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Turbidity-current and storm-induced deposits may exhibit similarities, in particularly when the latter is laid
down by a combination of oscillatory and unidirectional flows. Recent progress in facies analysis helps to dis-
criminate the sedimentary effects of oscillatory from unidirectional components of the flow. On the basis of
detailed analysis of sedimentary facies, strata geometry, and palaeocurrent data, the present study reinter-
prets the Punta Negra Formation (PNF) (Lower-Middle Devonian, Argentine Precordillera), previously con-
sidered as a depositional system of deep-water, as a storm-dominated prodeltaic shelf depositional system.
In the sandstone beds of the PNF, planar, low-angle and undulating laminations with weakly asymmetric
hummocky and swaley bedforms, combined-flow ripples, accretionary hummocky cross-stratification-like
(HCS-like), and anisotropic HCS-like suggest the action of oscillatory currents combined with unidirectional
currents in forming the deposits. Different hypotheses on the origin of the oscillatory currents have been ex-
amined. The most convincing interpretation is that the oscillatory component of the velocity is attributed to
storm-induced waves. The palaeocurrent data indicate offshore current directions, suggesting that the unidi-
rectional flowwas a gravity-induced bottom current. Inverse grading at the base and overlying normally grad-
ed divisions of the sandstone beds testify towaxing–waning behaviour of the depositional flows; interbedding
of sedimentary structures (undulating laminations, low-angle and parallel laminations, and combined-flow
ripples) in the lower and intermediate divisions of the beds indicate fluctuations of flow velocity. This organi-
sation of the sedimentary structures permits association of the unidirectional component with hyperpycnal
bottom currents. The terrestrial origin of the hyperpycnal flows is suggested by the abundance of terrestrial
plant remains, the mineralogical and textural immaturity of the sandstone composition, and the relative scar-
city of bioturbation, whichwas likely controlled by fresh-water input and a high rate of sedimentation. Storm-
influenced, hyperpycnal flows generated subaqueous channelised forms at the mouth of the river deltas,
which later filled with sand. At the distal end of the channelised forms, lobe-shaped sandstone beds were de-
posited, evolving distally into thin sandstone beds alternating with sandy mudstone.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction: turbidites or tempestites?

Distinguishing the deposits laid down by gravity flows in deep-water
systems from those produced by storm-related combined flows in conti-
nental shelf systems is not always an easy task (Einsele and Seilacher,
1991; Lamb et al., 2008;Mulder et al., 2009). Their repetitive andmonot-
onous interbedding of sandstone andmudstone and, in someways, their
similar sedimentary structures and architectural elements can easily con-
fuse the sedimentological analysis of these deposits (Hamblin and
Walker, 1979; Dott and Bourgeois, 1982; Walker, 1985). Nevertheless, a
+55 19 32891562.
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correct interpretation is necessary to understand their palaeogeographic
and geotectonic frameworks and, in particular, to obtain an accurate de-
positional architectural model, to reduce risks in petroleum exploration
geology or in hydrogeologic studies.

Since the first studies on storm-generated deposits, researchers
have suspected that the monotonous interbeddings of sandstone
and mudstone, similar in their sedimentary structures and vertical
stacking patterns to turbiditic deposits, could have resulted from
storm-generated bottom currents flowing offshore (Nelson, 1982;
Walker, 1985; Einsele and Seilacher, 1991). More recently, many au-
thors have reinterpreted several sedimentary units previously attrib-
uted to deep-water palaeoenvironments as having been generated in
inner-shelf areas by storm-dominated processes (e.g., Higgs, 1991;
Bhattacharya et al., 2004; Pattison et al., 2007; Lamb et al., 2008;
Myrow et al., 2008).
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Recently published studies have shown that the oscillatory com-
ponent of a depositional flow can be recognised by specific sedimen-
tary structures (Yokokawa et al., 1995; Myrow and Southard, 1996;
Myrow et al., 2002; Dumas et al., 2005; Yamaguchi and Sekiguchi,
2010), allowing beds produced by unidirectional flows to be distin-
guished from those deposited by combined flows (Harms, 1969).

The question of across-shelf transport of sand is another argument
considered in this debate. In the last 30 years, this topic has focused
around two different points of view: the oceanographic and the geo-
logical perspectives (Walker, 1984; Duke, 1990; Nummedal, 1991;
Cheel and Leckie, 1993). The oceanographic point of view is based
Fig. 1. (A) A sketch map showing the NNE-SSW-trending elongate outcrop belt of the Punt
study area (San Juan Province, W Argentina). (B, C and D) The studied exposures of the PNF
were examined (dark circle). Rose diagrams display the palaeocurrent data from the study a
The land was situated to the east.
on observations of modern shelves and asserts that sand dispersal
patterns result mainly from geostrophic currents (Swift, 1985; Swift
and Niedoroda, 1985; Snedden et al., 1988; Nummedal, 1991;
Snedden and Swift, 1991). The geological point of view, based on
the studies of ancient shelf sedimentary successions, maintains that
across-shelf sand transport is produced by storm-generated gravity
underflows (Nelson, 1982; Walker, 1984, 1985; Leckie and
Krystinik, 1989, 1990, 1991; Higgs, 1990; Jennette and Prior, 1993).

Recent research on modern shelves has demonstrated the impor-
tance of storm-induced underflows for transporting clastic material
onto shelves (Wheatcroft, 2000; Fan et al., 2004; Guillen et al.,
a Negra Formation (PNF) (after Bustos, 1996); the inset map shows the location of the
where detailed sections were measured (light circle) or localities where other outcrops
reas. The vertical line in the centre of the circle represents the deduced palaeocoastline.



Fig. 2. A regional stratigraphic column of the Punta Negra Formation, based on Peralta
and Ruzycki de Berenstein (1990) and personal data.
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2006), reviving the hypothesis that gravity flows produced during
storms may be the main transfer mechanism of coastal clastic sedi-
ment offshore.

