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ABSTRACT

Over the last few years, recognition and characterization of sedimentary processes in fine-grained successions is
receiving considerable attention in part due to the increased importance of unconventional reservoirs. Recent
sedimentologic analyses of these successions have revealed abundant traction transport structures that suggest
bottom current activity of different origins. The present study constitutes a detailed sedimentologic analysis of
the Upper Jurassic-Lower Cretaceous Vaca Muerta Formation (Neuquén Basin, Argentina), which comprises
organic-rich, fine-grained subaqueous clinoform deposits. Locally, intervals showing traction structures such as
parallel lamination, ripple cross-lamination and cross-bedding, and displaying high bioturbation, occur. These
intervals can be differentiated into three facies associations, namely crinoidal mixed to calcareous mudstone,
mixed to calcareous mudstone, and calcareous to mixed mudstone interbedded with calcareous mudstone. These
facies associations were deposited by contour currents showing semi-permanent activity, low sediment con-
centration, and generating long-term oxygen supply to the seafloor. Locally, some successions display an
increasing to decreasing bioturbation intensity pattern that may have a similar origin to the bi-gradational
sequence of contourites. The present sedimentologic analysis supports the idea that contour currents are asso-
ciated with high bioturbation levels due to increased oxygenation, which controls the degree of preservation of
traction structures, and consequently the possibility to delineate these processes in fine-grained successions.
These currents occurred in relatively shallow water, probably as part of a weakened estuarine or anti-estuarine,
basin-wide circulation system intensified by the enhanced action of dense water cascading during arid and cool
climate periods.

1. Introduction

analyzed in modern environments due to their importance for hydro-
carbon exploration, paleoceanographic and paleoclimatologic studies,

Contour currents represent processes that occur in open oceans
(Flemming, 1980, 1981; Ramsay, 1994; Viana et al., 1998a, 2002; Liu
et al., 2006) and epicontinental basins (Sivkov et al., 2002; Cattaneo
et al., 2003; Verdicchio and Trincardi, 2008a; Vandorpe et al., 2011;
Pellegrini et al., 2016; Moros et al., 2020), associated with wind- and
thermohaline-induced circulation. Contourites are increasingly being
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and assessment of slope stability (Rebesco et al., 2014; Miramontes
et al., 2019; De Castro et al., 2021). However, contourites are hard to
delineate in ancient successions because of the difficulty of establishing
a concrete facies model. This issue stems from the complexity associated
with bottom current transport (“bottom current” constitute a generic
term that includes processes such as thermohaline- and wind-driven
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contour currents, cascading and internal waves). For example, bottom
current forcing mechanism can be mixed, precluding the usage of a
precise nomenclature associated with the origin of the currents (Shan-
mugam, 2017). In addition, currents can interact with other processes
such as turbidity flows, generating a continuum between different pro-
cesses and facies (Stow and Smillie, 2020).

More than ten years have passed since the paradigm of mud accu-
mulation shifted from fine-grained sediment deposited by fallout in low-
energy environments to interpretations of more variable energetic
conditions at the seafloor (Macquaker and Bohacs, 2007; Schieber et al.,
2007). Traction structures, represented by silt laminae encased in
mudstone and muddy ripple cross-lamination, have been observed in
numerous fossil examples of fine-grained depositional systems and
interpreted as produced by bottom currents of various origins (e.g.,
Pratt, 1984; Oczlon and Diez Balda, 1992; Schieber, 1994, 1999, 2016;
O’Brien, 1996; Loucks and Ruppel, 2007; Singh et al., 2008; Tra-
bucho-Alexandre et al., 2012; Egenhoff and Fishman, 2013; Leonowicz,
2013; Nyhuis et al., 2014; Reisdorf et al., 2014; Birgenheier et al., 2017;
Li and Schieber, 2018; Minisini et al., 2018). Particularly, silt laminae
structures have been reproduced in flume experiments, representing
deposits created by bedload traction transport of mixed silt-mud loads
(Yawar and Schieber, 2017). Documentation of ancient examples of
contour currents in shallow, epicontinental seas includes the Middle and
Upper Devonian of Canada (Knapp et al., 2017; Ayranci et al., 2018) and
the Upper Jurassic of Texas (Frébourg et al., 2013). Most of these ex-
amples share several similarities with the fine-grained succession
analyzed in this contribution: they are composed of fine-grained sedi-
ments with high organic matter content, and they were deposited in
oxygen-deficient seafloors in shallow seas. However, there are still

Marine and Petroleum Geology 142 (2022) 105757

several questions regarding bottom current deposits and the associated
environmental controls. For example, the role of bioturbation and oxy-
gen supply is debated (Shanmugam, 2013), the facies model of these
currents in the shallow-water realm is not well-constrained (Stow and
Faugeres, 2008), and the likely origin or triggering factors are relatively
unknown (Schieber, 2016).

The example studied herein comes from the Vaca Muerta Formation
(Neuquén Basin, Argentina, Fig. 1A and B), the hottest unconventional
play outside North America (Minisini et al., 2020a). This formation
represents a shallow-marine, mixed carbonate-siliciclastic muddy cli-
noform system developed during the Late Jurassic-Early Cretaceous
(Stipanicic, 1969; Leanza, 1973). It mostly comprises mixed and
calcareous mudstone, limestone and volcaniclastic beds, and is charac-
terized by high total organic carbon (av. 3.2%, Brisson et al., 2020).
Sedimentologic analyses of this formation are numerous, comprising
outcrop studies (Spalletti et al., 2000; Kietzmann et al., 2014a; Zeller
et al., 2015; Ponce et al., 2015; Krim et al., 2017; Paz et al., 20192021;
Otharan et al., 2020) and core investigations (Gonzalez Tomassini et al.,
2014; Desjardins et al., 2018; Minisini et al., 2020b). In addition, sedi-
mentologic analysis and reservoir characterization have been carried
out in the cores from the study area (Pose et al., 2014; Repol et al., 2014;
Notta et al., 2017, 2020; Desjardins and Aguirre, 2018; Gomez Rivarola
and Borgnia, 2018; Estrada et al., 2020; Minisini et al., 2020b). Several
authors have interpreted the activity of bottom currents of different
origins in distal environments of the Vaca Muerta Formation from other
outcrop locations (e.g. Gasparini et al., 1997; Spalletti et al., 1999;
Scasso et al., 2002; Kietzmann et al., 2008, 2014a; Kietzmann and
Palma, 2009a; Zeller et al., 2015; Rodriguez Blanco et al., 2020).
However, a detailed sedimentologic and sequence stratigraphic analysis

Fig. 1. Location maps (adapted from Paz et al., 2022). A, B) Map showing Neuquén Basin and study area location within a regional context. C) Study area map
displaying the location of wells (1-5) and the outcrop section. Clinoform breaks from the different stratigraphic surfaces of the Vaca Muerta Formation were
delineated (T2-T4, B1-B4, V2, V3; modified from Dominguez et al., 2020b). Grey areas are outcrops of the Vaca Muerta Formation, located west of the fold and thrust

belt (FTB). Dashed line encloses the Loma La Lata High (LLH).
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of bottom current deposits is lacking. In addition, an explanation of their
origin and triggering mechanisms have been previously proposed (Zeller
et al., 2015; Reijenstein et al., 2020; Rodriguez Blanco et al., 2020), yet
the present analysis reviews and refines this interpretation. In this study,
the analysis focuses on three facies associations displaying traction
structures and variable bioturbation intensity that are interpreted to
represent the action of contour currents. The objectives are to describe
facies, combine it with ichnologic data to characterize facies associa-
tions, and interpret sedimentary processes and paleoecologic controls
associated with contour current activity. This dataset is analyzed to
explore several lines of evidence that can be used to recognize contour
current activity in fine-grained depositional systems and to characterize
the origin of the circulation system associated with the currents.

2. Geologic setting
2.1. Regional context

The Neuquén Basin represents a triangular-shaped depocenter whose
infill history is subdivided into three stages: syn-rift, back-arc, and
foreland (Howell et al., 2005; Casadio and Montagna, 2015). The first
stage occurred during the Late Triassic to Early Jurassic, comprising
volcaniclastic and epiclastic continental sedimentation in several rift
depocenters (Carbone et al., 2011). The back-arc stage showed the
establishment of Andean volcanism and extensive subsidence since the
Early Jurassic, with multiple transgressions and regressions (Howell
et al., 2005; Casadio and Montagna, 2015). Finally, the foreland phase
started during the Late Cretaceous after the closure of the marine
connection of the basin with the Pacific Ocean, and was dominated by
continental sedimentation (Tunik et al., 2010).

The Vaca Muerta Formation represents a marine episode of the back-
arc stage developed from late early Tithonian to early Valanginian
(Leanza, 1973; Leanza et al., 2011). This formation overlies the Kim-
meridgian eolian, lacustrine and fluvial deposits of the Tordillo For-
mation (Spalletti et al., 2011), and is capped transitionally by the upper
Tithonian to early Valanginian, carbonate and siliciclastic offshore to
nearshore deposits of the Quintuco Formation (Mitchum and Uliana,
1985). The Vaca Muerta-Quintuco System forms a succession of north-
westward progradational clinoforms, up to 1800 m thick (Gulisano
et al., 1984; Legarreta and Gulisano, 1989), subdivided into six units
(Fig. 2, Desjardins et al., 2018; Minisini et al., 2020a). The system shows
a very high variability throughout the basin. In the north (Mendoza
Province), shallower-water facies were deposited in a ramp rich in
carbonate deposits (Kietzmann et al., 2008, 2014a), whereas in the
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south, a higher siliciclastic composition can be observed, with the
development of a mixed carbonate-siliciclastic shelf (Spalletti et al.,
2000; Zeller et al., 2015; Krim et al., 2017; Paz et al., 2019).

