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Abstract Recent advances in the understanding of deltaic deposits provide new tools for the study and
analysis of deltaic deposits in shallow epicontinental seas. After the introduction of sequence stratigraphic
concepts, meter-scale coarsening and thickening upward successions have been considered as “para-
sequences” originated by high-frequency sea-level changes. Nevertheless, recent studies enhanced the
importance of wave-aided low-dense hyperpycnal flows in transporting fine-grained sediments in shallow
shelfal areas. These poorly-known (and at the same time very common) types of delta, known as hyperpycnal
littoral deltas (HLD), develop very low gradient progradational units, controlled by changes in the sediment
supply instead of sea level changes. These small-scale progradational units are very common in shallow
epicontinental seas like the Lower Cretaceous Agrio Formation in the Neuqu�en Basin. This study provides a first
detailed analysis of hyperpycnal littoral deltas from the Agua de la Mula Member (upper Hauterivianelower
Barremian) of the Agrio Formation. This unit has been studied in three locations near Bajada del Agrio lo-
cality in the central part of the Neuqu�en Basin, Argentina. Six sandy facies, three heterolithic facies, three
muddy facies and four calcareous facies were recognized. From facies analysis, three facies associations could
be determined, corresponding to offshore/prodelta, distal ramp delta and proximal ramp delta. The three
stratigraphic sections discussed in this study are internally composed of several small-scale sequences showing
a coarsening and thickening upward pattern, transitionally going from muddy to sandy wave-dominated facies,
and ending with calcareous bioclastics levels on top. These small-scale sequences are interpreted as delta
ponding author.
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front deposits of wave-influenced hyperpycnal littoral deltas, punctuated by calcareous intervals accumulated
during periods of low sediment supply. It is interpreted that the development of hyperpycnal littoral deltas
could have been facilitated by a decrease in sea water salinity related to an increasing runoff.
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1. Introduction
The term “delta” was introduced by the Greek
philosopher Herodotus (490 BC), according to the
triangular shape (similar to the Greek letter “delta”)
of the deposits accumulated close to the Nile River
mouth. In recent decades, these systems have been
studied and classified in several ways, considering the
dominant diffusion process at coastal areas, the grain-
size of the supplied sediments and the density contrast
between the incoming flow and the receiving water
body (Bates, 1953; Wright and Coleman, 1973;
Galloway, 1975; Postma, 1995; Bhattacharya, 2006).
However, there is a tendency to simplify deltaic sedi-
mentation as littoral deltas. Littoral deltas are formed
by the rapid loss of flow capacity and competence of a
river discharge at coastal areas, resulting in the
accumulation of shallow mouth bars. Nevertheless,
there are diverse variables (operating at regional and
local scales) that can affect the development and
evolution of these complex systems (Zavala et al.,
2021). Some factors to consider are the slope at the
coastal area, autocyclic and allocyclic processes
(tectonism, eustatic changes and climatic conditions)
and density of fluvial discharges. Incoming flows,
derived from fluvial discharges, can be highly variable
(in terms of volume and sediment concentration,
sediment grain size, water density and turbidity, etc.)
and give rise to different deltaic deposits (Bates, 1953;
Mulder and Syvitski, 1995; Mutti et al., 1996; Mulder
and Alexander, 2001; Mulder et al., 2003; Zavala
et al., 2021).

In the Neuqu�en Basin, the Agrio Formation (late
Valanginianeearly Barremian) represents the third
transgression from the paleo-PacificOcean. It is divided
into three members: Pilmatu�e, Avil�e and Agua de la
Mula (Weaver, 1931; Leanza et al., 2001). This work
focusses on the Agua de laMulaMember,which has been
interpreted as accumulating in a homocline, low-
gradient ramp system with mixed siliciclastice
carbonate components, depositing under fair-weather
and storm wave influence (Spalletti et al., 2001a,
2001b; Lazo et al., 2005; Sagasti, 2005; Comerio et al.,
2018, 2019; Fern�andez et al., 2019). The aim of this
study is 1) to perform an analysis of facies and facies
associations of three sedimentological-stratigraphic
sections, and 2) to propose a new depositional model
for Agua de la Mula Member in the study area related to
hyperpycnal littoral deltas.
2. Geological setting
2.1. Tectonostratigraphic setting

The Neuqu�en Basin is located at the western
margin of South America between 32� and 40� south
latitude (Fig. 1a). It has been defined as a large ensialic
backarc basin originated as a result of the thermal-
tectonic collapse behind a stationary magmatic arc
during the Late Triassic (Mpodozis and Ramos, 1989).
The Neuqu�en Basin is bounded by the Sierra Pintada
System to the northeast, the North Patagonian Massif
to the southeast, and by the Andean magmatic arc to
the west. During the Early Jurassicelate Early Creta-
ceous the Neuqu�en Basin was flooded by the paleo-
Pacific Ocean throughout narrow passages along an
active volcanic arc (Howell et al., 2005). This marine
connection was punctuated with some periods of
disconnection related to relative sea-level variations
(Legarreta and Uliana, 1991; Mutti et al., 1994a;
Zavala et al., 2006) associated with tectonic and
eustatic changes.