The sedimentological analysis of ancient sedimentary successions
does not permit a clear attribution of the hydraulic mechanisms that
causes across-shelf sand transport; that is, this approach does not
provide direct information about whether the unidirectional flows re-
sponsible for the transport of the sand were generated by geostrophic
currents parallel or oblique to the coastal trend or by gravity under-
flows perpendicular to the coast. To identify the transport direction
of the sand, many authors have used indirect evidence from
palaeocurrent data and their relationships with the supposed trend
of the palaeocoast (Nøttvedt and Kreisa, 1987; Leckie and Krystinik,
1989; Winn, 1991; Martel and Gibling, 1994; Beukes, 1996; Myrow
et al., 2002; Sarkar et al., 2002; Bhattacharya et al., 2004; Pattison
et al., 2007; Lamb et al., 2008).

The Punta Negra Formation (PNF), of Lower-Middle Devonian age,
in the Argentine Precordillera was described as representing a deep-
water depositional system generated by gravity flows (Gonzalez-
Bonorino and Middleton, 1976; Peralta and Ruzycki de Berenstein,
1990). In the present study, the PNF is reinterpreted as a prodelta
inner-shelf depositional unit in which the beds were laid down by
storm-dominated hyperpycnal flows.

This study proposes to investigate the origin of the deposits of the
PNF. Its specific objectives are to: (i) interpret the depositional mech-
anisms of the beds, (ii) provide data to distinguish combined-flow
from unidirectional-flow deposits, (iii) establish the depositional ar-
chitecture of the PNF.

2. The Punta Negra Formation (PNF): geologic and stratigraphic
setting

The PNF crops out in the central portion of the Argentine
Precordillera, which is a morpho-structural entity located between the
Andean Cordillera to the west and the Sierra Pampeana to the east
(Fig. 1). Palaeontological and isotope data enabled the interpretation of
the Argentine Precordillera as an exotic terrane derived from the
Laurentia plate (Dalla Salda et al., 1992; Astini et al., 1995). TheArgentine
Precordillera accreted to Gondwana during the Middle-Late Ordovician
(Thomas and Astini, 2003). During the Silurian–Devonian, another ter-
rane, Chilenia, accreted to the western margin of the Precordillera
(Ramos et al., 1986), causing a tectonic reactivation and the generation
of foreland basins, where thick clastic successions were deposited. One
of these clastic successions is the PNF.

The PNF is Lower-Middle Devonian in age (Bustos, 1996; Edwards
et al., 2009), approximately 1000 m thick and is composed of monot-
onous interbeds of sandstone and sandy mudstone (Figs. 2, 3 and 4).
The PNF transitionally overlies the Talacasto Formation, which is
Lower Devonian in age and is composed of mudstone and sandstone
interbeds. The PNF is unconformably overlain by Carboniferous de-
posits (Fig. 2).

Gonzalez-Bonorino and Middleton (1976) interpreted the PNF as
having been deposited by high-density turbidity currents and identi-
fied the depositional system as a submarine fan. Astini (1990) and
Bustos (1996) attributed the sandstone and mudstone interbedding
of the PNF to turbiditic lobes related to the progradation of a delta
onto a gently sloping shelf. However, these authors recognised
some beds as having been generated by storm activity. Poiré and
Morel (1996) and Edwards et al. (2009) interpreted the PNF as
wave-dominated shelf deposits on the basis of the characteristics
and distribution of the ichnofacies and plant debris.

3. Methods

A total of 36 outcrops were examined, and 12 stratigraphic sec-
tions, 3 m to 520 m thick, were measured in detail at centimetre
scale over three well-exposed areas of the PNF along a 90-km-long
N–S-trending stretch (Fig. 1). Five types of sedimentary structures
furnished 237 measurements of palaeocurrent directions (Fig. 1B, C
and D). Drawings of photographic sketches were prepared to define
the geometry and the internal structures of the beds. Sixteen rock
samples were cut into slabs and polished to provide detailed pictures
of the sedimentary structures, and 13 thin sections furnished data on
the petrographical and textural characteristics of the sandstone.

4. Lithofacies

Five lithofacies were distinguished according to the grain size dis-
tribution, sedimentary structures, and geometry of the beds (Figs. 4

image of Fig.�2


Fig. 3. General stratigraphic sectionmeasured along the San Juan River. For location, see Fig. 1D. In this measured section architectural element 1 (channelised sandstone) does not appear.
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and 5). These five lithofacies do not exhibit significant variations
along the three well-exposed study areas. Their order of descrip-
tion follows the percentage distribution of the thickness in the
measured sections. Since these lithofacies do not clearly display
pure oscillatory-originated or pure unidirectional-originated struc-
tures, their interpretation will include more than a hypothesis.
Nevertheless, the interpretative choice of the authors is clear in
the text.

image of Fig.�3


Fig. 4. A detailed log of a portion of the Punta Negra Formation at the Quebrada de la Burra locality (see Fig. 1C). In this section lithofacies 5 does not appear.
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4.1. Lithofacies 1

Lithofacies 1 is the dominant lithofacies of the PNF (57% of the
total thickness of the measured sections) and consists of sandstone
beds that are 0.09–1.35 m thick, with an average of 0.5 m (Figs. 4
and 5A). This lithofacies is composed of tabular beds that are laterally
continuous for more than 100 m, in perpendicular direction to the
palaeocurrents, with common minor variations in thickness. Each
bed of this lithofacies consists of three divisions (Figs. 5A and 6).
The lower division is the thickest (0.08–1.1 m thick), and it is formed
of moderately sorted, fine-grained sandstone, grading upwards into
an intermediate division of well-sorted, very fine-grained sandstone
(0.06–0.4 m thick), which is overlain by an upper division of sandy
mudstone (up to 0.1 m thick). Petrographical analyses of seven sam-
ples of the lower division show that the grain roundness is angular or
subangular. The detrital grains consist, on average, of monocrystalline
quartz (44.7%), polycrystalline quartz (17.6%), K-feldspars (0.6%), plagio-
clases (4.5%), low-grade metamorphic fragments (17.4%), sedimentary
fragments (1.9%), volcanic fragments (0.6%), biotite (3%), muscovite
(7.7%), chlorite (1.1%), and vegetal remains (0.9%). According to the clas-
sification of Pettijohn et al. (1987), this type of sandstone is a litho- or
sublitharenite.