2.2. Stratigraphic framework of the studied deposits

The study area comprises the Neuquén Embayment, the most active
location in terms of hydrocarbon exploration and development (Fig. 1C).
Biostratigraphic correlation using ammonites indicates that the Vaca
Muerta Formation in the study area was deposited from late early
Tithonian to late Tithonian-?early Berrasian (Desjardins and Aguirre,
2018; Desjardins et al., 2018). The analyzed cores were recovered from
the lower three units of the Vaca Muerta-Quintuco System, where a
shallow-marine mixed carbonate-siliciclastic clinoform system can be
observed in seismic records (Fig. 2; Desjardins et al., 2018). Unit 1 shows
the development of a low-angle clinoform system (0.2-0.3°), whereas
higher angles are found in the younger units (1-3°, Minisini et al.,
2020Db). Core descriptions supported with Total Organic Carbon (TOC)
and X-Ray Diffraction (XRD) analyses (silica, carbonate, clay ternary
diagram) indicate that the lithologies are dominated by mixed (sili-
ceous-calcareous-argillaceous) mudstone, siliceous and calcareous
mudstone, limestone, and argillaceous tuffs (aka ash beds, bentonites,
tefras or volcaniclastic layers; Pose et al., 2014; Repol et al., 2014; Notta
et al., 2017, 2020; Desjardins and Aguirre, 2018; Goémez Rivarola and
Borgnia, 2018; Minisini et al., 2020b; Reijenstein et al., 2020).

In terms of sedimentary environments, the succession in the study
area encompass beach, open bay, basin, slope and contourite drift en-
vironments (Paz, 2021). The beach and open bay deposits occur at the
base of the Vaca Muerta Formation, and comprise massive, parallel-,
low-angle and current-ripple cross-laminated, medium-to coarse--
grained sandstone with local mudstone drapes, overlain by bindstone,
and massive (bioturbated) to wavy, calcareous to mixed mudstone (Paz,
2021; Paz et al., 2021).

The basin deposits are observed in bottomset to lower foreset loca-
tions of the Vaca Muerta Formation, composed by parallel-laminated,
carbonaceous to bioclastic mixed mudstone, massive (bioturbated),
calcareous to mixed mudstone, bioclastic floatstone to rudstone, tuff,
bindstone and carbonate concretions. These deposits represent domi-
nantly pelagic and hemipelagic sedimentation and subordinate bottom
currents, sediment-gravity flows and storm events in basin environ-
ments (Paz, 2021).

The slope deposits are delineated in foreset locations, represented by
parallel-to wavy-, laminated or bedded, and massive (bioturbated),
calcareous to mixed mudstone, thin-bedded, massive and composite

Fig. 2. Regional stratigraphic cross-section showing location of the studied cores and the Yesera del Tromen outcrop (YdT) within the Vaca Muerta-Quintuco system
(adapted from Sattler et al., 2016; Reijenstein et al., 2017; Paz et al., 2022). The Vaca Muerta Formation is subdivided into a high (HI) and low (LI) impedance units.
Sequence-stratigraphic surfaces (T1, T3, T5, B2, B4, V2, V4) and Units (1-6) from Desjardins et al. (2018) and Dominguez et al. (2020a, 2020b), and Andean
ammonite zones (right) from Kietzmann et al. (2018). Va = Virgatosphinctes andesensis, Pz = Pseudolissoceras zitteli, Ap = Aulacosphinctes proximus, Wi = Wind-
hauseniceras internispinosum, Ca = Corongoceras alternans, Sk = Substeueroceras koeneni, An = Argentiniceras noduliferum, Sd = Spiticeras damesi, Nw = Neocomites

wichmanni, Lr = Lissonia riveroi.
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Fig. 3. Facies constituting contourite drift facies associations in the study area.

beds of calcareous mudstone, and m-thick slumped intervals. These
deposits were formed by hemipelagic and fluid mud deposition below
and near the storm wave-base (Paz, 2021).

The contourite drift deposits are the focus of the present study (see
also Paz et al., 2022). These deposits occur in bottomset to lower foreset

locations, and are characterized by massive (bioturbated), cross-bedded,
parallel-, low angle- and wavy-laminated, crinoidal, mixed to calcareous
mudstone, crinoid-rich lenses, parallel to low-angle, mixed to calcareous
coarse mudstone laminae encased in fine mudstone, massive (bio-
turbated), parallel-, low-angle and current-ripple cross-laminated,
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mixed to calcareous coarse mudstone, and thin-bedded, massive,
normal-graded and composite beds of calcareous fine to coarse
mudstone. Paleowater depth of the Vaca Muerta Formation varies be-
tween 50 and 400 m (Mitchum and Uliana, 1985; Kietzmann et al.,
2008; Kietzmann and Palma, 2009a, 2009b; Minisini et al., 2020b), and
thus, contourite deposits described herein can be considered mainly of
shallow water (Stow et al., 1998).

Summarizing, in terms of sedimentary processes, pelagic and hemi-
pelagic sedimentation with minor sediment-gravity flows, and bottom/
contour currents affected most of the bottomset and lower foreset lo-
cations (Paz, 2021). The foreset of clinoforms is mainly developed in the
study area during deposition of Unit 2, encompassing hemipelagic
sedimentation, bottom/contour currents and fluid muds (Paz, 2021).
The study area shows a different sedimentary evolution compared with
the southern part of the basin, where higher siliciclastic influence and
probably warm and humid conditions generated deposition of hyper-
pycnal flows in the bottomset (Krim et al., 2017; Paz et al., 2019).

3. Materials and methods

The studied material consists of cores (660.5 m) from five wells
located in the Neuquén Embayment (Figs. 1C and 2). In addition, ob-
servations from the Yesera del Tromen section (148 m thick, Units 1 to 3,
northern Neuquén Province) were helpful to visualize the deposits at a
mesoscale. However, the sedimentologic and sequence stratigraphic
analyses were based on the core data (five wells). Macroscopic obser-
vations, thin sections (59 sections from cores, 18 from outcrop samples),
and mineralogic composition from XRD analysis on cores were com-
bined to define lithology. Lithology is described following Lazar et al.
(2015) for mudstone (where fine mud is < 8 pm, medium mud is 8-32
pm, and coarse mud is 32-62.5 pm), and Wright (1992) for facies rich in
carbonate components. The first modifier of mudstone reflects the
component (either quartz, carbonate, or clay) that is greater than 50% in
the rock (Lazar et al., 2015), whereas the term “mixed mudstone” has
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been used for mudstone without a dominant component (<50% in
abundance). The lithologic code follows the proposal of Kietzmann et al.
(2014a; referring to lithology, composition, and sedimentary struc-
tures). Paleocurrent directions are not provided because geographic
orientation of cores was not recorded during the recovery process.
Short-wave (254 nm) and long-wave (365 nm) UV light was utilized to
delineate trace fossils in black mudstone lacking sediment contrast.
Bioturbation index (BI) was determined following the scheme by Taylor
and Goldring (1993; modified from Reineck, 1963), which comprises a
zero to six scale that considers burrow density and overlap, and pres-
ervation of bedding boundaries (percentage of bioturbated area are
1-4% for BI 1, 5-30% for BI 2, 31-60% for BI 3, 61-90% for BI 4,
91-99% for BI 5 and 100% for BI 6). Additional unpublished data
available from companies owning these cores was incorporated in the
analysis (i.e., electric logging data, X-Ray Fluorescence, XRD, TOC from
cutting samples; see also Pose et al., 2014; Repol et al., 2014; Notta et al.,
2017, 2020; Desjardins and Aguirre, 2018; Gomez Rivarola and Borgnia,
2018; Estrada et al., 2020; Minisini et al., 2020b). Redox-sensitive ele-
ments (Mo and U) were evaluated to assess paleo-oxygen levels. U
enrichment was calculated following its relationship with detrital U
(Wignall and Myers, 1988). A scheme of facies and facies associations
was used for the sedimentologic analysis. Facies were combined with
ichnologic data to define facies associations characterizing depositional
environments. The sequence stratigraphic analysis follows the proposal
of Hunt and Tucker (1992) and Catuneanu (2006).

4. Sedimentary facies and facies associations

The present analysis focuses on deposits showing evidence of contour
current activity. Twenty-one sedimentary facies were defined (Fig. 3).
These facies were subsequently clustered into three facies associations
corresponding to contourite drift environments (Figs. 4 and 5, Table 1).
The trace fossil data of these facies associations have been characterized
in Paz et al. (2022). Geochemical data is summarized in Fig. 6.

Fig. 4. Cores of the Vaca Muerta Formation with XRD analysis providing lithology, bioturbation index (BI), and facies associations (FA, adapted from Paz et al.,
2022). Stratigraphic surfaces T1 and T3 define the bases of Unit 1 and Unit 2, respectively, of the Vaca Muerta-Quintuco clinoform system (Desjardins et al., 2018;

Minisini et al., 2020a).
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Fig. 5. Detailed stratigraphic sections of intervals containing contourite deposits. A, B) Facies association 1 from well 5. C, D) Facies association 2 from wells 1 and 2.

E, F) Facies association 3 from well 2.

4.1. Facies association 1 (FA1): crinoidal, mixed to calcareous mudstone

4.1.1. Description

This facies association consists of 5-50 cm-thick, massive, mixed to
calcareous crinoidal mudstone (M;b, Fig. 7A), 2-15 cm-thick, crinoidal,
mixed to calcareous mudstone showing discontinuous to continuous,
planar, parallel- to low-angle crinoid-rich laminae (Mcsh, M, Fig. 7B),
and lenticular-shaped (0.5-3 mm thick and 2-20 mm long), crinoid-rich
structures (M,r, Figs. 7B and 8A, B, C). 2-5 cm-thick, wavy-laminated
crinoidal, mixed to calcareous mudstone (M.w), 5-15 cm-thick, planar
cross-bedded, crinoidal, mixed to calcareous mudstone (Mp; Fig. 8D),
very thin-to thin-bedded, sharp-to erosive-based, normal-graded to
massive, calcareous fine to coarse mudstone (Mg, Msm), and thin-to
thick-bedded tuff to lapilli-ash tuff (Tm, Tg), are subordinate. Facies
Mc.b, Mh, M.l, and M.,w have transitional bases, whereas facies M1
and Mp show sharp to erosive bases. Laminae are 1-2 mm thick.
Average TOC is 4.04% (N = 8, Fig. 6B). The fossil content predominantly
includes Saccocoma microcrinoids showing random orientations
(Fig. 9A), with minor ammonites and bivalves. Facies M¢b and M.p
consist of loosely to densely packed (20-50%), fragmented to well-
preserved (0.5-5 mm long) microcrinoids, whereas facies Mch, Mc,l,
M.w and M show densely packed (90-100%) fragmented (<2 mm
diameter) microcrinoids. In thin section, the facies association displays
silt-sized radiolarians, plagioclase, quartz, and volcanic rock fragments.