The Neuqu�en Basin records at least 220m.y. of basin
subsidence with a preserved stratigraphic column of up
to 7000 m, mainly accumulated during the Jurassic and
Cretaceous (Howell et al., 2005). Deposits are chiefly
clastic (shallow marine and continental), although
some mixed carbonates, reef limestones and evapo-
rites are locally recognized. Along the Neuqu�en Basin
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Fig. 1 a Simplified geological map of the Neuqu�en Basin indicating the location of the study area. Modified from Zavala et al., 2006; b
Detailed satellite image of the study area showing main structural elements and the three stratigraphic columns here analyzed.
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fill, three main depositional stages can be recognized,
corresponding to (1) syn-rift, (2) post-rift, and (3)
foreland basin stage (Uliana et al., 1989; Vergani et al.,
1995; Howell et al., 2005; Kietzmann and Folguera,
2020). The first stage occurred during the Late
TriassiceEarly Jurassic, controlled by NWeSE normal
faults associated to rifting at the western margin of
Gondwana (Uliana et al., 1989; Vergani et al., 1995;
Franzese and Spalletti, 2001; Howell et al., 2005). This
phase includes continental, marine and volcaniclastic
sediments assigned to the Precuyo Group (Gulisano,
1981; Gulisano and Guti�errez Pleimling, 1995;
Franzese and Spalletti, 2001). The second stage (Early
Jurassic to Early Cretaceous) corresponds to a post-rift
stage. Initially the sedimentation was influenced by the
topography inherited from the previous syn-rift sys-
tems (Vergani et al., 1995; Burgess et al., 2000). Back-
arc subsidence results in the flooding of the basin from
the proto-Pacific Ocean (Spalletti et al., 2000;
Macdonald et al., 2003) with a series of transgressivee
regressive cycles that accumulated continental and
marine deposits in isolated or partially connected
depocenters (Arregui et al., 2011). These deposits
correspond to the Cuyo, Lotena and Mendoza groups
(Howell et al., 2005). The foreland basin stage (Late
Cretaceous to Cenozoic), includes a reorganization of
the Pacific Plate and a decrease in the subduction
angle, that resulted in a compressional tectonic regime
(Vergani et al., 1995; Ramos and Folguera, 2005; Ramos
and Kay, 2006) that caused fold and thrust belts along
the western region of the basin. During this stage, a
marine to continental succession with a highly variable
thickness filled the Neuqu�en Basin (Bajada del Agrio
andNeuqu�en groups) (Legarreta andUliana 1991, 1999;
Vergani et al., 1995).

2.2. The Agrio Formation

The Agrio Formation (Weaver, 1931) is the upper-
most unit of the Mendoza Group. According to ammo-
noid, nannoplankton and palynomorph studies
calibrated with U-Pb zircon ages, the ages of the Agrio
Formation ranges from late early Valanginian to late
Hauterivian (Aguirre-Urreta et al., 2017, 2019). This
unit is composed of three members (from base to top):
Pilmatu�e, Avil�e, and Agua de la Mula (Weaver, 1931,
Leanza et al., 2001). Both the Pilmatu�e and Agua de la
Mula members are shallow marine in origin and have
been interpreted as accumulating in a storm-
dominated shallow marine environment, character-
ized by a mixed siliciclastic and carbonate sedimen-
tation (Spalletti et al., 2001a). On the contrary, the



Fig. 2 a Geological map of the study area, in the frontal part of the Agrio fold-thrust belt (from Irastorza et al., 2019); b Correlation panel of
measured stratigraphic sections in the Agua de la Mula Member in La Quebrada, Bajada del Agrio and El Mojado locations. Note that the entire
member shows an overall progradational trend, where two internal progradational successions (1 and 2) can be recognized. Each pro-
gradational succession is internally composed of several high-frequency progradational cycles or “parasequences”.
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Avil�e Member is composed of sandstones, minor shales
and evaporites of fluvial, lacustrine and aeolian origin
(Gulisano and Guti�errez Pleimling, 1988; Veiga and
Vergani, 1993).
This paper focused on unravelling the sedimen-
tology and depositional environments of the Agua de
La Mula Member in central areas of the Neuqu�en Basin
(Fig. 1). This member starts after an important
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transgressive event, dated as mid-Hauterivian
(Aguirre-Urreta and Rawson, 1997), and is composed of
dark mudstones, sandstones and bioclastic limestones.
This member is unconformably overlain by the Huitrín
Formation, which is the first unit of the Bajada del
Agrio Group.
3. Methods
This sedimentological and stratigraphic study is
focused on the analysis of outcrops from the Agua de la
Mula Member (Agrio Formation) located near the
Bajada del Agrio locality (Fig. 1b). These exposures
occur around the Río Agrio anticline, which constitutes
the deformation front of the southern Agrio fold-thrust
belt. During field surveys, numerous bedding attitude
data were also acquired, allowing the construction of a
regional map of the study area using the QGis 2.18.15
software (Fig. 2a) and a balanced structural cross-
section supported by 2D seismic data (Irastorza
et al., 2019). Three detailed sedimentary sections
were measured in the Agua de la Mula Member, from
the Avil�e Member up to the base of the Huitrín For-
mation. These sections were carefully described and
measured bed-by-bed using Brunton compass, Jacob's
staff, hydrochloric acid, a photographic camera and a
handled Gamma Ray counter. During the description,
special care was taken in the observation of lithology
and texture, primary sedimentary structures, bed ge-
ometries and relation between beds and fossil con-
tent. These observations allowed setting up a detailed
facies analysis, from where main sedimentary pro-
cesses and related depositional elements were recog-
nized. A number of rock samples for petrological (41
samples) and palynological analysis (8 samples) were
collected. The measured sedimentological sections
have thicknesses ranging between ~440 and 483 m and
were first drawn in a 1:200 scale with the scope of
characterizing sedimentary facies and facies associa-
tions, and their relationship with field Gamma Ray
data. These sections were later drawn in a 1:2000 scale
in order to facilitate the regional correlation of
depositional sequences. Eight palynological samples
were studied. The physical and chemical extraction of
the palynological matter (PM) was carried out at the
Palynological Laboratory of the Instituto Geol�ogico del
Sur (INGEOSUR)/Universidad Nacional del Sur (UNS)-
Bahía Blanca. All samples were prepared according to
standard non-oxidative palynological techniques,
which involved treatments with hydrochloric and hy-
drofluoric acids. This residue was sieved using a 10-mm
mesh according to Tyson (1995) and a slide was
prepared. The slides were examined using a trans-
mitted white-light microscope (Olympus BX40). At
least 500 particles were point-counted per slide using a
40× objective for the second slide.
4. Results
The Agua de la Mula Member was measured and
analyzed in three locations: Bajada del Agrio, La
Quebrada and El Mojado. The Bajada del Agrio and La
Quebrada sections are located at both flanks of the Río
Agrio anticline, while the El Mojado section is located
south of this anticline, near provincial road N�10
(Fig. 1b). Muddy, heterolitic, sandy and calcareous
facies have been identified, which occur in several
facies associations. Within the studied sections,
biogenic structures are in general poorly abundant and
are characterized by a low to moderate diversity and
abundance of trace fossils.