In the lower division, an inverse grading from very fine- to
medium-grained is commonly observed in the basal 0.05–0.2 m of
the bed, as Gonzalez-Bonorino and Middleton (1976) previously
noted (cf. their Fig. 10). Longitudinal ridge and furrow casts
(Dzulynski, 1965; Allen, 1984), gutter casts, and groove marks are rel-
atively common on the sole of the beds. Longitudinal ridge and fur-
row casts are characterised by small, straight, and, in some cases,
anastomosed furrows 2–6 mm wide and 1 mm high and spaced
30–50 mm apart (Fig. 7A). Locally, frondescent and cushion-like
marks were also observed (Dzulynski, 1965). The groove marks are
straight or slightly curved, b1–6 mm wide, with an average of
1 mm, and 0.03–>0.4 m long (Fig. 7B). The gutter casts in the cross-
section have a weakly asymmetrical U-shaped profile. These casts
are 50–70 mm wide and 20–25 mm high and are filled with struc-
tureless medium- or fine-grained sandstone with sandy mudstone
intraclasts (Fig. 7C). In plan view, the gutter casts have a rectilinear
and rarely curved shape and are >0.2 m long. Occasionally, the base
of the beds is erosional with concave-up scours up to 0.1 m in depth
and filled with sandstone containing sandy mudstone intraclasts. Pla-
nar (or low-angle) and parallel laminations, 1–10 mm thick, locally
alternated with undulating laminations, characterise the lower divi-
sion of the bed (Figs. 5A and 6). The laminations consist of subtle
grain size variations, and they are normally graded from fine- to very
fine-grained sandstone. In some cases, the base of the lamina is
highlighted by the alignment of sandy mudstone intraclasts, which
are a fewmillimetres across. The intermediate division of the beds con-
sists of very fine-grained sandstone characterised by normal grading
and undulating laminations of 1–3 mm in thickness (Figs. 5A and 6).
These undulating laminations show vertical aggradation and consist of
one laminaset; rarely, beds with two or more laminasets, separated by
low-angle truncation surfaces, can be observed (Fig. 6A). In some
cases, small asymmetrical and low-angle ripple cross-laminations can
be observed interbedded with the undulating laminations (Fig. 6B). At
the top, this division displays a gentle asymmetrical undulating mor-
phology (Fig. 7D and E); these undulating bedforms are 20–90 mm
high and exhibit a wavelength of 0.5–2.7 m. On the undulating
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Fig. 5. Schematic drawings of the beds of the five lithofacies of the PNF. See the text for descriptions.
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topography, one to two sets of small ripples, 10–20 mm thick, can be
observed (Fig. 8A). These ripples are slightly asymmetrical bedforms
with rounded crests without brinkpoints; their cross-laminations dip
at low-angle (b10°) and display sigmoidal and convex-up shapes
(Fig. 8B and C). The upper division of this lithofacies consists of massive
or vaguely laminated sandymudstone, which transitionally overlies the
sandstone; this division varies in thickness, becoming thicker above the
concave portions of the undulating topography and sometimes dis-
appearing. Bioturbation is scarce and does not destroy the sedimentary
structures. This lithofacies alternates with lithofacies 2 and 4 and occa-
sionally with lithofacies 5.

4.1.1. Interpretation
The homogeneous granulometric distribution of most of the sand-

stone beds of this lithofacies (lower division) suggests sedimentation
by a relatively steady flow during most of the depositional phase. The
transition to the intermediate and upper division testifies to a rapidly
depositional waning flow. Nevertheless, the occurrence in several
beds of a basal inverse grading provides evidence of an initial phase
of acceleration of the flow velocity (waxing flow stage; sensu
Kneller, 1995). The common planar sole of the beds with rare gutter
casts and small erosional scours suggests that the depositional flows
did not have a strong erosional capacity. Indeed, longitudinal ridge
and furrow casts and groove marks indicate low-turbulence flows
(sub-turbulent flows of Dzulynski, 1965).

The lithofacies 1 displays a vertical organisation of the sedimentary
structures that, at first glance, allows to interpret it as deposit of tur-
bidity flow, characterised by the Tb–e intervals of the Bouma sequence.
According this interpretation, the planar, or low-angle, parallel lami-
nations of the lower division may correspond to the plane‐bed phase
of deposition of the turbidity current. The undulating laminations,
that characterise the intermediate division, could be considered simi-
lar to those observed in deep-water depositional systems and inter-
preted as antidune laminations (Prave and Duke, 1990; Yagishita,
1994; Mulder et al., 2009). These undulating structures would have
been formed by turbidity current standing waves and related to Kel-
vin–Helmholtz instabilities developed between a low-density upper
layer and a high-density basal layer in stratified gravity flows
(Mulder et al., 2009). The ripples at the top of the undulating lamina-
tions would be equivalent to the Tc interval of the Bouma sequence
and the finer upper division of this lithofacies to the Bouma intervals
Td–e.

However, this interpretation, which has been used in the previous
studies of the PNF (Gonzalez-Bonorino and Middleton, 1976; Bustos,
1996), does not seem convincing to a detailed study of the sedimen-
tary structures. Another interpretation, that considers the oscillatory

image of Fig.�5


Fig. 6. Lithofacies 1. The sandstone beds of this lithofacies are composed of three divisions: a lower division (Ld) with planar, or low-angle, parallel laminations; an intermediate
division (Id), characterised by slightly asymmetrical undulating laminations and ripples; and an upper division (Ud) of massive sandy mudstone. (A) Locally, the undulating lam-
inations are composed of two lamina sets separated by low-angle truncation surfaces (see arrow). (B) Small ripples interbedded with gentle undulating laminations (see arrows)
reflect the velocity fluctuations of the depositional flows.
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flows as an important hydraulic component into the formation of
these deposits, is herein proposed.