Bioturbation intensity is high in M¢;b (BI = 3-6), and absent or low in
the rest of the facies (BI = 0-1). Biodeformational structures are the
most abundant biogenic structures, being locally associated with Crini-
nicaminus isp. and Planolites isp., and rare Teichichnus rectus, Phycosiphon

incertum, ?Skolithos isp., Coprulus oblongus and Thalassinoides isp.

4.1.2. Interpretation

This facies association is interpreted as the product of semi-
permanent contour currents in areas rich in pelagic crinoids (Sacco-
coma, Kietzmann and Palma, 2009b). The lenticular structures in Mcr
are interpreted as starved ripples due to their common gradation from
lenticular structures to laminae (Fig. 7C) and their erosive bases. The
starved ripples and bioclastic laminae (Mch, M1, Mw) indicate bed-
load traction transport and winnowing of muds. In addition, bioclastic
lineation in an element map core image is observed in similar facies
(Gomez Rivarola and Borgnia, 2018, their fo3.4.b), supporting the
traction transport hypothesis. Facies Mcp suggests bioclastic dune
migration. In other areas, the pelagic crinoids have been interpreted as
suspension feeders (Hess and Etter, 2011), indicating the existence of
continuous currents that maintained food in suspension and suggesting
an active circulation system. High bioturbation intensity in Mcb in-
dicates oxygenated environments, yet some unbioturbated deposits may
have been deposited under anoxic conditions. Hydrodynamic energy
controlled facies distribution: facies M;b was formed during times of
low-velocity currents and less mobile substrates, whereas the other
facies record times of higher-energy currents.

4.2. Facies association 2 (FA2): mixed to calcareous mudstone

4.2.1. Description
This facies association consists of 0.2-5 cm-thick, mixed to calcar-
eous fine mudstone with parallel to low-angle coarse mudstone laminae
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Table 1
Summary of contourite drift facies associations (FA).
Facies association Description BI Trace fossils Interpretation
FA1l Dominant: massive, parallel-, low-angle, 0-1, to Crininicaminus isp. And Planolites isp., Crinoid-rich contourite drift: Reworking by

Crinoidal, mixed to
calcareous mudstone

and ripple cross-laminated crinoidal, mixed  3-6

to calcareous mudstone (Mcb Mch, M,

M,1).

Subordinate: Planar cross-bedded, and

wavy-laminated, crinoidal, mixed to

calcareous mudstone (M,p, M.,w), normal-

graded to massive, calcareous fine to coarse

mudstone (Msg, Mym), and tuff to lapilli

ash-tuff (Tg, Tm).

FA2 Dominant: Mixed to calcareous fine 0-2,
Mixed to calcareous mudstone with coarse mudstone laminae locally
mudstone (Mh, M), parallel- to low-angle and 4-5

current-ripple cross-laminated mixed to
calcareous coarse mudstone (Msh, Ml,
Myr), and massive, mixed to calcareous fine
to coarse mudstone (M¢pyb).

Subordinate: Wave ripple cross-laminated,
mixed to calcareous coarse mudstone
(Msw), low-angle cross-bedded peloidal,
calcareous mudstone (M,]) and normal-
graded to massive, calcareous fine to coarse
mudstone (Msg, Msm).

FA3 Dominant: Calcareous to mixed fine 0-3,
Calcareous to mixed mudstone with coarse mudstone laminae rarely 4
mudstone interbedded (Mh, M), parallel to low-angle, and
with calcareous current-ripple cross-laminated, calcareous
mudstone to mixed coarse mudstone (Mgh, Ml, Myr),

and massive, calcareous mudstone (M.m).

Subordinate: Normal-graded, calcareous

fine to coarse mudstone (M,g), composite

beds of mixed fine to coarse mudstone

(Mcomp) and bindstone (By,).

Teichichnus rectus, Phycosiphon incertum, ?
Skolithos isp., Coprulus oblongus and
Thalassinoides isp.

Nereites isp., Phycosiphon incertum, Planolites
isp., Palaeophycus isp., Palaeophycus heberti,
escape trace fossils, ?Lockeia isp., Teichichnus
rectus, Alcyonidiopsis longobardiae, Coprulus
oblongus and pyrite-rich burrows.

Equilibrium trace fossils, ?Lockeia isp.,
Lockeia siliquaria, escape trace fossils and ?
Skolithos isp.

semi-permanent contour currents of low
sediment concentration upon a crinoid-rich
sediment. Anoxic to upper dysoxic
conditions.

Bioclastic- and silt-rich contourite drift:
Traction current transport by semi-
permanent contour currents in a bioclastic-
and silt-rich seafloor. Anoxic to upper
dysoxic conditions.

Mixed drift and fluid-mud deposits:
Combination of semi-permanent contour
currents and fluid mud deposition, under

dysoxic conditions.

Fig. 6. Geochemical data of the contourite drift facies associations. A) Compositional data from XRD. Black dots represent basin and slope deposits of the Vaca
Muerta Formation. B) Average TOC content from cutting samples, Mo enrichment data provided by XRF, and U enrichment from spectral gamma ray data. Median

value indicated by a middle line in the box and whisker plots.

(Mh, M, Fig. 10), parallel-, low-angle and current-ripple cross-lami-
nated mixed to calcareous coarse mudstone (Msh, Ml, Mgr), and 1-30
cm-thick, massive, mixed to calcareous mudstone (Mcpb, Fig. 11). Thin-
bedded, wave ripple cross-laminated mixed to calcareous coarse
mudstone (Mgw), medium-bedded, low-angle cross-bedded peloidal,
calcareous mudstone (Mpl), and very thin-to thin-bedded, sharp-to
erosive-based, normal-graded to massive, calcareous fine to coarse
mudstone (Mg, M;m) are minor constituents. The bases are sharp to
erosive with wavy surfaces, or locally gradational. Beds are mostly
tabular but occasionally lenticular, representing starved ripples.

Laminae are 0.2-3.0 mm thick, showing black-colored, sand-sized,
tabular to rounded mudstone intraclasts. The laminae in facies Mh and
Ml occur as tabular or lenticular, with a massive to rarely thinly lami-
nated texture (Fig. 10B). Ml laminae can grade laterally to Mh
(Fig. 10D). These facies show several reactivation surfaces in a cm-scale,
revealed by multiple erosive or sharp bases (Fig. 11A). Ripple cross-
lamination shows one predominant orientation in the core (80.5%, n
= 180), with minor ripples displaying an apparent opposite direction
(19.5%). Erosive structures, such as scour marks, gutter casts, and
intraclastic and bioclastic lags, also occur. Minor soft-sediment
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Fig. 7. Crinoidal mudstone of FA1. Scale bars are 1 cm. A) Bioturbated, massive crinoidal mudstone (M,,b), interbedded with massive coarse mudstone (Mym) and
bioturbated tuffs (Tb), with biodeformational structures (bio) and crinoids (cr) delineated in the image. Coprulus oblungus (Co) and Teichichnus isp. (Te) Occur in the
tuff and mudstone. B) Parallel-laminated crinoidal mudstone (M.;h) and mudstone with lenticular structures interpreted as crinoidal ripples (M,r), interbedded with
unbioturbated, massive and parallel-laminated tuffs (Tm, Th) and massive coarse mudstone (Msm).
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Fig. 8. Crinoidal mudstone of FA1. Scale bars are 1 cm. A, B, C). Crinoid-rich lenticular structures representing bioclastic ripples (br) and constituting ripple cross-
laminated mudstone (M,r). Note the ripple foresets in B and C (upside down white arrows). D) Planar cross-bedded crinoidal mudstone (M,p) with erosive

bases (eb).

deformation structures include small-sized load casts at the base of beds,
syneresis cracks, pseudonodules, and normal synsedimentary micro-
faults. Average TOC is 2.25% (N = 3).

Petrographic analysis indicates a mixed to calcareous, and rarely
siliceous, coarse to fine mudstone with minor very fine-grained sand-
sized bioclasts and intraclasts (Fig. 9B). The grains are silt-sized

plagioclase, calcite-replaced radiolarians, foraminifera, bivalves, car-
bonate intraclasts, undifferentiated skeletal fragments, mudstone
intraclasts, and minor quartz, pellets and echinoderm fragments,
occurring in a matrix with illite and coccoliths. The laminae consist of
silt-to very fine sand-sized, demosponge Rhaxella fragments, forami-
nifera, calcite-replaced radiolarians, and mudstone intraclasts (Fig. 9B).
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Fig. 9. Thin sections of the deposits interpreted as produced by contour cur-
rents of the Vaca Muerta Formation. A) Crinoidal mudstone of FA1, with crinoid
ossicles (cr) and minor radiolarians (r). B) Detail of the laminae of the lami-
nated fine to coarse mudstone (Mh) in FA2, displaying Rhaxella sponge frag-
ments (rh), quartz (q) and forams (f). C) Fine to coarse mudstone of FA3 with a
lamina cemented by carbonate (lighter interval), showing peloids (p) and car-
bonate intraclasts (c). Siliciclastics such as plagioclase (pl) occur in the
dark mudstone.

The geochemical dataset shows lower Mo and U values compared with
deposits from the basin (Fig. 6B).

Degree of bioturbation varies from absent to intense, reaching a BI of
4-5 in facies M¢yb (Fig. 11C). Common trace fossils are Nereites isp.,
Phycosiphon incertum, Planolites isp., Palaeophycus isp., Palaeophycus
heberti, and escape trace fossils, whereas ?Lockeia isp., Teichichnus rectus,
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Alcyonidiopsis longobardiae, Coprulus oblongus, and pyrite-rich burrows
are minor constituents. Locally, this facies association is arranged in four
discrete 1.7-2.2 m-thick successions showing, bottom up, a decreasing
and then an increasing BI. These bigradational successions can be sub-
divided into two types: type A comprises facies Mh and Ml and a high
percentage of M.,b over total thickness (~50-60%), type B shows facies
Mh, M1, Mgh, Ml and Myr, a low percentage of M¢mb (~15-30%), local
presence of Mgw, and intraclastic and bioclastic lags (Figs. 12 and 13).