The stratigraphic sections were correlated with an
NeS orientation (Fig. 2b). In the figure, different orders
of cyclicity can be recognized (megasequences, se-
quences, and elementary depositional sequences) with
thickening and coarsening-upward arrangements. This
gives the entire sequence a prograding characteristic.

4.1. Facies

The facies nomenclature adopted in this work is
based on a descriptive procedure firstly introduced by
Miall (1978) in which letters represent macroscopic
characteristics of the rock body. In this classification,
the first letter (capital) represents the main lithology
and the following letters indicate additional charac-
teristics as grain size, dominant sedimentary structure
and accessories. As an example, facies SfM refers to a
massive fine-grained sandstone. Special attention was
paid in trying to clearly differentiate the description
and interpretation of each facies.

4.1.1. Sandy facies

4.1.1.1. Facies SfM. Description: Facies SfM is
composed of massive and diffuse parallel laminated
well-sorted medium to very fine-grained sandstones,
with a greyish to pale yellow colouring. Individual beds
range from a few centimeters up to ~3 m and show
tabular to lenticular geometry. Facies SfM is commonly
draped at the top with ripple bedforms composing
straight to sinuous symmetrical to slightly-
asymmetrical and interference forms, with no inter-
nal structure (Fig. 3a). Articulated, disarticulated and



Fig. 3 Sandy facies. a Interference ripples at the top of massive sandstones with traces fossils of Gyrochorte (Gy) and Lockeia (Lo); b
Bioturbated massive sandstones with Gyrochorte (Gy), Lockeia (Lo) and Skolithos (Sk); c Sinusichnus trace (Si) in massive sandstones with
fragmented valves; d Ophiomorpha (Op) traces in massive sandstones; e Fugichnia (Fu) in laminated sandstones; f Massive sandstones
interbedded with sandstones with isotropic hummocky cross-stratification (HCS); g Transitional passage between laminated, HCS and massive
sandy facies; h Thickening-upward cycles composed of asymptotic cross-bedding sandstones, flaser heterolithic sandstones, isotropic HCS
sandstones, and limestones (in sharp contact). Cp: Packstone calcareous facies; HeF: Flaser heterolithic facies; SfH: Hummocky sandy facies;
SfHi: Isotropic hummocky sandy facies; SfL: Laminated fine-grained sandy facies; SfM: Massive fine-grained sandy facies; SfX: Asymptotic and
trough cross-bedding sandy facies.
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fragmented valves, small gastropods, serpulids and
oolites are also common. Locally, this facies shows
dispersed carbonaceous remains and micas. Small clay
chips are common, sometimes grouped toward the
base or top of sandstone bodies. Deformation and fluid
escape structures are common in massive sandstones.
In general, these sandstones are calcareous and
compose thickening- and coarsening-upward cycles, in
combination with other sandy facies. Moderate to high
bioturbation is often observed, with forms of Gyro-
chorte, Lockeia, Ophiomorpha, Sinusichnus and Sko-
lithos (Fig. 3aed).
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Interpretation: The origin of massive sandstones is
related to the progressive aggradation of sand grains
accumulated at the base of long-lived sustained tur-
bulent flows with high suspended load (Sanders, 1965;
Kneller and Branney, 1995; Camacho et al., 2002;
Sumner et al., 2008). Experimental studies demon-
strated that turbulent flows with fallout rates higher
than 0.44 mm/s could inhibit the formation of primary
sedimentary structures resulting in massive sandstone
bodies (Banerjee, 1977; Arnott and Hand, 1989;
Sumner et al., 2008). Massive beds accumulate in a
zone of aggrading transition between the deposit and
the overpassing flow, characterized by a high sediment
concentration associated with water escape (Kneller
and Branney, 1995). Wave-ripple bedforms on top
would suggest the post-depositional reworking by bi-
directional currents. In general, this facies is charac-
terized by a well-sorted fabric, due to the maximum
available grain size in a turbulent suspension is limited
by flow velocity and competence (Zavala and Pan,
2018). Bioclastic levels in this facies could suggest
gradual changes in flow conditions, characterized by
internal erosion, transport and deposition of bioclasts
as bedload (traction-saltation). As flow velocity grad-
ually wanes, massive sands continue to be accumu-
lated by fallout from a sustained turbulent flow. The
localized occurrence of Ophiomorpha and Skolithos
indicates the presence of opportunistic, suspension
feeding organisms and reflects high energy conditions
and suspended load developed after the deposition of
sandstone levels (Carmona, 2005; Buatois and
M�angano, 2011). The presence of Gyrochorte, Lock-
eia and Sinusichnus related to wave-ripples bedforms
are assigned to deposit-feeding organisms that re-
flected benthic food availability, low to moderate en-
ergy and high turbidity in the water column
(MacEachern et al., 2005; Buatois and M�angano, 2011;
Soares et al., 2020; Wetzel et al., 2020).

4.1.1.2. Facies SfL. Description: The SfL facies
consists of medium- to fine-grained well-sorted sand-
stones with parallel lamination and greyish to light
yellow colouring. Individual beds range from a few
centimeters up to ~1.5 m. This facies composed
tabular beds, lying on a sharp to transitional base and,
exceptionally, infilling channel fill bodies lying on
erosional bases. Facies SfL appears in close association
with SfM, SfR, SfH and HeW facies. Symmetrical
straight to sinuous ripples are often observed as bed-
forms on top of laminated beds. Carbonaceous remains
and micas are commonly found along laminae. Bio-
clasts (disarticulated and fragmented valves) and clay
chips are also common at the bottom of sandstone
bodies. Ball and pillow structures are frequent at the
base of sandstone beds. Bioturbation has been locally
recognized, mostly in the form of escape structures
(Fugichnia) (Fig. 3e).