Similar laminations to those found in the lower division of this
lithofacies were produced in laboratory experiments by Arnott and
Southard (1990) under combined flows with a smaller unidirectional
velocity. The laminations generated in the plane-bed phase were
characterised by planar, low-angle, and slightly undulating forms, as
observed in this lithofacies. These structures were also recognised in
field outcrops by Arnott (1993), who referred to them as quasi-
planar laminations. The undulating laminations of the intermediate
division may correspond to the formation of bedforms in the large
3D ripple bed phase (Arnott and Southard, 1990). In this phase,
under a smaller oscillatory velocity, an undulating topography
forms, characterised by bedforms with rounded crests, low-angle
flanks, and spacing that exceeds 2 m. Actually, these undulating lam-
inations and bedforms differ from the structures described as HCS-
like and interpreted as antidunes of unidirectional turbidity currents
by Prave and Duke (1990) and Mulder et al. (2009) because in the
PNF: (1) undulating laminations occur in most of the sandstone
beds (68.2%); (2) the height/wavelength ratio is b0.05, lower than
the value in HCS-like structures (0.12 to 0.25) of Mulder et al.
(2009); (3) undulating laminations are continuous in all parts of the
exposed lateral extension of the bed, that, in many cases, is more
than 100 m in length; and (4) synsedimentary deformations have
not been commonly observed associated with these undulating lami-
nations. The quasi-symmetrical form of undulating laminations,
which generate HCS-like bedforms at the top of the intermediate di-
vision, the normal-graded laminae, and the aggrading model of con-
struction of these bedforms enable the comparison between these
structures and accretionary HCS described by previous researchers
(Brenchley and Newall, 1982; Craft and Bridge, 1987; Cheel and
Leckie, 1993; Basilici et al., 2011). It is likely that these structures do
not constitute the same bedforms, but their organisation suggests
that they probably were formed under a dominant oscillatory flow
and at a high net sedimentation rate (Dumas and Arnott, 2006). The
low-angle truncation surfaces that separate the lamina sets and the
ripples at the base of the intermediate division indicate infrequent
weak fluctuations in flow velocity.

The small ripples at the top of the intermediate division that, at
first glance, may be interpreted as current ripples, actually exhibit
characteristics of combined‐flow ripples. The rounded crests and the
low-angle, sigmoidal and convex-up foresets are morphological ele-
ments that have been produced by combined flows in laboratory ex-
periments (Harms, 1969; Yokokawa et al., 1995; Dumas et al., 2005;
Yamaguchi and Sekiguchi, 2010) and recognised in ancient sedimen-
tary successions (Myrow et al., 2002; Lamb et al., 2008). According to
this interpretation this lithofacies was deposited by flows with a sig-
nificant oscillatory component coupled with a weak unidirectional
current.
4.2. Lithofacies 2

This lithofacies is characterised by alternated sandstone and sandy
mudstone beds and constitutes 23.7% of the thickness of the mea-
sured sections (Figs. 4, 5B and 9A). The sandstone beds are very
fine-grained, 1–40 mm thick, and consist of a single set of slightly
asymmetrical ripples that exhibit rounded crests and wavelengths
of 0.1–0.3 m (Fig. 9B). The Ripple Symmetry Index (RSI) (Tanner,
1967), measured for 46 ripples, has an average value of 1.25, and it
is always less than 2. The foresets of the ripples are low-angle
(b10°), convex-up, and sigmoidal in shape (Figs. 9B and 10A). The
thickest beds show undulating laminations below the ripples. The
transition to the overlying sandy mudstone beds is gradual. The
sandy mudstone is 3–5 times thicker than the underlying sandstone.
A variation of this lithofacies consists of thin laminae of very fine-
grained sandstones (1–2 mm thick) grading into sandy mudstone
(3–12 mm thick). A few small ripples are interbedded with these
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Fig. 7. (A, B and C) Sole marks at the base of the lithofacies 1: (A) Longitudinal ridge and furrow casts, (B) groovemarks (see arrow), (C) gutter cast. (D and E) The hummock-and-swale
morphology at the top of the intermediate division of the lithofacies 1 is indicated by arrows. In E (arrows 2, 3, and 4), this morphology is indicated by slight variations in the thickness of
the lower and intermediate divisions of the beds.
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laminae (Fig. 10B). This lithofacies forms intervals 0.1–12 m thick and
alternates with lithofacies 4.

4.2.1. Interpretation
This lithofacies, composed of the finest-grained and thinnest beds,

represents the lowest energetic conditions of the depositional sys-
tems. Each thin interbed of cross-laminated very fine-grained sand-
stone and sandy mudstone constitutes a depositional event, as the
gradual vertical transition suggests. These beds display certain simi-
larity with Tc–e Bouma intervals, and could be interpreted as surge-
like turbidity flows (Mulder and Alexander, 2001). However, the
slightly asymmetrical sandstone bedforms, the low-angle, concave-
up and sigmoidal foresets suggest these bedforms are associated
with combined-flow ripples, as described above. The overlying
sandy mudstone indicates sedimentation by settling.