4.2.2. Interpretation

This facies association represents enhanced contour current activity
generating fine-grained sediment drifts. Following terminology from the
literature (e.g. Stow and Bowen, 1980; Stow and Shanmugam, 1980),
Mh is comparable to the silt laminae encased in fine mud, the minor
discontinuous laminae grouped in facies Mh can be correlated with the
“wispy lamination”, Ml is similar to the “low-amplitude ripples”, and
M;r represents current ripples. All the traction structures were generated
during bedload sediment segregation from mixed clay-silt suspensions
and consequent floccules and silt ripple formation, similarly as in flume
experiments (Schieber, 2011; Yawar and Schieber, 2017). Periodic
introduction of different sediment grain sizes into the current produced
the mixed suspensions that were subsequently sorted during bedload
transport (Kuenen, 1966). Facies Mh is laterally associated with current
ripples of facies Ml (Fig. 10D) or shows downlap laminae relationships
(Fig. 10C), supporting the origin as a low-relief, bedload traction
structure compacted during diagenesis (Schieber et al., 2007). In this
context, velocities below 25 cm/s were responsible for facies Mh and Ml
deposition, whereas over 25 cm/s, facies Mgh, Mgl and Mgr were pro-
duced due to transport above the threshold for clay floccule accumula-
tion (Yawar and Schieber, 2017). This hydrodynamic energy change
occurs in tandem with increased bed erosion and the amount of sharp to
erosive bases. Intraclastic and bioclastic lags reflect periods of increased
flow velocity and erosion. This facies association displays multiple
recurrence of traction structure deposits alternating with some coloni-
zation surfaces, indicative of fluctuating current velocity (Rodri-
guez-Tovar et al., 2019). The occurrence of facies Mgw suggests
oscillatory flow reworking in the coarser-grained deposits (type B suc-
cessions), associated with long wavelength waves during storms.
Alternatively, facies Mgw could be the result of unidirectional, transi-
tional flows rich in clays developing irregular bedforms (Baas et al.,
2016).

Facies M¢yb is generated due to high bioturbation during low energy
current activity. A moderately diverse trace-fossil assemblage, highly
bioturbated intervals in comparison with basin deposits, and low values
of redox-sensitive trace elements suggest oxygen and food increments
associated with the currents (Paz et al., 2022). Moreover, hydrodynamic
energy increased from successions type A to type B, characterized by an
increase of traction structures and a decrease in the thickness of bio-
turbated bed (M¢mb).

Hydrodynamic energy constitutes the prime control for bioturbation
in this facies association (i.e. the higher the hydrodynamic energy, the
higher the stress over the benthos and the lower the bioturbation in-
tensity; Paz et al., 2022). This is exemplified by the type A and B suc-
cessions. At the base of the successions, an intermittent current regime
and low flow velocities promoted extensive bioturbation and beds were
completely homogenized. The middle part records steady currents and
higher flow velocities that inhibited bioturbation allowing preservation
of sedimentary structures. Locally, colonization surfaces and escape
trace fossils indicate current velocity variations (e.g. Rodriguez-Tovar
et al., 2019). The top of these successions records a new decrease of
energetic conditions allowing organisms to completely rework the
sediment. Although grain size trends within the type A and B successions
were not observed, these successions are similar to the documented
cyclicity of contourite deposits, where an increasing to decreasing grain
size pattern is produced by fluctuations in hydrodynamic energy
(Gonthier et al., 1984; Stow and Faugeres, 2008).
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Fig. 10. Core photographs of parallel-to low-angle coarse mudstone laminae encased in fine mudstone (Mh, M), and low-angle to ripple cross-laminated coarse
mudstone (Mgl, Myr) of FA2. Scale bars are 1 cm. A) Facies Mh showing small trace fossils. B) Very thin, discontinuous laminae of facies Mh. C) Downlapping re-
lationships in coarse mudstone laminae (Mh). D, E) Facies Mh, MI, Ml and M;r interbedded with fine mudstone. Note the lateral and vertical association of the

four facies.

The role of oxygenation on the development of the bigradational BI
successions needs to be addressed. In the California Continental
Borderland, high oxygenation associated with increased bioturbation
during inter-glacial events and high hydrodynamic energy during glacial
times were interpreted as factors controlling the preservation/
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destruction of traction structures (Robinson et al., 2007). In the present
case, deposition of the drifts may have been under oxygen-deficient
conditions due to the high organic carbon content of the deposits and
the dominance of relatively small-sized of burrows (Paz et al., 2022).
Therefore, upper dysoxic conditions may have been a background
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Fig. 11. Core photographs of the coarser-grained facies in FA2. Scale bars are 1 cm. A, B) Parallel coarse mudstone laminae encased in fine mudstone (Mh), parallel-,
low-angle and ripple cross-laminated coarse mudstone (Mgh, Ml, Mr), and bioturbated mudstone (Mcy,b), displaying minor small gutter casts and lags. Escape and
undetermined trace fossils are indicated with white arrows. C) Highly bioturbated intervals, showing biodeformational structures and Nereites isp. (Ne).
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Fig. 12. FA2 characterized by two successions of upward decreasing to increasing bioturbation index (BI), with close-up photographs of the cores (adapted from Paz
et al., 2022). Note that the low BI in the middle of both Type A and Type B successions allows preservation of sedimentary structures. Scale bars at the bottom right of

the cores are 1 cm.

control during deposition of each succession, overprinted by hydrody-
namic energy which, in contrast, fluctuated in intensity. Hence, dysoxia
combined with high hydrodynamic energy or local anoxia may explain
the preservation of sedimentary structures in the present contourite
example.

4.3. Facies association 3 (FA3): calcareous to mixed mudstone
interbedded with calcareous mudstone

4.3.1. Description

This facies association is composed by similar facies as in FA2, such
as Mh, Ml, Mgh, Ml and Mr (Fig. 14), but with a higher calcareous
composition (Fig. 6A). In addition, 1-3 cm-thick, sharp-based, massive
calcareous mudstone (M.m) are dominant in this facies association.
Normal-graded, calcareous fine to coarse mudstone (Msg), composite
beds of mixed fine to coarse mudstone (Mcomp), and dark, crinkly-
laminated, bindstone (By,) are subordinate. Sharp to erosive bases are
common in all these lithologies. The composite mudstone is represented
by erosively based, thin-bedded, intraclastic coarse mudstone, followed
by parallel-laminated coarse mudstone (Fig. 14A). The massive, normal-
graded, and composite mudstone (M.m, Mg, Mcomp) shows a mud
matrix composed of clays and carbonate mud, and contains tabular, dark
bindstone intraclasts, pebble-size, carbonate and mudstone intraclasts,
fine-grained sand-sized skeletal and intraclast grains, and silt-sized,
quartz, plagioclase, and Fe-dolomite grains (Fig. 9C). Fossils include
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bivalves and calcite-replaced radiolarians. Local convolute bedding and
centimeter-scale synsedimentary normal faults occur.

Variable bioturbation index is observed (BI 0-3 and rarely 4). The
trace-fossil content is represented by equilibrium trace fossils, ?Lockeia
isp., and Lockeia siliquaria with minor escape trace fossils and ?Skolithos
isp. (Fig. 14B, C, D).

4.3.2. Interpretation

This facies association is interpreted as deposited by a combination
of low to moderate energy contour currents (similar to Mh, M1, Msh, Ml,
M,r) and fluid mud flows (Mcm, Mcomp) and turbidity flows (Mg),
generating a sediment drift (see also Notta et al., 2017; Reijenstein et al.,
2020). The massive and composite mudstone (M.m, Mcomp) reflects
deposition from concentrated density flows to debris flows, whereas the
normal-graded mudstone (M;g) was deposited by mud-rich waning
turbidity currents (e.g. Otharan et al., 2020). Bindstone intraclasts in the
composite mudstone are restricted to the areas with bindstone, repre-
senting a distinct sedimentary structure attributed to erosion and rede-
position of bindstone fragments as intraclasts by density flows.
Microbial communities generating the bindstone thrived because of
larger sand-sized clasts in this facies association, which constitute a
favorable substrate for their growth (Noffke, 2010). Equilibrium struc-
tures suggest suspension feeding organisms (Mangano et al., 1998),
supporting the existence of contour current activity.
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Fig. 13. Type B succession of FA2. Dominant facies are parallel-laminated coarse to fine mudstone (Msh, Mh), whereas subordinate facies include low-angle and
current-ripple cross-laminated, and massive, coarse mudstone (Ml, Msr, Mgm). Highly to moderately bioturbated beds are marked with white arrows. Note the
abundance of these bioturbated beds towards the base and the top of FA2, reflecting the upward decreasing to increasing bioturbation index. Below and above FA2
are basin deposits, consisting of parallel-laminated, mixed mudstone (M;;h), and massive and parallel-laminated tuff (Tm, Th). Scale bar in the bottom left is 1 cm.

5. Paleoenvironmental and stratigraphic distribution of
contourite drift facies association

The Vaca Muerta Formation carbonate-siliciclastic clinoform system
record beach, open bay, basin, drift, and slope environments (Paz,
2021). When these deposits are projected on the seismic sections, they
can calibrate the acoustic impedance, allowing to infer sedimentary
environments in areas where neither cores, nor logs are available. This
integration of sedimentology, stratigraphy, and seismic attributes rep-
resents a powerful tool to predict rock characteristics. In our case, this
correlation highlights that the landward decrease of organic matter and

14

increase of carbonate content is associated with an increase in acoustic
impedance from basin to drift to slope environments (Fig. 15A, B, C;
Reijenstein et al., 2020).