Interpretation: The origin of planar lamination has
been related to different depositional processes,
generally associated with upper flow regime (Simons
et al., 1965; Allen, 1984). Nevertheless, flume exper-
iments suggest that planar lamination associated with
massive sandstone indicates deposition of sands by
fallout from sustained turbulent flows with sedimen-
tation rates lower than 0.44 mm/s (Sumner et al.,
2008). Sanders (1965) documented a lateral transi-
tion between planar lamination and climbing ripples,
implying a common origin of these structures to
traction-plus-fallout processes. For this reason, in this
paper, laminated sandstones are related to fallout
processes from turbulent suspensions. Carbonaceous
remains were probably part of the overpassing turbu-
lent flow, deposited together with micas along a pro-
gressively aggradational depositional surface. Escape
trace fossils evidence relatively high rates of fallout in
a stressed environment (Buatois and M�angano, 2011).

4.1.1.3. Facies SfH (including SfHi and SfHa).
Description: Facies SfH is composed of greyish to pale
yellow medium- to fine-grained sandstones with hum-
mocky cross-stratification. Two subfacies can be
recognized, corresponding to SfHi (isotropic HCS) and
SfHa (anisotropic HCS). Beds are tabular or irregular,
with a thickness ranging from a few centimeters up to
20e50 cm. Lower boundaries are generally sharp or
erosional. This facies commonly shows fluid escape
structures. Fragmented valves and clay chips (at the
bottom and/or top of beds) can also be found. Some-
times, facies SfH is draped at the top with ripple
bedforms composing straight to sinuous symmetrical to
slightly asymmetrical forms, with no internal sedi-
mentary structures. Lamina sets are often separated
by onlapping relations. In general, facies SfH is asso-
ciated with facies SfM and SfL (Fig. 3f and g).

Interpretation: Hummocky cross-stratification
(HCS) has usually been used as a criterion for the
recognition of shoreface deposits punctuated by storm
events (Barron, 1989; Harms et al., 1975), being
characteristic of tempestite beds (Dott and Bourgeois
1982, 1983; Walker et al., 1983). However, some au-
thors related the origin of this structure to the
occurrence of both unidirectional and oscillatory
components at a certain depth, independent of sur-
face storm waves (Allen, 1984; Allen and Pound, 1985;
Southard, 1991; Mutti et al., 1994b; Morsilli and
Pomar, 2012). Mutti et al. (1994a) stated that the
oscillatory component could result from the putting in
motion of a shallow standing body of water, produced



Fig. 4 Sandy, heterolithic and muddy facies. a Massive sandy facies (SfM) interbedded with wave truncated sandstones (SfW). b Trace fossils
recognized at the top of wave truncated sandy facies (SfW) (Arenicolites (Ar), Hillichnus (Hi), Lockeia (Lo), and Skolithos (Sk)). c Climbing
ripples sandy facies (SfR). d Thickening- and coarsening-upward cycle with wavy heterolithic (HeW), laminated (SfL) and wave truncated
sandstones (SfW) with channelized geometry and interbedded with massive/wave truncated sandstone (SfMeSfW). e Thickening- and
coarsening-upward succession of laminated mudstone (FL) followed by wavy heterolithic deposits (HeW), and laminated and massive sand-
stone (SfLeSfM). Fluid escape structures are observed in massive sandstones (SfM) at the top of the cycles. f Bioturbation at the top of
heterolithic facies (Arenicolites (Ar), Gyrochorte (Gy), and Skolithos (Sk)). g Thickening- and coarsening-upward succession showing tran-
sitional contacts between flaser heterolithics (HeF), massive sandstones (SfM), laminated sandstones (SfL), and wave truncated sandstones
(SfW), with limestones (Cp) on top.
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by the sudden entrance of a considerable volume of
water during river floods (hyperpycnal discharges).
Consequently, isotropic HCS (facies SfHi) can also
develop in non-wave-dominated settings, as being
documented by Zavala et al. (2006) at the lacustrine
Rayoso Formation (Albian). The last could
conveniently explain the common occurrence of wave
reworking only at the top of sandstone bodies, and not
in the associated deposits dominated by mud deposi-
tion. Some recent experiments (Dumas et al., 2005;
Dumas and Arnott, 2006) show that HCS can be
generated under moderate to high oscillatory
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velocities (higher than 50 cm/s) and low unidirectional
velocities (lower than 10 cm/s). This facies can be
regarded as the product of internal waves either in
lacustrine or marine environments, often associated
with hyperpycnal and intrabasinal turbidity flows
(Morsilli and Pomar, 2012).

Anisotropic HCS structures (facies SfHa) are inter-
preted as deposited from oscillatory-dominant com-
bined flows associated with a stronger unidirectional
flow component (Arnott and Southard, 1990; Mutti
et al., 1996) in confined areas of stream flows. Some
authors consider anisotropic HCS as a sedimentary
structure with transitional characteristics between
low-angle cross-stratification and ideal hummocky
cross-stratification (Midtgaard, 1996).

4.1.1.4. Facies SfX. Description: This facies is
composed of greyish to pale yellow medium- to fine-
grained well-sorted sandstones with asymptotic and
trough cross-bedding (Fig. 3h). Individual beds are up
to 20 cm thick and have a tabular geometry and
sharp bases. Dispersed carbonaceous remains are
found along foresets, often associated with silty
levels.

Interpretation: According to Harms et al. (1982),
the origin of cross-bedding structures is related to the
migration of straight (2D) and sinuous (3D) dunes.
Asymptotic bedding suggests the collapse of suspended
load at the lower lee-side of dune foresets, thus indi-
cating an origin related to sustained turbulent flows
with high suspended load (Midtgaard, 1996).

4.1.1.5. Facies SfW. Description: Facies SfW is
composed of greyish to light yellow fine- to medium-
grained sandstones with symmetrical (wave) ripples
associated with wave truncation structures. Beds are
tabular or irregular with a thickness of a few centi-
meters (up to 30 cm), often infilling channelized sur-
faces, or encased in wavy heterolithic facies. Small,
fragmented valves can also be found. In general, facies
SfW is associated with facies SfM, SfL and HeW
(Fig. 4a). Trace fossils of Arenicolites, Gyrochorte,
Hillichnus, Lockeia and Skolithos are found (Fig. 4b).