4.3. Lithofacies 3

This lithofacies is composed of lenticular beds 0.3–1 m thick,
which accounts for 8.1% of the thickness of the measured sections
(Figs. 4 and 5C). The basal contact of the beds is planar and sharp, in-
frequently exhibiting concave-up erosive surfaces up to 5 m in width
and 0.3 m in depth. The beds display a normal grading sandstone
lower division (0.23–1 m thick), that consists of moderately or well-
sorted, medium- to very fine-grained laminated sandstone, overlain
by a sandy mudstone upper division (0.02–0.18 m thick). The top sur-
face of the lower division shows a undulating structure up to 0.32 m
in height and spaced 3 to 12 m apart, that generate a hummock-
and-swale topography (Fig. 11A). The sandstone displays angular to
subangular grains, which consist of monocrystalline quartz (50.5%),
polycrystalline quartz (9.8%), plagioclases (4.3%), low-grade meta-
morphic fragments (14.1%), sedimentary fragments (3%), volcanic
fragments (1%), biotite (1%), muscovite (8.7%), and vegetal remains
(1.6%). The sandstone can be classified as sublitharenite. Parallel
and continuous laminae and thin strata are the dominant structures
of this lithofacies (Fig. 11B). The lower division of the beds displays
thin strata of fine-grained sandstone up to 40 mm thick, locally medi-
um to fine-grained, which grade upwards into 1–3 mm thick laminae
of fine- or very fine-grained sandstone. Each thin stratum or lamina is
graded: at the base, an accumulation of sandy mudstone intraclasts of
1 mm to a few centimetres across can be locally observed, and at the
top, comminuted vegetal remains (2–40 mm long) and small flakes of
muscovite (1–2 mm long) occur. Thin strata and laminae are planar
below the hummocks and dip towards the swales forming gentle
cross-stratifications (3–14° dip) that flatten into planar laminations
(Fig. 11B and C; Fig. 12). At times, the beds of this lithofacies consist
of two- or three-lamina sets divided by low-angle erosive surfaces
(Fig. 12). The dip directions of low-angle cross-stratification indicate
a multimodal or bimodal pattern of distribution (Fig. 13A). Convolute
laminations may be present. At the top of the lower division of the
beds, slightly asymmetrical ripples with low-angle (b10°), sigmoidal
foresets are observed, with a rounded profile (Fig. 13B). Similar asym-
metrical ripple sets, 10–15 mm thick, can be found in the lower divi-
sion of the bed where are interbedded with the planar or low-angle
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Fig. 8. Lithofacies 1. (A) Ripples, here interpreted as deposited from combined flow,
overlie the hummock-and-swale topography of the intermediate division of the beds
(see insets). (B) Close-ups of the combined-flow ripples shown in Figs. 8A. Note the
slight asymmetry of the ripple, the rounded crests, and the low-angle, convex-up, sig-
moidal foresets. Foresets dip towards 270°.Pencil: 0.14 m. Coin: 23 mm. (C) Ripples
with sigmoidal foresets, dipping towards 265°, at the top of the intermediate division
of the beds. Coin: 23 mm.

Fig. 9. Lithofacies 2. (A) This lithofacies consists of interbeds of thin, very fine-grained
rippled sandstone and sandy mudstone beds. Coin: 23 mm. (B) Slightly asymmetrical
ripples with rounded crests, low-angle and sigmoidal foresets. The foresets dip towards
280°. Coin: 23 mm.
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stratifications (Figs. 12 and 13C), as described in Pattison (2005b)
(his Fig. 5B and D). Symmetrical ripples can be locally observed at
the top of the lower division (Fig. 13D and E). This lithofacies alter-
nates with lithofacies 1.

4.3.1. Interpretation
The lower division of this lithofacies was deposited by a relatively

steady flow, as suggested by the fact that the planar or low-angle lam-
inations constitute most of the thickness of the bed and by the ab-
sence of important erosive surfaces. Ripple interbeddings testify,
however, to small variations of flow velocity. The upper division rep-
resents the waning flow phase.

Mutti et al. (1996, 2003) and Zavala et al. (2006) have described sand-
stone beds with low-angle cross-stratifications passing downcurrent to
flattened laminations that, to some extent, may be similar to lithofacies
3. These authors interpreted them as low-relief dunes formed at the
base of a bypassing unidirectional turbulent flow in a flood-dominated
subaquatic river delta system.Nevertheless, this interpretation is unlikely
for lithofacies 3 because: (i) the cross-bedding dip is not unidirectional,
(ii) the planar laminations do not follow downcurrent cross-
stratifications but they alternate from hummock to swale topography,
(iii) the bed has not wedge shape, and (iv) the grain size is smaller.

The interpretation that this lithofacies was generated by strong
oscillatory component is more convincing. The hummock‐and‐
swale geometry with long wavelengths at the top of the lower divi-
sion suggests an oscillatory component of the depositional flows.
Normal grading, planar-parallel laminations and low-angle cross-
laminations may have been deposited by settling from turbulent sus-
pensions during the passage of a single wave or a group of large
waves (De Celles and Cavazza, 1992). The dominance of oscillatory
depositional flow is also evidenced by the slightly asymmetrical rip-
ples, interpreted as combined-flow ripples, and by the symmetrical
ripples, interpreted as wave ripples, which occasionally overlie the
sandstone beds. The sedimentary structures described above and as-
sociated with the aggrading organisational style of the laminations
and the isotropic geometry of the beds allow this lithofacies to be
compared with an accretionary HCS-like structure, as reported by
Brenchley and Newall (1982), Craft and Bridge (1987), Cheel and
Leckie (1993), McCabe and O'Cofaigh (1996), and Bhattacharya and
Bhattacharya (2005).

The upward decrease of grain size and thickness of the thin beds
and laminae and the slightly asymmetrical ripples at the top of the
sandstone beds suggest a progressive decrease in the orbital velocity
of the oscillatory flow. Weak fluctuations of the flow intensity
(waning to waxing flow conditions) are testified by the interbedding
of the asymmetrical ripples (probably combined-flow ripples) with
planar-parallel or low-angle stratifications in the lower division of
the sandstone body (Pattison, 2005b). Greater fluctuations in the in-
tensity of the flows are suggested by the lamina sets truncated by
low-angle erosional surfaces.
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Fig. 10. Lithofacies 2. (A) Combined-flow ripples. Note the rounded crests, the low-angle
foresets, dipping towards 265°, and the slight asymmetry of the bedform. (B) Locally, this
lithofacies is characterised by thin interbeds of sandstone and sandy mudstone laminae
with rare ripple bedforms. Coin: 23 mm.

Fig. 11. Lithofacies 3. (A) This bed of lithofacies 3 (indicated by the dotted lines) has a
planar base and a hummock-and-swale top with spacing of 4 m and height of 0.18 m.
This lithofacies is similar to accretionary HCS sandstone beds. (B) Planar and parallel
and graded laminae, or thin strata, characterise the beds. Laterally, these laminations
gently dip towards the swale topography (see Fig. 11). Hammer: 0.28 m. (C) Gentle
cross-stratifications (10° dip) are observed at the transition between hummock‐and‐
swale topography of the bed. Hammer: 0.28 m.
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4.4. Lithofacies 4