The stratigraphic distribution of contour current deposits can be
framed within the sequence stratigraphic study of wells 1 and 2 (Paz,
2021), as proposed by other authors that analyzed the study area
(Fig. 15; e.g., Repol et al., 2014; Notta et al., 2017, 2020; Desjardins and
Aguirre, 2018; Minisini et al., 2020b). Considering basin infill as a
first-order sequence, the succession shows three third-order sequences
developed during deposition of Units 1 and 2 (Desjardins et al., 2018;
Minisini et al., 2020a, Fig. 15D). Depositional Sequence 1 (DS1) consists
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Fig. 14. Photographs of FA3 showing mixed contour current (Mgh, Mh) and fluid mud flow (composite mudstone) sedimentation. Scale bars are 1 cm. A) Composite
mudstone beds (bed bases delineated with a dashed line) comprising a basal, intraclastic mudstone, parallel-laminated coarse mudstone and normal-graded
mudstone, containing bindstone intraclasts (bi). Contour current facies, such as parallel-laminated coarse mudstone (Mh), are intercalated. B) ?Lockeia isp. (Lo),
locally displaying equilibrium structures (Equi). C) Coarse mudstone laminae encased in fine mudstone (Mh), with ?Lockeia isp. (Lo). D) Photograph and drawing of

intervals with dense occurrence of equilibrium structures (Equi).

of a Transgressive Systems Tract (TST) deepening towards starved basin
conditions and a Highstand Systems Tract (HST) within anoxic basin
deposits. A sharp sea-level fall prompted the accumulation of oxic basin
deposits and crinoid-rich drift facies association (FA1l) above anoxic
basin deposits, defining a Falling Stage Systems Tract (FSST). On top, the
succession shows an aggradational pattern with a repetition of FA1l,
delineating the Lowstand Systems Tract (LST) of Depositional Sequence
2 (DS2). Four 0.5-4 m-thick, crinoid-rich drift deposits (FA1l) are
interbedded in both the FSST and LST. The lower three drift deposits
show a decrease in thickness in a seaward location, whereas the upper
drift deposit only occurs in well 1 (Fig. 4). DS2 continues with a TST
characterized by the development of dysoxic basin deposits on top of
oxic basin facies deposits, displaying one 1.5 m-thick, bioclastic- and
silt-rich drift (FA2), only observed in well 1. On top, a HST comprises
progradational stacking patterns associated with resuming regressive
conditions of the clinoform system. Five 0.2-2 m-thick, bioclastic- and
silt-rich drifts (FA2) occur in well 1. The lower two drift deposits are
only recorded in well 1, whereas the upper three drift deposits can be
correlated to well 2 (Fig. 4). Above, a FSST triggered extensive contour
current activity (FA3 of Well 2, 13 m-thick), and a sharp seaward change
of facies associated with slope and fluid mud-rich slope deposits on top
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of oxic basin deposits (Paz, 2021). The sharp facies change generated
truncation of the seismic reflections below, due to sediment erosion and
transport associated with the establishment of the contourite system
(Fig. 15D). This FSST has been mapped in seismic data as a 5 km-wide,
20 km-long and 25 m-thick, along-slope geobody interpreted as a con-
tourite drift (Reijenstein et al., 2020). Depositional sequence 3 (DS3)
comprises a LST consisting of aggradation of fluid mud-rich deposits,
whereas above, shutdown of fluid mud activity resulted from deepening
conditions of a TST.

6. Discussion
6.1. Presence of bottom currents in the Vaca Muerta Formation

Differentiation between the depositional products of bottom currents
and sediment-gravity flows has been a matter of debate for a long time
because of the interplay of these two oceanographic processes in deep-
marine environments and many shared characteristics (Heezen and
Hollister, 1964; Heezen et al., 1966; Hollister and Heezen, 1972; Stow
and Lovell, 1979; Shanmugam et al., 1993a, 1993b; Stanley, 1993; Stow
et al., 1998; Shanmugam, 2006, 2017; Hiineke and Stow, 2008; Mulder
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Fig. 15. Stratigraphic analysis of the Vaca Muerta Formation and stratigraphic position of the contourite facies association from seismic data correlating wells 1 and
2. A, B) NW-SE seismic reflections and acoustic impedance cross sections (from Repol et al., 2014 and Notta et al., 2017; see location of wells in Fig. 1). Lower
impedance correlates with organic-rich mudstone, whereas higher impedance with carbonate-rich mudstone. C) Environmental interpretation derived from Paz
(2021) and impedance from image above. Pink arrows show the location of contourite drift facies associations (FA1, FA2, FA3) in the wells. The thick pink interval in
well 2 is the geobody described by Reijenstein et al. (2020), which corresponds to FA3. Starved and anoxic basin deposits (grey) correlate with red colors in the
impedance image A, the dysoxic and oxic basin (green) and drift (pink) deposits with green and blue impedance colors, and the slope (light blue) with blue and light
blue impedance colors. D) Sequence-stratigraphic interpretation based on stratal termination analysis and facies stacking patterns. Light blue arrows = downlap, blue
arrows = toplap, red arrows = truncation, green arrows = offlap, TS = Transgressive Surface, MFS = Maximum Flooding Surface, SB = Sequence Boundary, BSFR =
Basal Surface of Forced Regression, TST = Transgressive Systems Tract, HST = Highstand Systems Tract, FSST = Falling Stage Systems Tract, LST = Lowstand
Systems Tract. (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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et al., 2008; Stow and Faugeres, 2008; Mulder, 2011; Rebesco et al.,
2014; Alonso et al., 2016). Episodic turbidity and hyperpycnal flows are
responsible for the most common gravity-flow deposits that may be
confused with bottom current deposits. For instance, both low-density
turbidity flows (sensu Stow and Shanmugam, 1980) and bottom cur-
rents (Shanmugam et al., 1993a, 1993b; Shanmugam, 2006) record
traction transport at the base of the flow. The associated deposits differ
by the vertical arrangement of sedimentary structures: turbidites typi-
cally record traction structures from a waning flow, whereas bottom
current deposits do not (Martin-Chivelet et al., 2003). Hyperpycnal flow
deposits share an additional characteristic with bottom currents:
inverse-to-normally graded beds due to waxing-to-waning flows that can
be confused with the similar bi-gradational energy profile of contourites
(Mulder, 2011).

In this section, the evidence favoring a bottom current interpretation
for the facies described in Fig. 16 is summarized (for an alternative
interpretation of facies included in FA3, see Kietzmann et al., 2020a).
The observed dataset cannot be interpreted as downwelling,
storm-induced return flows (producing tempestites) because some of
these deposits are too deep (200-400 m; Minisini et al., 2020b) to be
considered above storm wave base of an epicontinental sea (<50 m,
Schieber, 2016). However, rare storm influence and symmetrical ripples
are observed in FA2, indicating a higher contribution of storms towards
shallower areas.

6.1.1. Evidence of semi-permanent currents

In modern environments, bottom currents of contour-current type
affect the seafloor during long periods of time (kyr to Myr; Stow and
Faugeres, 2008), depending on latitude, seafloor morphology, climate,
or eustatic changes. This is in clear contrast with episodic sedimentation
resulting in deposition of event beds (e.g. turbidites, tempestites,
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hyperpycnites). For instance, turbidites have a recurrence of 1 event per
1-150 ky (Talling, 2014 and references therein). However, other pro-
cesses may have a higher recurrence in the rock record (gravity flows
associated with failures of delta fronts or canyon heads, 0.1-5 events per
year, Talling, 2014 and references therein; hyperpycnal flows, 1 event
per 1-10 years, Johnson et al., 2001; Warrick and Milliman, 2003).

Event beds display a bioturbated top that is developed during flow
pauses (e.g., Stow and Shanmugam, 1980; Ponce et al., 2007; Buatois
et al., 2011), whereas beds recording bottom current activity show
traction structures with an unbioturbated sharp upper contact (Shan-
mugam et al., 1993a, 1993b; Ito, 2002; Martin-Chivelet et al., 2003;
Shanmugam, 2006). Accordingly, the absence of normally graded or
bioturbated bed tops suggests a lack of post-event bed, hemipelagic
sedimentation. Therefore, sharp upper bed contacts associated with
many of the contour current facies in our dataset indicate a continuous
current of semi-permanent duration (e.g. Fig. 10D and E, 11, 13).

In addition, the occurrence of low bioturbation intensity in the
middle of the type A and type B bi-gradational successions supports the
idea of semi-permanent currents generating a continuous hydrodynamic
energy stress on the ichnofauna (Figs. 12 and 13). In other words, the
intervals rich in traction structures (represented by facies Mh, M1, M;h,
Ml, Mgr, Mh, and M) are interpreted as deposited by semi-
permanent currents that precluded the establishment of an infauna
associated with background, post-event (fair-weather) deposition, as
most burrows can be emplaced within days after deposition (Wheatcroft
et al, 1989). A single event explanation for the type A and B
bi-gradational successions is rejected due to the existence of a few
colonization surfaces (Fig. 11A) and the intercalation of tuffs (Fig. 7A).

From paleontologic and ichnologic datasets, semi-permanent current
activity can be inferred from the presence of suspension feeding or-
ganisms, which can take advantage of subhorizontal currents delivering

Fig. 16. Idealized facies succession for contour current deposits documented from the Vaca Muerta Formation (adapted from Paz et al., 2022), displaying lithology,

sedimentary structures, trace fossil content, and bioturbation index (BI).
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Fig. 17. A, B) Examples of sediment-gravity flows observed in the Vaca Muerta Formation (from Paz, 2021; not analyzed in the present study). Light beds are rich in
coarse, calcareous mudstone whereas dark beds consist of fine mudstone. Massive and graded mudstone with minor silt laminae is common, displaying mudstone
pseudonodules (mp), load casts (Ic), mudstone intraclasts (mi), unidentified burrows (bu) and Planolites isp. (P1). Scale bars are 1 cm.

food (Flach and Thomsen, 1998; Lavaleye et al., 2002). Equilibrium
structures in FA3 (Fig. 14B, D) are interpreted as produced by bivalves
keeping pace with sedimentation, establishing a connection with the
seafloor to feed from suspended food (Mangano et al., 1998; Paz et al.,
2022). Crininicaminus isp. and Palaeophycus heberti (observed in FA1 and
FA2) have been interpreted as domiciles of suspension feeders, although
they can also be associated with detritus-feeding or predatory organisms
(Ettensohn, 1981; Pemberton and Frey, 1982). In addition, although
other modes of life have been proposed (e.g. benthic, Milsom, 1994), the
Saccocoma crinoids were interpreted in other areas as pelagic suspension
feeders (Hess and Etter, 2011), indicating the existence of a current
system in the water column associated with FAl. This interpretation
agrees with the local preferential occurrence of cold-water corals (sessile
suspension feeders) on the path of contour currents of the Atlantic
Ocean, Gulf of Mexico, and Mediterranean Sea (Hiibscher et al., 2010;
Hebbeln et al., 2016), although these types of corals have not been re-
ported for the Vaca Muerta Formation.

In summary, sedimentologic characteristics (existence of many sharp
upper bed contacts), bioturbation patterns associated with the vertical
arrangement of facies (bigradational successions showing unbioturbated
middle parts), and ichnologic and paleontologic data (trace and body
fossils of suspension feeding organisms, Paz et al., 2022) support the
idea of semi-permanent current activity at the seafloor.