Interpretation: According to Campbell (1966),
truncated wave ripple laminae form when a vortex of
sand in suspension forms over each ripple crest as each
wave crest passes on the sea bottom. The deposition is
related to bidirectional wave's motion that distributes
the sand across the ripple crest and into adjacent
troughs. Each set can be truncated by the overlying set
of wave-ripple laminae. Symmetrical ripples are
interpreted as resulting from pure oscillatory ripples
(Harms, 1969). Arenicolites and Skolithos trace fossils
correspond to opportunistic suspension feeding
organism and occur in periods with high energy and
suspended load during the re-work of sediments by
waves (Buatois and M�angano, 2011), whereas Gyro-
chorte, Hillichnus and Lockeia are developed by
deposit-feeding organisms that colonize the substrate
during low to moderate energy and benthic food
availability periods between low to moderate energy
events (Bromley et al., 2003; Buatois and M�angano,
2011; L�opez Cabrera et al., 2019; Wetzel et al., 2020).

4.1.1.6. Facies SfR. Description: This facies is
composed of greyish to pale yellow medium- to fine-
grained well-sorted sandstones with climbing ripples.
Each bed has a thickness of a few centimeters up to
30 cm with a tabular geometry (Fig. 4c). Carbonaceous
remains and micas usually appear covering ripple
foresets. This facies appears associated with SfM and
SfL facies.

Interpretation: Climbing ripples are generated by
traction-plus-fallout processes from sustained turbu-
lent flows with a high sedimentation rate (Jopling and
Walker, 1968; Mulder and Alexander, 2001; Sumner
et al., 2008) and an average flow velocity between
15 and 25 cm/s (Ashley et al., 1982). Laminated and
climbing ripple facies often grade laterally and verti-
cally between them (Sanders, 1965; Zavala et al.,
2006), indicating a common origin related to
traction-plus-fallout processes. The transition from
laminated to climbing rippled sandstones suggests a
decrease in flow velocity (Sanders, 1965) with a sub-
stantial increase in the fallout rate as the flow loses
capacity. In consequence, cyclic changes between
laminated facies and climbing ripple facies indicate
fluctuations in the velocity of the overpassing turbu-
lent flow (Zavala et al., 2006).

4.1.2. Heterolithic facies

In this category are included deposits composed of
different proportions of sand-silt components: facies
HeF, HeW and HeL (Fig. 4deg).

Facies HeF is composed of massive and diffuse
parallel-laminated well-sorted medium to very fine-
grained sandstones (composing up to 80% of the
facies) locally draped or interbedded with thin
continuous or discontinuous levels of black massive
mudstone intercalations, forming flaser bedding. In
general, this facies grades into massive or laminated
sands.

The HeW facies is made up of massive or laminated
black mudstones interbedded with well-sorted massive
to diffuse parallel sandstones, forming wavy bedding.
Sandstone beds have tabular geometry and thickness
of 2e10 cm. Sometimes, these beds show erosive bases



Fig. 5 Palynological organic matter from the Agua de la Mula Member (Agrio Formation) at the Bajada del Agrio section. Scale bar: 50
microns. Ph: Phytoclasts; S: Sporomorph; D: Dinoflagellate cysts; Ol: Oligosphaeridium; Cr: Cribroperidinium. a Palynofacies A, highly
dominated by terrestrially-derived phytoclasts. Palynomorphs and AOM are subordinated. Palynomorph assemblages are mostly composed by
terrestrially-derived palynomorphs (sporomorphs). b Phytoclast-dominated palynofacies A. c Sub-palynofacies B1, mostly composed by
phytoclasts and palynomorphs. Sporomorphs (pollen grains and spores) dominate the palynomorph assemblages, being proportions of dino-
flagellate less than 13%. d Sub-palynofacies B2, mostly composed by phytoclasts and palynomorphs. Sporomorphs dominate the palynomorph
assemblages and dinoflagellate cysts reach up to 26%. e and f Species of Oligosphaeridium and Cribroperidinium are common components of
the dinoflagellate cyst assemblages from sub-palynofacies B2.
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over mudstone levels and symmetrically straight to
sinuous ripples as bedforms, wave truncation structure
and isotropic HCS. Carbonaceous remains are often
found, dispersed or overlying boundary surfaces, with
mica fragments along laminae. Disarticulated, frag-
mented valves and dispersed gastropods are often
found. Sandstone beds show traces of Arenicolites,
Gyrochorte and Skolithos (Fig. 4f).

Facies HeL is made up of massive to laminated
black mudstones with well-sorted massive to diffuse
laminated sandstone intercalations (the latter with a
variable thickness between 3 and 10 cm). Sandstones
represent less than 15% of the facies and it is very
common to find symmetrical ripples with wave trun-
cation structure (lenticular bedding). Dispersed plant
remains are found also associated with micas overlying
boundary surfaces. Small bivalves (articulated, dis-
articulated and fragmented) and dispersed gastropods
(up to 5 mm) are common. Thicker levels of sand may
have erosive bases.

These heterolithic facies usually conform thick-
ening and coarsening-upward cycles, from lenticular
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to flaser heterolithics, which then grade into more
sandy facies.

Interpretation: Reineck and Wunderlich (1968)
defined heterolithic deposits as a regular centimeter
alternation between fine sandstones (with different
sedimentary structures) and mudstones (massive or
laminated). These facies would be formed from the
alternation of fallout and traction-plus-fallout pro-
cesses from long-lived waxing (sand transport by sus-
pended load and wave-enhanced suspension) and
waning flows (low energy conditions and deposition of
clay and silt by normal settling) (Bhattacharya and
MacEachern, 2009; Ponce et al., 2015).

The Arenicolites and Skolithos traces recognized in
HeW facies, are developed by suspension feeding or-
ganism and occur in periods with high energy and
suspended load (Buatois and M�angano, 2011), whereas
Gyrochorte traces are developed by deposit-feeding
organisms that colonize the substrate during low to
moderate energy and benthic food availability periods
(Buatois and M�angano, 2011; Wetzel et al., 2020).