Lithofacies 4 (7% of the thickness in the measured sections) con-
sists of 0.08–0.32 m thick, moderately to well-sorted, fine- to very
fine-grained sandstone grading into sandy mudstone beds, which
can be subdivided into three divisions (Figs. 4 and 5D). The beds
have a tabular shape extending laterally over more than 60 m, but
slight variations in thickness are common. Longitudinal ridge and fur-
row casts and groove marks occur at the sole of the beds. The lower
division is characterised by planar, low-angle, and gentle undulating
laminations (Fig. 14A). Each lamina grades from fine- to very fine-
grained sandstone a few millimetres to 10 mm thick. The laminae
are usually organised into one set. This division has a thickness of
up to 0.14 m, although in the thinner beds, it is reduced to a few
centimetres or is absent (Fig. 14B). The intermediate division is
0.05–0.18 m thick, and is composed of gentle asymmetrical undulat-
ing laminations that alternate with and are overlain by small, slightly
asymmetrical climbing ripples. The undulating laminations form small
asymmetrical hummocks and swales with wavelengths of 0.2–0.35 m
and heights of 8–12 mm (Fig. 14B). The climbing ripples are slightly
asymmetrical and have rounded crests and sigmoidal foreset laminae
with 5–10° dip, which are convex-up in the middle section. The for-
eset laminae commonly continue downdip and updip as undulating
laminations (Fig. 14A and B). Wrinkle structures (runzelmarken) are
observed on the top surface of each undulating lamination. The
upper division (up to 0.03 m thick) is composed of massive sandy
mudstone. The thickest beds of this lithofacies are usually alternated
with lithofacies 1, whereas the thinnest are more commonly alternat-
ed with lithofacies 2.

4.4.1. Interpretation
The normal grading and vertical succession of the sedimentary

structures of this lithofacies indicate deposition via decelerating
flows. This depletive aspect of the flow and the organisation of the
sedimentary structures could suggest certain similarity with low-
density turbidity current deposits (Lowe, 1982). Thus, the three divi-
sions from the base to the top could be interpreted, respectively, as
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Fig. 12. Planar and parallel and graded laminae, or thin strata, gently dipping from the hummock to the swale forms characterise the lithofacies 3. Arrows indicate small ripples
interbedded with the planar or low-angle laminae. The dotted line to the right of the picture shows a low-angle erosional surface that separates two lamina sets. Ld: lower division.
Ud: upper division.

Fig. 13. Lithofacies 3. (A) A rose diagram showing the dips of low-angle cross-stratifications of lithofacies 3. The data show a bi- or multimodal distribution. The vertical line indi-
cates the palaeocoast directions; the land is to the east. (B) On the sandstone top of this lithofacies (arrow), observe the slight asymmetrical ripples with low-angle foresets, directed
towards 275°, and rounded profile, attributed to combined-flow ripples. (C) Low-angle foreset ripples can be observed interbedded with the planar or low-angle laminae in the
lower or middle portion of the bed, indicating fluctuations in the velocity of the flow. The ripple foresets dip towards 265°. (D) Rarely, on the top surface of the sandstone bed,
symmetrical ripples with opposite dipping foresets can be observed (arrow). Coin: 23 mm. (E) Bifurcated wave ripple crests and interference ripples (arrow) can be observed locally
on the sandstone top of this lithofacies. Coin: 23 mm.
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Fig. 14. Lithofacies 4. (A) The beds of this lithofacies are composed of a lower division (Ld) with planar, low-angle or undulating laminations; an intermediate division (Id) with
undulating laminations alternating with or overlain by climbing combined-flow ripples; and an upper division (Ud) of sandy mudstone. (B) The thinner beds of this lithofacies
are composed of intermediate and upper divisions (Id and Ud). Note the gentle asymmetrical form of the undulating laminations that can be compared with small-scale anisotropic
HCS. Coin: 23 mm.
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intervals of the Bouma sequence Tb, Tc, and Td–e. However, rippled
bedforms with different characteristic from the typical current ripples
and undulating laminations, isolated or alternated with the ripples
suggest an alternative interpretation, where an oscillatory and unidi-
rectional component combined to transport and deposit the sedi-
ments. In fact, the lower division is similar to that of lithofacies 1,
and for the same reasons, can be interpreted as having been deposit-
ed by high-energy combined flows. The asymmetrical undulating
laminations of the intermediate division may be compared with
small-scale anisotropic HCS, similar those described by Nøttvedt and
Kreisa (1987), Cheel and Leckie (1993), and Dumas et al. (2005) indi-
cating an oscillatory current combined with a weak unidirectional
current. The slight asymmetry, rounded crests, convex-up, low dip-
ping, and sigmoidal foresets of the ripples are considered characteris-
tics of the combined action of oscillatory and unidirectional flows
during sand deposition. It is noteworthy to observe the similarity of
this lithofacies (Fig. 14A) with the lithofacies shown by Myrow et al.
(2002, their Fig. 11C and D), Pattison (2005a, his Fig. 11C) and
Basilici et al. (2011, their Fig. 5C). Myrow et al. (2002) and Pattison
(2005a) interpreted this lithofacies deposited from an oscillatory
flow combined with a gravity current and referred to as a “wave-
modified turbidity current”. Lithofacies with similar grain size, sedi-
mentary structures and bed geometry was described by He et al.
(2011, their Fig. 8f) in a sedimentary succession characterised by
deep-water deposits. The cited authors interpreted this lithofacies
as deposit of combined flows.

4.5. Lithofacies 5

The beds of this lithofacies represent 4.2% of the thickness of the
measured sections. This lithofacies consists of 1.1–3 m thick,
medium- to very fine-grained sandstone beds, overlain by sandy
mudstone of up to 0.19 m thick (Figs. 5E and 15). The base is com-
monly erosional with incisions up to 2.2 m in depth, and it exhibits
gutter casts and groove marks (Fig. 15). The top is flat or gently undu-
lating. The beds extend up to 130 m in a perpendicular direction to
the palaeocurrents (Fig. 16). Each bed can be divided into three divi-
sions (Fig. 5E). The lower division (1–2.8 m thick) consists of poorly
sorted, medium- or fine-grained, structureless sandstone, which oc-
casionally displays parallel, planar or very low-angle laminations. In
some cases, the base of this division exhibits an inverse grading to a
thickness of 0.05 to 0.5 m from poorly sorted, fine-grained to
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Fig. 15. Lithofacies 5. (A) The sandstone beds of this lithofacies are up to 3 m thick. The
base is erosive (see arrows), and the top is planar or exhibits gentle undulations. (B) A
vertical log at the Quebrada de los Gauchos of the beds of lithofacies 5. The log was
measured at the outcrop shown in Fig. 16.
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coarse-grained sandstone; sandy mudstone clasts of up to 0.25 m
across can be observed at the top of the inverse grading. The transi-
tion to well-sorted, fine- or very fine-grained sandstone of the inter-
mediate division is gradual. This division (0.1–0.2 m thick) exhibits
more evident planar or low-angle and undulating laminations,
which are overlain by a set of slightly asymmetric ripples with round-
ed crests and low-angle foresets similar to those described above. The
upper division (up to 0.05 m thick) is composed of structureless
muddy sandstone. In vertical succession, this lithofacies locally alter-
nates with lithofacies 1 or 2 (Fig. 15B).

