal bay. HST
(DS1) records hemipelagic deposition in a shallow, sediment-starved
basin, punctuated bywave-influenced, hyperpycnal lobe and lobe fringe
sedimentation and minor turbidite flows. A progressive unconformity
affected the anticline area until the end of DS1. An angular unconformity
separates DS1 and DS2, constituting a SB. DS2 started with LST deposi-
tion of wave-influenced, hyperpycnal channel-fill complex, lobe, and
lobe fringe facies, and ended with retrogradational hyperpycnal facies
encased in basin deposits during TST. LST and TST deposits correlate in
seismic sections with two continuous bottomset reflectors, indicating
large-scale aggradational stacking patterns during their development.
HST (DS2) developed the foreset mixed carbonate siliciclastic shelf, as-
sociated with slope mud belt and slope sand body facies. The foreset-
topset transition constituted a low-energy, bioturbated sandy shoal
crosscut by high-energy, sand bar complexes, withminor laterally asso-
ciated, lagoonal deposits. The chemoclinemarks the transition between
unbioturbated muddy slope facies and bioturbated mixed slope facies.
Bioturbation occurs as a burrow mottling in the mixed slope, massive
structures in the sandy shoal or as escape structures in high-energy
bar facies. The foreset deposits ended by a truncation on top,
representing an erosive SB. Based on the Vaca Muerta Formation time
frame, the stratigraphic surfaces bounding the two third-order se-
quences could be correlated with T1 and T3 surfaces of the regional se-
quence stratigraphic framework.
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