4.1.3. Muddy facies (FM, FL and FLc)

FM facies is made up of massive black to greyish
clayey silt and sandy silt. In general, this facies is
deposited over sharp basal boundaries on sandy or
calcareous facies and transitionally grades up into
lenticular/wavy heterolithic or massive/laminated
sandy facies. It may contain dispersed carbonaceous
remains.

FL facies is composed of laminated black to greyish
clayey silt and sandy silt, which may have small dis-
articulated (and in some cases also fragmented) valves
between sheets. Carbonaceous remains are often
found between laminae. In general, they are in sharp
contact over psamitic deposits and grade up into het-
erolithic to massive/laminated sand facies composing
thickening- and coarsening-upward cycles (Fig. 4e).

Finally, Flc facies corresponds to laminated
calcareous mudstones, often showing gastropods be-
tween laminae.

Eight samples were analyzed, in these facies, for
palynological organic matter in the Bajada del Agrio
Section. From this analysis two palynofacies could be
recognized (Fig. 5). Palynofacies A exhibits a predomi-
nance of terrestrial-derived components, mainly phy-
toclasts with proportions greater than 80%, marine-
derived amorphous organic matter (AOM) lower than
2.8%, and palynomorphs reach up to 11.6%. The ratio of
terrestrial (pollen and spores) to marine palynomorphs
(dinoflagellate cysts) (T/M) varies between 2.5% and
13%. Palynofacies B shows proportions of phytoclasts
between 57% and 78%, AOM lower than 3.2% and
palynomorphs between 21% and 43%. In turn, the latter
can be subdivided in two sub-palynofacies: sub-paly-
nofacies B1, with dinoflagellate cysts between 9% and
13%andapproximately T/Mbetween1%and3%,and sub-
palynofacies B2with higher proportions of dinoflagellate
cysts (22%e26%) and a T/M lower than 0.5%.

Interpretation: The deposition of clayesilt in ma-
rine environments has historically been associated
with the fallout of suspended fine-grained materials
from calm waters in offshore environments (Pettijohn,
1975; Bhattacharya and Walker, 1992; Nichols, 1999;
Potter et al., 2005). However, recent studies have
shown that fine-grained sediments can be deposited by
mud-rich flows under more energetic conditions
(Schieber and Yawar, 2009). These flows can transport
clayesilt particles for long distances as bed load and
suspended load (Othar�an, 2020; Othar�an et al., 2020).
The transport and deposition of flocculated mud in
currents occur with flow speeds that can also transport
and accumulate sands (Schieber et al., 2007). In fact,
many modern shelf muds are recognized as accumu-
lating in prodelta settings related to hyperpycnal mud
plumes generated in coastal areas during river floods
(Bhattacharya and MacEachern, 2009).

In their experiments, Schieber et al. (2007)
demonstrated that some clay beds formed
downcurrent-inclined laminae (low-angle ripples).
Once fully compacted, these low-angle ripples often
appear as parallel-laminated mudstones. Therefore,
facies FL may have an alternative origin related to
migrating floccule ripples (Schieber et al., 2007;
Schieber and Southard, 2009; Schieber and Yawar,
2009). Regarding facies FM, the distinction between
massive mudstones accumulated in prodelta or shelfal
settings can be very difficult (Zavala and Pan, 2018).

The dinoflagellate cyst species identified in the
samples are those expected for the late Hauterivian of
the Neuqu�en Basin, having been previously recognized
in other sections of the Agrio Formation (Guler et al.,
2016; Paolillo et al., 2018, Omarini et al., 2020). The
high proportions of phytoclasts and sporomorphs indi-
cate an important terrestrial input, while the presence
of dinoflagellate cysts in all samples (between 0.2%
and 26%) denotes the marine origin of the sediments.

4.1.4. Calcareous facies (Cm, Cw, Cp and Cg facies)

Calcareous facies are commonly found at the top of
progradational clastic facies successions. These car-
bonates were classified according to Dunham (1962).
Four calcareous facies were recognized, termed facies
Cm, Cw, Cp and Cg. In general, these facies show an
orange coloration on the outside and greyish inside.
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The Cm facies is a mudstone (mud-supported
calcareous rock) with a few remains of fragmented
valves.

The Cw facies is a wackestone (mud-supported
calcareous rock), with floating articulated, dis-
articulated and fragmented valves without a dominant
orientation. Serpulids are also common in bioclasts
valves, and in replaced gastropods and ammonoids.
These rocks are arranged in a tabular way in sharp
contact over mudstone or sandstone deposits.

Cp facies is a packstone (bioclastic grain-supported
calcareous rock) with articulated, disarticulated and
fragmented valve remains, disposed of without orien-
tation. External and internal valves are observed. They
are arranged in sharp contact over muddy or sandy
facies (Fig. 4g). This facies is characterized by having
articulated bivalves of up to 40 cm in El Mojado and
Bajada del Agrio sections.

The Cg facies is made up of grainstone (grain-sup-
ported calcareous rock) without matrix, with isolated
articulated (4e5 cm), disarticulated and fragmented
valves.

Interpretation: The most used classifications for
carbonates are those based on the concept of textural
maturity since it is believed that it is related to the
energy level during the deposition of limestones
(Tucker and Wright, 1990). The simplest and most
widely used classification is that of Dunham (1962).
However, the wide spectrum of mixed sediments that
exist between siliciclastic and carbonate rocks has
been largely ignored (Mount, 1985). Some authors like
Folk (1962, 1974), Pettijohn (1975) and Zuffa (1980)
had described mixed (siliciclasticecarbonate) sedi-
ments, although these classifications are of difficult
application for the systematic description of the
complete range between siliciclastic and carbonate
rocks. Mount (1985) proposed a descriptive classifica-
tion for these rocks based on a series of questions
about the composition and texture of the samples.

4.2. Facies associations

4.2.1. Offshore/prodelta facies association (FM,
FL, Cw, Cp, SfM)

This facies association is mainly composed of
massive and laminated mudstone facies. They are ar-
ranged with a tabular geometry and deposited over
sharp bases with a thickness up to 65 m. Mudstone
deposits are intercalated with calcareous facies up to
2.5 m thick andmassive sandstone levels of up to 30 cm
thick with calcareous concretions and valve remains.
In some cases, mudstone facies are poorly exposed.
Undifferentiated bioturbation is recognized in these
facies. This facies association is common near the base
of the Bajada del Agrio profile.