4.5.1. Interpretation
This lithofacies is composed of sandstone beds with the coarsest

grain sizes of the studied succession, a lenticular shape with a
concave-up erosional base, and limited lateral continuity perpendicu-
lar to the palaeocurrents. These features indicate that the flows that
generated the sandstone beds were characterised by the greatest en-
ergy of the depositional system and were channelised.

Lithofacies 5 could be interpreted as pure unidirectional-flow de-
posit. Concentrated density flows (sensu Mulder and Alexander,
2001), characterised by a bipartite-flow with a highly concentrated
lower portion and a turbulent, less concentrated, upper portion,
could have originated the beds of this lithofacies. This type of density
flow forms deposits with a thicker, structureless, lower division
(Bouma Ta interval) overlain by a thinner, structured intermediate
and upper division (Bouma Tb–e intervals).

However, an alternative hypothesis, that considers as transport
agents also oscillatory flows, may be expressed. In wave-generated
sandstone beds structureless sandstone lower divisions were inter-
preted as deposited under a high-suspended-load fall-out rate,
which inhibited the formation of sedimentary structures (De Celles
and Cavazza, 1992; Myrow et al., 2002; Mutti et al., 2003; Pattison,
2005a; Lamb et al., 2008). Moreover, the undulating laminations
and the slightly asymmetrical ripples (that can be interpreted as
combined-flow ripples) observed in the intermediate division may
suggest the influence of the oscillatory velocity on the depositional
processes.

As observed in lithofacies 1 and 5, the depositional processes were
characterised by an early phase of waxing flow (basal inverse grad-
ing) followed by a quasi-steady flow phase (structureless lower divi-
sion) and ending with a waning flow phase (intermediate and upper
divisions).

4.6. Architectural and sequential arrangement

The studied succession of the PNF was subdivided into three
architectural elements based on the distribution of the lithofacies.
Architectural element 1 (channelised sandstone) is composed of
lithofacies 5 locally interbedded with lithofacies 1 or 2. This architec-
tural element constitutes ca. 5% of the thickness of the measured sec-
tions and is organised in packages of beds up to 21 m thick and 130 m
wide perpendicular to the palaeocurrents (Fig. 16). The beds are ver-
tically stacked and represent different phases of erosion and deposi-
tion. Thus, this element assumes the appearance of nested
submarine channels (Fig. 16). Architectural element 2 (tabular sand-
stone) consists primarily of lithofacies 1 interbedded with lithofacies
3 and 4. This is the most abundant element (ca. 65% of the thickness),
and it forms sedimentary bodies up to 40 m thick and more than
150 m wide perpendicular to the palaeocurrents (Fig. 3). Architectur-
al element 3 (interbedded tabular sandstone and mudstone) is com-
posed primarily of lithofacies 2 and the thinner beds of the
lithofacies 4. This element represents ca. 30% of the distribution in
the thickness of the measured sections, and it is formed by tabular
packages more than 160 m wide and 0.1–19 m thick (Fig. 3).

The visual analysis of the measured sections does not display any
sequential organisation of the architectural elements. Elements 2 and
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Fig. 16. Lithofacies 5. The beds of this lithofacies are lenticular with marked erosive bases. Their lateral extension, perpendicular to the palaeocurrent, is up to 130 m in length. These
beds constitute architectural element 1, and their organisation is similar to that of nested submarine channels. The vertical line corresponds to the section of Fig. 14.

Fig. 17. Rose diagrams for palaeocurrent indicators from sole marks, wrinkle marks and
cross-laminations of all the lithofacies. A vertical line in the centre of the circle repre-
sents the deduced palaeocoastline. The land was situated to the east.
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3 alternate in an apparently random way (Fig. 3), and element 1 may
either be cut or overlain by the other two elements (Fig. 16).

5. Palaeocurrent indicators

The palaeocurrent indicators include sole marks (longitudinal
ridge and furrow casts, gutter casts, and groove marks), wrinkle
marks, and cross-laminations of combined-flow ripples. The axes of
longitudinal ridge and furrow casts indicate palaeocurrent directions
with a mean vector of 266.6° (Fig. 17A). The axes of the gutter casts
indicate a mean vector of 267.6° (Fig. 17B). The axes of the groove
marks indicate a primary mean direction towards 285°; a few axes
have a mean vector 174.3° (Fig. 17C). A few data of the ridges of the
wrinkle marks indicate a mean vector of 292.8° (Fig. 17D). Most of
the palaeocurrent values were measured from cross-laminations of
combined-flow ripples, which belong to all five lithofacies. The dip di-
rections indicate unidirectional flows with a mean vector of 268.9°
(Fig. 17E). Palaeocurrent data show a uniform orientation in the
three study areas, indicating sediment dispersal towards the west
(Fig. 1B, C, and D). This finding coincides with the palaeocurrent
data reported by Bustos (1996) in the same study area. Only a few
palaeocurrent values of the groove marks at the base of lithofacies 1
show directions along the N–S axis (Fig. 17C). The origin of the differ-
ent orientations of these groove marks will be discussed below.