6.1.2. Evidence of low sediment concentration

Bottom currents represent flows with low sediment concentration.
For example, contour currents show concentrations of <0.01-10 mg/L
(Hollister, 1993; Tucholke, 2002), cascading events display concentra-
tions of 40 to more than 68 mg/L (Canals et al., 2006; Palanques et al.,
2006), and internal tides develop peaks of ~200 mg/L (Puig et al.,
2013). Abundant traction structures are encountered in modern exam-
ples of deep-marine seafloors affected by bottom currents, due to
dominant traction transport at the base of the flow (e.g., Heezen and
Hollister, 1964; Heezen et al., 1966). Mud floccule ripples created in
flume experiments were produced under suspended sediment concen-
tration of tens of mg/L (Schieber and Southard, 2009). Therefore,
bottom-current reworked deposits show rare massive (by en masse
deposition) or graded beds (Shanmugam et al., 1993a, 1993b; Shan-
mugam, 2017; Martin-Chivelet et al., 2003; 2008), and common lami-
nated and rippled facies, as found in the described facies associations.
Although laminated and rippled facies are also common in turbidites, in
our dataset they are not part of the typical Bouma sequence (Tc; Figs. 10
and 11).

In contrast, sediment-gravity flows are characterized by high sedi-
ment concentration because excess density is necessary to generate
gravitational forcing in the case of a low-angle seafloor, such as the Vaca
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Muerta foresets and bottomsets in Unit 1 (0.1-0.3° angles, Desjardins
et al., 2018; Minisini et al., 2020b). For example, flood waters require
high sediment concentrations to plunge and trigger a river-derived,
hyperpycnal flows (1 g/L, Parsons et al., 2001), and fluid mud flows
and storm surge return flows need to overcome Coriolis forces deflecting
transport along-shore (>1 g/L, Myrow and Southard, 1996; >10 g/L,
Traykovski et al.,, 2000). Modern observations of wave- and
current-enhanced sediment gravity flows in low-angle slopes, suggest
the need of depth-averaged sediment concentrations of 8-150 g/L for
flows to be transported offshore, depending on ambient currents (Wright
et al., 2001). For instance, concentration values of up to 6 g/L were
recorded during wave resuspension events in low angle shelves (ca
0.25°), but these suspensions were redistributed by ambient shelf cur-
rents, not downslope (Traykovski et al., 2000). Moreover, if compared
with sand-rich flows, these high concentration, mud-rich flows present
minor turbidity restricted to the base and a dominance of laminar con-
ditions due to the high cohesiveness of the mud (Baas and Best, 2002;
Baas et al., 2011). The final deposit may be massive or graded with
soft-sediment deformation structures due to the development of upper
transitional or quasi-laminar plug flows of high cohesive strength (e.g.
Baas et al., 2011).

Sediment-gravity flow deposits in the Vaca Muerta Formation
comprise very thin to thin-bedded, massive calcareous medium to coarse
mudstone, showing load casts, mudstone pseudonodules, flame struc-
tures, and pebble-sized, deformed intraclasts indicating soft-sediment
deformation (Fig. 17; Paz, 2021). Muddy hyperpycnites in the SW
Neuquén Basin contain deformed mudstone intraclasts (Paz et al.,
2019). All these deformation structures suggest high sediment concen-
tration and laminar flow transport in high cohesive strength flows,
contrasting with the characteristics of low-concentration bottom cur-
rents (Shanmugam, 2006). The fine-grained turbidite model (sensu Stow
and Shanmugam, 1980) and several muddy hyperpycnite examples
(Bhattacharya and MacEachern, 2009; Wilson and Schieber, 2014) show
an abundance of soft-sediment deformation structures, such as convo-
lute lamination, load casts and pseudonodules, as well as mantle and
swirl structures representative of bioturbation in soupy substrate con-
ditions (Lobza and Schieber, 1999). In addition, sandy hyperpycnites
display evidence of soft to soupy substrate conditions, including com-
pacted Thalassinoides (Buatois et al., 2011). Sandy hyperpycnites also
contain biodeformational structures and Tasselia (Olivero and
Lopez-Cabrera, 2010; Carmona and Ponce, 2011), a trace fossil associ-
ated with soupground conditions (Wetzel and Bromley, 1996). The soft
to soupy sediment consistency is related to the liquefied nature of
sediment-gravity flows due to water trapping at high sediment con-
centrations. All these characteristics can be used to infer high sediment
concentration in sediment-gravity flows, which clearly contrast with the
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sediment loads of bottom currents.

Thus, both the abundance of traction structures and relative low
amount of soft-sediment deformation structures in our dataset indicate
the existence of a bottom current of low sediment concentration.

6.1.3. Evidence of long-term oxygen supply

In areas with background anoxic to dysoxic conditions, oxygen and
food supplied by bottom currents can generate highly bioturbated in-
tervals (Wetzel et al., 2008), whereas sediment-gravity flows cannot
sustain long-term oxygenation and would produce the “doomed
pioneer” ichnofabric (isolated Thalassinoides and Gyrolithes encased in
unbioturbated laminated dark mudstone; Follmi and Grimm, 1990). For
example, in the Santa Barbara Basin, USA, turbidity currents were able
to introduce oxygen in the deeper, oxygen-deficient areas, but the basin
chemistry was restored after one month (Sholkovitz and Soutar, 1975).
In the Vaca Muerta Formation, wave-influenced, sandy and muddy
hyperpycnal lobes, channels and overbanks encased in anoxic, hemi-
pelagic  deposits are completely unbioturbated, suggesting
sediment-gravity flows were not able to modify oxygen levels at the
seafloor (Paz et al., 2019).

Therefore, the association of traction structures with dm-scale,
highly bioturbated intervals (Mcb, Mcpmb; Figs. 7A and 11C), in some
cases sharply overlying parallel-laminated mudstone reflecting anoxic
conditions of basin deposits (Figs. 12 and 13), suggests oxygen supply by
bottom currents (Paz et al., 2022). This is reflected by a higher BI of drift
deposits (1.85, n = 894) when compared with the BI of anoxic basin
deposits (0.09, n = 9110) or deposits rich in fluid mud flows (0.95, n =
336). Redox-sensitive elements and average TOC decreasing during
bottom current activity also indicates an increase in oxygen (Fig. 6B),
however, small burrow diameters suggest upper dysoxic conditions.
Unbioturbated and sparsely bioturbated intervals may occur in these
deposits (e.g. the middle part of type A and type B successions), either
caused by long-term, hydrodynamic stress combined with background
dysoxic conditions, or by oxygen-deficient bottom currents.

6.2. Origin of the currents in the Vaca Muerta Formation

The cores described were not oriented when retrieved, hence there is
no paleocurrent data to understand the direction of current transport.
The existence of shelf-derived sediment in the higher-energy FA2 and
FA3 (e.g. Rhaxella fragments and carbonate intraclasts) indicates an
across-shore flow component shedding material from the shelf (Rodri-
guez Blanco et al., 2020). Nevertheless, plan-view seismic amplitude
extraction of the sedimentary body associated with FA3 shows an
along-slope elongation, suggestive of along-shore transport (Reijenstein
et al., 2020). Rock magnetic analysis to determine paleocurrents are
currently under study and may shed light on the paleocurrent directions
in the future (e.g. Kohan Martinez et al., 2018).

During deposition of the contourite drift facies associations of the top
of Unit 1 and base of Unit 2 (A. proximus to W. internispinosum ammonite
zones), coeval landward deposits strata in the foresets of the clinoform
are represented by the Los Catutos Member of the Vaca Muerta For-
mation, which are host to highly fossiliferous limestone interbedded
with marlstone and mudstone deposited during the Tithonian (upper
A. proximus to W. internispinosum ammonite zones; Leanza and Zeiss,
1994; Rodriguez Blanco et al., 2020). In turn, this member was devel-
oped while a pure carbonate interval in the topsets (shelf) occurred (W.
internispinosum ammonite zone interval of the Pictin Leuft Formation),
displaying wackestone-packstone intercalated with bivalve-oyster
floatstone and cross-bedded oolitic grainstone of tidal origin or depos-
ited at bays (Zeller et al., 2015; Parada, 2019; Rodriguez Blanco et al.,
2020). High bioturbation intensity, heterolithic bedding, the ichnotaxon
Palaeophycus heberti, and bivalve trace fossils in the Los Catutos Member
(Kietzmann et al., 2014b; Rodriguez Blanco et al., 2020; M. Paz un-
published data), suggests that this Member may be interpreted as a
contourite deposit similar to the facies associations of the present study.
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The circulation system generating enhanced bottom current activity
during this time interval might have been associated with contour cur-
rents, which were influenced by atmospheric circulation (wind stress)
and buoyancy forces (thermohaline drivers). NE-trending winds during
the Kimmeridgian (Spalletti et al., 2011) probably continued into the
Tithonian, due to the existence of monsoonal wind patterns (Scherer
et al., 2020). Hence, in the study area, NE-directed winds generated
counterclockwise surface circulation that affects water depths associ-
ated with the topset to upper foreset of the subaqueous clinoform system
(Zeller et al., 2015). At deeper water, intermediate water masses pro-
ducing clockwise circulation may have reworked lower foreset and
bottomset locations. This circulation system may have been similar to,
or fed by, low-oxygen paleo-poleward undercurrents such as those
observed at Eastern Boundary Upwelling Systems (e.g. Peru-Chile Un-
dercurrent, Fonseca, 1989; or the California Undercurrent, Lynn and
Simpson, 1990). The more vigorous circulation of this time interval is
provided by increased or higher density cascading of high salinity and
low temperature, dense waters from shelf areas (topset), originated
during times of cold fronts or storms (Eberli and Betzler, 2019; Minisini
et al., 2020b; Rodriguez Blanco et al., 2020). NE winds may have acted
as cold dry fronts that lowered the temperature of shelfal waters, for
instance, in the Pictn Leufu shelf. Cascading of surface watermasses
changed the chemistry of deep waters, producing the oxygen increase
recorded in the studied dataset (e.g. Meier et al., 2006; Coppola et al.,
2017). These currents cascaded deeper than during previous warmer
periods due to a higher density. Once reaching intermediate or deep
waters, they were deflected to the left by the Coriolis force, feeding the
clockwise circulation system. This is similar as the pathway of the North
Adriatic Dense Water, cascading downslope in the upper slope of the
South Adriatic, then along-slope in localities east of the Bari canyon
(Foglini et al., 2016), and finally destabilizing and becoming part of the
Adriatic Deep Water (Mantziafou and Lascaratos, 2004). Higher-density
intermediate water masses may have changed the outflow pattern of the
Neuquén Basin, switching towards a stage of deep outflow associated
with anti-estuarine (or probably weakened estuarine), basin-wide cir-
culation. Higher current velocity in wells 1 and 2 may have been
augmented by the close location to a strait, evidenced by local subsi-
dence associated with normal faults (during deposition of Unit 1) and
the activation of the Loma La Lata high (Fig. 1, during deposition of Unit
2; Dominguez et al., 2020a). Similar successions deposited by contour
currents occur in marginal seas such as the Adriatic Sea (Verdicchio and
Trincardi, 2008b) or the Western Mediterranean Sea (Liidmann et al.,
2012).