The offshore/prodelta facies association corre-
sponds to sediments deposited below the fair-weather
wave base where, in general, calm water conditions
are dominant. Thin sandy levels could represent small
and isolated storm events or deposits related to weak
turbulent flows.

4.2.2. Distal ramp delta facies association (FM, FL,
FLc, Cw, Cp, Cg, HeL, HeW, SfM)

The distal ramp delta facies association (DRD) is
composed of tabular bodies of massive and laminated
mudstone lying on sharp bases. Carbonaceous remains
and fragmented valves are common between laminae,
often interbedded with calcareous facies. Lenticular
and wavy heterolithic facies are also part of this as-
sociation, transitionally grading from mudstone facies
and reaching a thickness up to 55 m. Heterolithic
facies can also be observed at the base of thickening-
and coarsening-upward cycles.

In this association, some prodelta lobes made up of
massive sands can be distinguished in sharp contact
over mudstone facies with thicknesses ranging from a
few centimeters up to 2 m approximately.

The distal ramp delta facies association is located at
the distal part of a low gradient littoral delta system.
The presence of carbonaceous remains would indicate a
connection with an active fluvial discharge. Calcareous
facies intercalations on tops could indicate a pause in
the sediment supply and in the resulting prograding
system. Development of traction-plus-fallout processes
is observed, characterized by heterolithic facies.

4.2.3. Proximal ramp delta facies association (SfM-
SfL-SfW-SfR-SfH-SfX-Hef)

The proximal ramp delta facies association (PRD)
shows a tabular geometry. In general, they are ar-
ranged in a transitional way over mudstone or heter-
olithic facies (from the DRD), forming thickening- and
coarsening-upward cycles. Sandy facies can also be
found in sharp contact over mudstone facies, forming
tabular bodies up to 6 m thick. Frequently, sandy levels
(less than 2 m thick) are observed with sandy facies in
transitional contact between them.

This association represents the main sandy section
of a low-gradient deltaic system, with sedimentary
structures that would indicate traction-plus-fallout



Fig. 6 Internal stacking patterns observed in EDS. a Diagram showing the proposed origin of EDS, related to the supply of turbulent sus-
pensions from the continent (Stage A) by hyperpycnal flows, forming a long-gradient delta front deposit (HLD). The suspended sediments can
be maintained in the flow for long distances aided by wave action (Zavala et al., 2021). During Stage B, the sediment supply ceased, and the
“normal” marine conditions were reestablished in the host basin (with the precipitation of carbonates and development of benthic life). b
Schema showing facies changes along prograding EDS sequences, showing a gradual transition from shales to sandy facies, culminating in
bioclastic calcareous levels. These EDS often range between 5 and 9 m thick approximately. 1, 2, 3 and 4: The four schematic sections, which
are the same ones as shown in Fig. 7.
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processes in channels and unconfined sediment-laden
turbulent flows. The abundant presence of carbona-
ceous remains would indicate a direct supply from an
active fluvial discharge.

The low-to-moderate abundance and diversity of
trace fossils indicate stressed environments related to
brackish-water influence, high water turbidity and
high sedimentation rate (Buatois and M�angano, 2011).
The presence of trace fossils developed by deposit-
feeding organism (Gyrochorte, Hillichnus, Lockeia
and Sinusichnus) in marine sandstones deposited under
high-to-moderate energy, indicates high turbidity in
waters that inhibit the occurrence of suspension-
feeding organism (MacEachern et al., 2005). The
presence of fossil traces originated by suspension-
feeding organism (Arenicolites, Ophiomorpha and
Skolithos) associated to the top of sandstones beds,
evidences the occurrence of opportunistic organism
that colonized the substrate between periods of bars
construction (Buatois and M�angano, 2011). The
occurrence of scape traces can be related to high ag-
gradational rates produced by hyperpycnal flow
(Buatois and M�angano, 2011).
5. Discussion
The Agua de la Mula Member was previously inter-
preted as accumulating in a basinal to inner homoclinal
ramp system with storm influence (Spalletti et al.,
2001a, 2001b; Lazo et al., 2005; Sagasti, 2005). To-
wards the upper part of the unit, the increasing in-
fluence of waves and tides has been previously
mentioned by several authors (Tunik et al., 2009;
Fern�andez and Pazos, 2012; Pazos et al., 2012). The
stratigraphic sections located at the southeast in the
studied area are considered to be accumulated in a
mid-ramp to inner ramp setting, while to the north,
outer-ramp to distal mid-ramp deltaic conditions
would develop (Spalletti et al., 2001a, 2001b;
Fern�andez and Pazos, 2012; Guler et al., 2013;
Comerio, 2016; Fern�andez et al., 2019).

A correlation panel (Fig. 2) allowed us to recognize
the main geometry of the sedimentary bodies and their
stacking pattern, which corresponds to a low gradient
delta system composed of several shallowing-upward
and prograding elementary depositional sequences



Fig. 7 Depositional model of hyperpycnal littoral deltas (HLD) in the Agua de la Mula Member. a During Stage A, the cyclic contribution of
clastic materials during humid climatic conditions by sediment-laden fluvial discharges (weak hyperpycnal flows) results in the progradation
of sandy facies on offshore/prodelta facies associations. The long distance is explained by the low gradient. b During Stage B, there is a
cessation in the clastic supply from the continent, with a reestablishment of the normal marine salinity conditions and related precipitation of
carbonates.
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(EDS, in the sense ofMuttiet al., 1994a). These EDS show
a gradual transition between fine-grained offshore de-
posits and shallow water sandy facies, showing an
increased influence of wave action towards the top.
Internally, the EDS show a coarsening- and thickening-
upward trend, accompanied by an increasing content
in particulate organic matter and micas. These deposits
are characterized by a moderate to low ichnodiversity
and abundance. In general, these prograding EDS
culminate with massive sandstones with bioclasts,
followed in sharp contact by bioclastic limestones
(Fig. 6). This upper interval probably suggests a cessa-
tion of the clastic supply from the continent, with a
reestablishment of marine salinity, which favours the
precipitation of carbonates. These prograding cycles
could be linked to allocyclic processes (Beerbower,
1964) characterized by the cyclic contribution of
clastic material during humid climatic conditions by
sediment-laden fluvial discharges (Fig. 7a) accumulated
in low-gradient (ramp) deltas, alternating with periods
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of low sediment supply, and the accumulation of car-
bonate levels (Fig. 7b). Field evidence shows that these
shallowing-upward and prograding cycles are developed
within a totally marine context. These shallowing-
upward eprogradational EDS can be traced for 100's of
kilometerswithout showingequivalent deltaplain facies
in the study area.

Littoral delta systems developed under normal
marine salinity conditions have been classified taking
into account the density contrast between the
incoming and host water, the size of the sediment and
the importance of fluvial, waves and tidal processes at
coastal areas (Bates, 1953; Galloway, 1975). However,
deltas can be very diverse and escape conventional
classifications, as is the case of the Volga delta of the
Caspian Sea, considered a fluvial-dominated delta
(according to Galloway, 1975) and type 8 (according to
the Postma, 1995 classification). This delta is charac-
terized by a very low gradient delta front, forming a
ramp delta (Overeem et al., 2003). These ramp deltas
are also often called “prodelta hyperpycnites” (Zavala
et al., 2006, 2011; Bhattacharya and MacEachern,
2009; Wilson and Schieber, 2014) or “wave enhanced
turbulent flows” (Wilson and Schieber, 2014), where
the effect of waves can aid hyperpycnal flows to travel
many kilometers into the basin generating very-low-
gradient delta fronts. For Wilson and Schieber (2014)
the deposits produced by these flows are composed
of graded intervals of shales and sands. These deposits
show variations of internal sedimentary structures that
suggest fluctuations in quasi-steady flows. Ramp deltas
have slopes of less than 1�, with delta fronts that can
extend for hundreds of kilometers with little changes
in facies and grain size. Their associated deposits show
abundant plant remains and display different orders of
cyclicity, where the highest order is composed of
coarsening- and thickening-upward cycles in all,
similar to the parasequences proposed for eustatic
cycles (Van Wagoner et al., 1990). In a recent contri-
bution, Zavala et al. (2021) proposed a new classifi-
cation for deltaic deposits considering the relationship
between the density of incoming flows and the salinity
of the receiving water body. Within these new deltaic
categories, ramp deltas were termed hyperpycnal
littoral deltas (HLD). These HLD form when weak sus-
tained hyperpycnal flows enter in marine or brackish
basins. Due to their relatively low density, these
hyperpycnal flows do not produce a substantial erosion
of the sea bottom (for example eroding channels). In
contrast, sediments in these diluted plumes can be
maintained in suspension for long distances aided by
wave action along very low As a summary, it is inter-
preted that the Agua de la Mula Member was accu-
mulated by stacked hyperpycnal littoral deltas.
Regional data suggest for the studied interval a depo-
sitional slope of 0.02�, which is consistent with the
proposed slopes for HLD's (Zavala et al., 2021). The
volume of freshwater introduced to this shallow shelf
during delta progradation probably contributed to
reducing the overall salinity of the basin resulting in
brackish conditions. These brackish conditions are also
evidenced by the low to moderate diversity and
abundance of trace fossil, with a predominance of
biogenic structures generated by detritivorous organ-
isms over those generated by suspensivorous organ-
isms. The basinward progradation of these low-
gradient delta front deposits generated by weak
hyperpycnal discharges results in coarsening- and
thickening-upward cycles, with abundant content of
micas and bioclasts. The high proportions of phyto-
clasts (between 57% and 80%) among the organic
matter suggest an important terrestrial influx within
the marine basin. These progradational cycles culmi-
nate with fossiliferous calcareous levels that indicate a
cessation of continental input and probably a return to
normal salinity conditions. The presence of stacking
sets of progradational cycles allows to infer the
occurrence of successive activations of hyperpycnal
littoral deltas (HLD). These deltaic deposits can be
regionally recognized in the study area extended for
tens of kilometers without developing coeval delta
plain (continental) deposits. During exceptional river
discharges, the incoming flow can eventually bypass
the coastal area, accumulating hyperpycnal subaque-
ous deltas (HSD) composed of channels and lobes at
inner basin areas (Fig. 7; Zavala et al., 2021).
6. Conclusions
In the study region, the Agua de la Mula Member is
characterized by a progradational succession
composed of stacked m-thick very low gradient ramp
delta deposits, originated by sustained low-density
hyperpycnal flows, corresponding to hyperpycnal
littoral deltas (HLD). These HLD extend for tens to
hundreds of kilometers in shallow areas of the basin,
with clastic deposits distributed by diluted hyper-
pycnal flows aided by wave action. During delta pro-
gradation, the increasing input of freshwater could
generate brackish conditions, specially in shallow wa-
ters, which is evidenced by the virtual absence of body
fossils and the low to moderate bioturbation of these
deposits. On the contrary, when water and sediment
supply decreased, the salinity of the sea water grad-
ually increased, favoring the colonization of the sea
bottom by benthic organisms, and therefore the
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development of bioclastic mixed limestones
(condensed intervals) on top of progradational se-
quences. Body fossils in these bioclastic intervals
appear highly-disturbed by wave action, evidencing
shallow water conditions periodically affected by wave
action. The apparent marine transgression observed
on top of these small-scale sequences, characterized
by offshore shales lying over a sharp boundary is
probably related to the combined effect of low sedi-
ment supply and regional subsidence, resulting in a
relative sea level rise.

Small-scale progradational sequences are in turn
stacked composing different low-order sequences that
can be traced at a basinward scale. At inner basin
areas, preliminary data suggest that distal HLD alter-
nate with hyperpycnal subaqueous delta (HSD) de-
posits. The interaction between these two delta types
in the Agua de la Mula Member is still poorly under-
stood and will require additional studies.
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