Although processes such as tides are unlikely to be amplified enough
to trigger basin-wide, long-term changes in seafloor oxygenation, these
processes are not completely excluded as possible drivers for bottom
current transport (e.g. Kietzmann et al., 2014b; Zeller et al., 2015;
Schieber, 2016). Zeller et al. (2015) considered tides as a driver for basin
circulation in the Vaca Muerta Formation, based on the evidence of tidal
transport on the shelf (Pictiin Leuf Formation), such as sigmoidal
cross-bedding with mudstone drapes, herringbone cross-bedding and
inclined heterolithic stratification (Spalletti et al., 2000; Kietzmann
et al., 2014b). Nonetheless, Parada (2019) analyzed the same interval
and pointed out the absence of tidal sedimentary structures. In our
dataset, the black laminae in FA2 are composed of mudstone intraclasts
and do not represent mudstone drapes of tidal origin (e.g. massive mud
layers with local flame structures; Sato et al., 2011), indicating traction
processes of a bimodal, non-pulsating flow (Fig. 11; Baas et al., 2016;
Yawar and Schieber, 2017; Canale et al., 2020). Tidal modelling of
epicontinental basins indicates that the existence of islands greatly af-
fects the tidal range values of the basin (Wells et al., 2005), suggesting
that the volcanic arc with islands to the west might have attenuated the
tidal effects in the Neuquén Sea. However, the tidal effects on the Vaca
Muerta Formation might be confined to the topsets (shelf), where tidal
wave shoaling or resonance might have taken place.

An additional process that can resuspend sediment and maintain
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bedforms are internal waves, which propagate along a pycnocline and
rework sediment on sloping surfaces (Cacchione and Drake, 1986).
Deposits from internal waves have been reported in the Upper Jurassic
Rosso Ammonitico Formation in the Betic Cordillera (Spain), where
cross-bedded peloidal grainstone and Saccocoma packstone with hum-
mocky cross-stratification (HCS) are interbedded with bioturbated,
bioclastic wackestone (Pomar et al., 2019). This alternation is inter-
preted as shifts from anoxic and high-energy conditions, to dysaerobic
and calm, and then to aerobic and calm (Pomar et al., 2019). In our case,
no HCS were observed neither in the Yesera del Tromen outcrop, nor in
core (although narrow samples in cores may hamper visualization of
larger scale bedding surfaces). Moreover, internal waves producing
sediment wave fields have an across-slope extension of tens of km that is
restricted by the range of pycnocline oscillations, which contrasts with
the deposits of our dataset (Puig et al., 2007; Ribo et al., 2016). During
the end of Unit 1 deposition, contour currents took place in bottomset to
foreset areas, indicating an across-slope distance of ca 160 km
(extending to the outcrop section). Ultimately, future paleocurrent
measurements may help to understand the role of internal waves in
sedimentation, as these currents may show across-shore orientation that
contrasts with the along-shore orientation of contour currents (Urgeles
et al., 2011).

In conclusion, the deposits from our dataset can be interpreted as
produced by contour currents intensified during times of enhanced
cascading of dense, shelf waters. It must be noted that the discussed
evidence only applies to the three described facies associations. Other
bottom current deposits have been documented in basin deposits of the
Vaca Muerta Formation (Paz, 2021), lacking evidence of
semi-permanent duration or long-term oxygen introduction. Therefore,
other short-term processes, such as internal solitary waves or deep-water
flushing reworking, may also be active during deposition. In addition,
hemipelagic deposits (although they do not show clear evidence of
current activity) may also be deposited by very low-energy bottom
currents affecting the sea-floor.
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6.3. Sedimentologic implications for the Vaca Muerta Formation

An integrated sedimentologic model for the contourites of the Vaca
Muerta Formation is proposed in this study (Figs. 16 and 18). These
deposits have been described in outcrops before, yet their origin has
been unknown (e.g. Gasparini et al., 1997; Spalletti et al., 1999; Scasso
et al., 2002; Kietzmann et al., 2008, 2014a; Kietzmann and Palma,
2009a). Seismic and backstripping analyses estimate a depositional
water depth of 200-400 m for the bottomset (Mitchum and Uliana,
1985; Minisini et al., 2020b). In bottomset and foreset locations, riverine
and aeolian input from the south provided siliciclastics that mixed with
benthic and pelagic carbonate and volcaniclastic material (Leanza et al.,
2011; Minisini et al., 2020b). Cascading water masses, clockwise con-
tour currents, and sediment-gravity flows likely generated sediment
transport and reworking. Towards the shelf, wind effects might have
been dominant, generating a wind-driven, counterclockwise surface
current system that drove clinoform progradation by lateral sediment
advection in the slope (Zeller et al., 2015). In these shallow locations,
wind and tidal currents might have moved mixed sediment from the
southeast (Zeller et al., 2015) and east (Fig. 18; from the Loma Montosa
deposits in the shelf; e.g. Inigo et al., 2018). The low fetch of the basin
might have generated a shallow storm wave base which affected the
shelf (<50 m water depth for epicontinental seas; Schieber, 2016; see
also Kietzmann and Palma, 2009a).

In our scheme, although contourites are found in every systems tract,
they are most abundant in the FSST of DS1 and LST and FSST of DS2
(Figs. 15 and 18). This interpretation agrees with regional sequence
stratigraphic frameworks based on stratal stacking patterns, seismic
acoustic impedance, and stratal terminations (Notta et al., 2017; Dom-
inguez et al., 2020a, 2020b). These intervals of low sea-levels are
associated with carbonate-rich deposition. Similarly, data from the
Pictin Leuft shelf indicates that the highest development of hardgrounds
and evidence of subaerial exposure is associated with carbonate-rich
deposition (W. internispinosum ammonite zone; Zeller et al., 2015;

Fig. 18. Block diagram showing the approximate location of contour current deposits in the mixed carbonate-siliciclastic clinoform system of the Vaca Muerta
Formation. During FSST of DS1 and LST of DS2, mixed to calcareous deposits occur, whereas calcareous mudstone is dominant in FSST of DS2.
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Rodriguez Blanco et al., 2020), correlating with the thickest develop-
ment of contourites in our dataset (FA3; Fig. 15; top of S-03 of Domi-
nguez et al., 2020a, 2020b). In turn, carbonate-rich intervals are
bracketed between the siliciclastic-rich to mixed, early Tithonian (Vir-
gatosphinctes andesensis and Pseudolissoceras zitteli ammonite zones in
Pictn Leuf(; Paz et al., 2019) and late Tithonian to late Berrasian
(Substeueroceras koeneni and Spiticeras damesi ammonite zones in Sierra
de la Vaca Muerta, Zeller, 2013) or early Berrasian (Capelli et al., 2021),
suggesting that a decrease of riverine input in the Neuquén Sea gener-
ated enhanced carbonate formation. In fact, in the southwest portion of
the Neuquén Basin, Krim et al. (2017) analyzed clay minerals and
interpreted reduced terrigenous supply for the carbonate interval,
associated with either establishment of arid conditions or a decreased
size of fluvial catchment areas due to tectonic reconfiguration. However,
data from basin centre locations indicate temperate, semi-arid condi-
tions for the whole Tithonian interval (Capelli et al., 2021).

Moreover, times of carbonate deposition might be associated with
cooler climates. For instance, during deposition of the Pictin Leuft
Formation carbonates in the southern part of the basin (late Titho-
nian—early Berriasian, Leanza et al., 2020), Alberti et al. (2020) recorded
a cold snap (18 °C) using bivalve oxygen isotope data. However,
Gomez-Dacal et al. (2018) calculated relatively warm temperatures
(~25 °C) in the northern Neuquén Basin at the same time. Regional
paleoclimatic analysis of southern South America and western
Antarctica suggests cool climates and sea-level lowstands during the late
Tithonian (Brysch, 2018). An increase in aridity has been documented in
Tethyan and Boreal domains for the Tithonian (Hesselbo et al., 2009), in
some cases associated with cooler surface waters (Ruffell et al., 2002).

The model that follows is that the contour currents were probably
intensified during FSST and LST (Notta et al., 2017; Dominguez et al.,
2020b), when low sea-level and decreased fluvial input enhanced bio-
clastic carbonate production in the topset (Reijenstein et al., 2020), and
arid and cooler climates increased the rate and density of cascading
events. Zeller et al. (2015) suggested increased carbonate deposition and
low current activity during HST due to a lack of accommodation space
for current development that decreases siliciclastic input (Zeller et al.,
2015). However, the model might be innacurate because HST are times
of accommodation space creation (although at a lower rate than sedi-
mentation rate) and accommodation space refers to the space available
for sediments (and not for currents) to accumulate (Jervey, 1988). It is
likely that the issue resides in using a sequence stratigraphic approach
for carbonate deposition (HST carbonates vs. LST siliciclastic) for a
subaqueous clinoform system that lacks a siliciclastic-rich LST associ-
ated with complete topset subaerial exposure (Reijenstein et al., 2020).
Therefore, as inferred from our dataset, HST is associated with silici-
clastic- and organic-rich intervals, whereas FSST and LST show
carbonate-rich deposition (Fig. 15). Brackenridge et al. (2011) suggested
a contourite sequence-stratigraphic model of enhanced current activity
during first- or second-order LST associated with enhanced erosion in
the shelf. Although the present sequences are of third-order, the Vaca
Muerta Formation departs from this model in that arid and cooler
climate increased winter convection and were the cause of more
vigorous contour current circulation during low sea-levels.

The eight intervals of FA1 and FA2 in Well 1 span a minimum of ca
1.21 My (from T2, base of Aulacosphinctes proximus, to lower Unit 2,
lower Windhauseniceras internispinosum ammonite zone; Desjardins and
Aguirre, 2018; Kietzmann et al., 2018; Minisini et al., 2020a), hence
implying a ca. 152 ky minimum recurrence for the intensification of
contour currents and indicating a probable control by high-frequency
eccentricity cycles (Kietzmann et al., 2015, 2020b). In modern envi-
ronments, contour currents can be intensified during cooler periods at a
kyr scale, due to more vigorous circulation associated with enhanced
deep convection (e.g. Baltic Sea, Moros et al., 2020; Mediterranean Sea,
Cacho et al., 2000).

In the southern part of the Neuquén Basin, Rodriguez Blanco et al.
(2020) have interpreted shelf-sourced carbonates in the Vaca Muerta
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Formation generated during density cascading. This mechanism is
effective in providing oxygen to deeper watermasses (e.g. Meier et al.,
2006; Coppola et al., 2017) and explains the complete, basin-wide
bottom water oxygenation recorded during contour current activity
(Fig. 4). Alternation between basin-wide anoxic and upper dysoxic to
oxic conditions was probably controlled by changes in the rate of winter
density cascading, which can modify the general circulation pattern of
the Neuquén Sea. During times of estuarine circulation, anoxic bottom
waters were sluggish and dense, whereas during times of weakened
estuarine or anti-estuarine circulation, a higher rate and density of
cascading events increased the density and oxygen content of deep
waters (Witzke, 1987; Stratford et al., 2000).

The Vaca Muerta Formation occurs at the boundary between mid-
latitude arid conditions to the north and warm moist climates to the
south (Volkheimer et al., 2008). Therefore, a poleward shift of the arid
belt may have triggered arid conditions in the Southern Neuquén Basin,
generating a decrease in fluvial input from the North Patagonian Massif
(Sagasti, 2005). In turn, the poleward migration of the arid belt might be
associated with cooler stages, due to the evidence of lowering water
temperatures. The idea of a poleward expansion of the arid belt during
cooler climates goes against the fact that the belt is currently migrating
poleward under modern global warming. However, Hasegawa et al.
(2012) suggested the contrary for the Cretaceous greenhouse climate,
with an equatorward shift of the arid belt during warming events when
certain CO» levels are surpassed (but see Wagner et al., 2013), which
may represent an explanation for the increase in aridity in tandem with
cooling during the late Tithonian.

The present sedimentologic hypothesis explains the enigmatic
occurrence of current activity in relatively deep, basinal locations of the
Vaca Muerta Formation, which were previously described as “outer
ramp” environments, a depositional setting characterized by infrequent
storm reworking (Burchette and Wright, 1992). Backstripping analysis
suggest water depths considerably deeper than the location of the storm
wave base (200-350 m for the proximal bottomset, Minisini et al.,
2020b), and the evidence presented herein precludes the idea of
storm-generated flows. Storms were probably the trigger of cascading
events originating from the shelf and may have affected the circulation
system by increasing its velocity. However, the rate and density of
cascading events is mainly controlled by climatic conditions. Relatively
shallower areas such as the Mendoza shelf or Pictin Leuft record clear
HCS structures in peloidal mudstone and sandstone (Kietzmann and
Palma, 2011; Paz et al., 2019), indicating a storm wave base associated
with basin margin locations.

6.4. Sedimentologic implications for a broader analysis of fine-grained
successions

The present study generates different lines of evidence to interpret
sedimentary features in fine-grained successions as deposited by contour
currents. Where traction structures are abundant and low slope angles
preclude sediment-gravity flow transport, the bottom current forcing
mechanism represents a plausible process to redistribute mud in distal
locations (Schieber, 2016). Moreover, in sediments affected by back-
ground oxygen deficiency, the presence of highly bioturbated beds are
indeed an evidence of contour current reworking and deep-water oxy-
gen renewal (Stow and Faugeres, 2008; Wetzel et al., 2008; Rodri-
guez-Tovar and Hernandez-Molina, 2018; Birgenheier and Moore,
2018). In addition, it must be noted that the evidence of currents with
semi-permanent duration, low sediment concentration, and long-term
oxygen introduction is not a prerequisite to suggest bottom current ac-
tivity. Bottom currents can be of short-term duration (e.g. cascading,
flushing of deep waters), may support high sediment loads due to
sediment entrainment (Shanmugam, 2013), and show low oxygen con-
tent (e.g. Sivkov et al., 2002). Minor graded and massive beds with load
casts and pseudonodules were also recorded in FA2, implying that
high-concentration suspensions can be achieved by these currents.
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Interbedded contour current and sediment-gravity flow deposits
occur in FA3 (Fig. 14). Reworking of sediment-gravity flow deposits by
contour currents constitutes a process documented in modern (Mulder
et al., 2008 and references therein) and ancient examples (e.g., Stanley,
1993; Ito, 2002), although debate persists regarding its recognition in
the case of ancient deposits (cf., Stanley, 1993; Stow et al., 1998). Sharp
upper bed contacts with overlying hemipelagites, better-sorted rippled
sands, and a different paleocurrent direction contrasting with the
gravity-flow paleocurrent are evidence used in fossil examples to
determine contour current activity (Ito, 2002). In our case, current
ripples atop and within massive beds indicate contour current rework-
ing, superimposed to gravity flow deposition.

Furthermore, analysis and delineation of these successions have in-
dustry applications, as TOC is typically lower in the facies association
recording dominant contour current activity (FA1 and FA2; av. TOC of
4.04% and 2.25%, respectively; Fig. 6B) than in basin deposits (av. TOC
of 5.06% and 4.77%; Paz, 2021, Fig. 4.18). This fact is related to the
enhanced organic carbon remineralization due to bioturbation associ-
ated with the oxygenation events of the currents (Aller, 1994; Wetzel
et al., 2008) and with a high content of carbonate grains and skeletal
components generating TOC dilution. The oxygen content of the
along-shore system is influenced by the rate and density of shelf water
cascading and the distance from the shelf, because currents decrease
their oxygen content as they travel through the organic matter-rich
seafloor. Hence, relatively high TOC intervals in FAl are related with
anoxic contour currents in distal positions. The geochemical data also
supports the idea of less reducing conditions in the contourite deposits
(Fig. 6B). In addition to low TOC, these facies association have low
porosity (mainly interparticle) and high water saturation (Facies 3 of
Minisini et al., 2020Db).

The present fine-grained contourite example has implications with
respect to the currently available facies models. Contouritic deposition
can be sumarized in two facies models: (1) a model that implies high
bioturbation index due to food- and oxygen-rich environments
(Faugeres et al., 1984; Gonthier et al., 1984; Stow and Lovell, 1979;
Stow and Faugeres, 2008; Rodriguez-Tovar and Hernandez-Molina,
2018; Dorador et al., 2019), and (2) a model characterized by the
abundance of traction structures (Shanmugam et al., 1993a, 1993b;
Martin-Chivelet et al., 2003; 2008; Shanmugam, 2006, 2017). This
discrepancy was explained due to contrasting energy conditions be-
tween low-energy, bioturbated muddy contourites, and high-energy,
unbioturbated sandy contourites (Stow and Faugeres, 2008; Rebesco
et al., 2014). However, the present contribution shows highly bio-
turbated intervals and successions with relatively well-preserved trac-
tion structures in a muddy to bioclastic deposit (Fig. 16), unifying both
facies models and demonstrating that sedimentary structures could be
preserved in fine-grained depositional environments when stress factors
(hydrodynamic energy and oxygen deficiency) limit bioturbation (Paz
et al., 2022).

The documented deposits constitute an additional example to the
growing list of fine-grained successions where traction structures are
considered the product of bottom current reworking (e.g., Pratt, 1984;
Schieber, 1994, 1999, 2016; O’Brien, 1996; Loucks and Ruppel, 2007;
Singh et al.,, 2008; Trabucho-Alexandre et al., 2012; Egenhoff and
Fishman, 2013; Frébourg et al., 2013; Leonowicz, 2013; Nyhuis et al.,
2014; Reisdorf et al., 2014; Birgenheier et al., 2017; Knapp et al., 2017;
Ayranci et al., 2018; Li and Schieber, 2018; Minisini et al., 2018). Sur-
prisingly, many of these fine-grained deposits also occur in epiconti-
nental basins affected by oxygen deficiency in their distal settings and
showing high organic matter content. The Vaca Muerta Formation dif-
fers from other records of bottom current activity mainly by the exis-
tence of bioturbation and, in particular, the bigradational bioturbation
pattern. In addition, the sharp boundaries at the base and top of some
successions with unbioturbated dark mudstone constitute an excep-
tional preservation of contourites (Figs. 12 and 13), as they delineate the
beginning and end of the currents or shifts in the current axis, and
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facilitated a detailed description of sedimentary processes and envi-
ronmental controls.

7. Conclusions

In the study area (Neuquén Embayment, Neuquén Basin, Argentina),
the Lower Jurassic-Upper Cretaceous Vaca Muerta Formation comprises
a mixed carbonate-siliciclastic, subaqueous clinoform system. The
sedimentologic analysis focused on crinoidal mixed to calcareous
mudstone, mixed to calcareous mudstone, and calcareous to mixed
mudstone interbedded with calcareous mudstone, observed in cores
from five wells. Twenty-one facies clustered in three facies associations
dominated by contour current transport have been defined. The evi-
dence supporting a contour current hypothesis can be summarized as
follows: (1) the absence of normal-graded or bioturbated caps, the
continuous high hydrodynamic stress observed in the middle of the
decreasing to increasing bioturbation index successions, and the sus-
pension feeding organisms, indicate the existence of semi-permanent
currents; (2) the high amount of traction structures point towards a
flow of low sediment concentration capable of moving sediment across
low angle slopes (bottomset and foreset locations); and (3) the existence
of highly bioturbated intervals suggests sustained, relatively long-term
oxygen introduction to benthic environments by currents. These con-
tour currents were probably directed poleward and reworked bottomset
and foreset locations of the clinoform, generating sediment drifts. Due to
the correlation with the Los Catutos Member and comparisons with
modern analogs, we propose that intensification of the contour current
system generating the described dataset was produced by enhanced
cascading of cold, dense shelf waters triggered during arid and cool
climates. This process represents the most plausible explanation to
generate a switch in basin circulation and oxygenate distal areas of the
depositional system. The present study supports previous interpretations
of sedimentary features such as traction structures and high bio-
turbation, as produced by contour currents. Differentiation from
hyperpycnites, turbidites, and wave- and current-enhanced sediment
gravity flows represent a real challenge because bottom/contour cur-
rents can be of short-term duration, contain high-sediment concentra-
tion, and show low oxygen content. These difficulties suggest that more
work is needed in this area to expand our understanding of sediment
transport processes in fine-grained sediments.
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