6. Palaeogeographic setting

Although the controversy continues about the positions of the
plates during the Devonian (Parrish, 1990), it seems certain that the
Argentine Precordillera was located polewards, south of 60° latitude,
in an area not occupied by permanent ice cover. Indeed, there is no
evidence of glacial deposits during the Devonian and a high CO2 at-
mospheric level is assumed for that time (Edwards et al., 2009). Dur-
ing the Devonian, the Chilenia terrane accreted onto the western
margin of Gondwana, resulting in the generation of foreland basins
such as the basin of the PNF (Ramos et al., 1986). Edwards et al.
(2009, cf. their Fig. 9) suggested that the PNF depositional areas oc-
curred in a N–S trending, elongate basin with a maximum width of
300 km. Following this palaeogeographic reconstruction, the coast-
line was oriented according to the present N–S meridian axis,
corresponding to the present boundary of the outcrop of the Sierra
Pampeanas basement.
Although coastal deposits were not found in the studied succes-
sion, the land areas could not have been distant from the depositional
area of the PNF because of the abundance of comminute terrestrial
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vegetal remains (up to 2%) and the high textural and compositional
immaturity of the sand grains. Furthermore, 40 km south of the San
Juan River outcrops, the PNF grades upwards into continental de-
posits (Bachongo Formation; Edwards et al., 2009).

7. Discussion

7.1. Unidirectional- or combined-flow deposits?

Gonzalez-Bonorino and Middleton (1976) and Bustos (1996)
interpreted the beds of the PNF as Bouma-like Ta–c, Tb–e, and Tc–e in-
tervals, deposited from unidirectional gravity flows in a deep-water
environment. However, the present study, based on a detailed analy-
sis of the sedimentary structures, questions the apparent similarity of
the PNF lithofacies with beds laid down exclusively by unidirectional
gravity flows.

It has been extensively argued that planar or low-angle parallel
laminations, interbedded with or overlain by undulating laminations,
are the dominant structures of lower and intermediate divisions of
lithofacies 1 and 4, and of intermediate division of lithofacies 5
(Figs. 6, 7D and 7E) and constitute the depositional product of com-
bined flow with a relatively weaker unidirectional velocity compo-
nent. Arnott and Southard (1990) and Arnott (1993) described
these structures in laboratory experiments and ancient sedimentary
successions, respectively.

The intermediate division of lithofacies 4, composed of undulating
and low-angle unidirectional cross-laminations (Fig. 14B), may be
comparable to small-scale anisotropic HCS (Nøttvedt and Kreisa,
1987; Cheel and Leckie, 1993; Martel and Gibling, 1994), that, at
least, suggests deposition from combined flows.

The small ripples present at the top of the sandstone beds in all the
lithofacies, or alternating with planar or low-angle laminations in the
beds of lithofacies 1 and 3, present evidence of combined‐flow depo-
sitional mechanisms. Rounded-crests lacking a brink point, low-angle
foresets (less than 15°) with sigmoidal shapes, convex-upward lee
and stoss sides, and a low Ripple Symmetry Index (RSI) (Figs. 8B
and C, 9B, and 14) are particular characteristics of combined-flow rip-
ples (Harms, 1969; Yokokawa et al., 1995; Dumas et al., 2005; Perillo
et al., 2009; Yamaguchi and Sekiguchi, 2010). These features occur
because combined-flow ripples accrete downstream via the deposi-
tion of sand lifted by vortices, which forms foresets with an angle
less than the natural angle of repose. Moreover, erosion on the stoss
side is not as intense as in current ripples, leaving the convex-up pro-
file of the stoss side (Yokokawa et al., 1995). The RSI, measured from
63 ripples in the PNF from all the lithofacies, has an average value of
1.3. This value precludes their being current ripples, which have RSI
values greater than 2.5 (Tanner, 1967), and allows to identify them
as combined-flow ripples (Yamaguchi and Sekiguchi, 2010).

Some authors question that undulating, low-angle (less than the
angle-of-repose) laminations are deposited from oscillatory or com-
bined flows and invoke exclusively unidirectional flows to explain
their origin. Allen and Underhill (1989), for example, interpreted
sandstone beds, characterised by large synforms, filled with low-
angle cross-stratifications (analogous to swaley cross-stratifications),
and by undulating laminations forming antiforms (analogous to hum-
mocky cross-stratifications), as laid down under unidirectional cur-
rents. The structures described by Allen and Underhill (1989),
however, are prevalently constituted of broad (5–10 m) concave-up
swaley, cut by common erosive surfaces. In thisway, they are not com-
parable with the structures attributed to combined-flow deposits in
the PNF.

Prave and Duke (1990) and Mulder et al. (2009) interpreted HCS-
like undulating laminations and top surfaces of sandstone beds as de-
position in unidirectional density flows during the antidune phase,
related to Kelvin–Helmholtz instabilities. Notwithstanding, the HCS-
like structures described by these authors differ by the undulating
laminations reported from the PNF in the paper which have different
morphologies, wavelengths, and stratigraphic properties. Additional-
ly, the undulating structures of PNF cannot be compared with the
structures described by Yagishita (1994) and interpreted as antidune
deposits due to their association with high-density turbidity current
deposits and the absence of combined-flow ripples.

For the above reported reasons and examples, the described struc-
tures in the PNF are considered to testify to the effect of combined
flows.

7.2. Origin of the oscillatory component of velocity in the combined flows

In subaqueous environments the oscillatory component of a com-
bined flow can have various origins. This can be originated by internal
waves, reflected turbidity currents, and, obviously, superficial waves
(Mutti et al., 2003).

Internal waves are gravity waves that generate oscillatory flows at
the interface of two fluids with different densities (pycnocline) (He et
al., 2008; Shanmugam, 2008, 2011; Pomar et al., 2012). Where inter-
nal waves intersect the seafloor, these can remobilise sediments and
create sedimentary structures related to oscillatory flows. The depth
of the pycnocline, i.e. the depth where internal waves can act as sed-
imentary processes, is extremely variable, from few tens of metres to
several hundreds of metres (Shanmugam, 2011; Pomar et al., 2012).
Thus, internal waves can deposit sediments in depths below the
storm wave base. The sedimentary structures generated by these
flows, in theory, can be similar to those deposited by superficial
waves, thus their distinction may not to be easy. He et al. (2011) de-
scribed sedimentary structures that they attributed to internal waves,
apparently similar to those described in this paper (compare, for ex-
ample, their Fig. 8f with the above described lithofacies 4 of the
PNF). Therefore, internal waves could be a good candidate to explain
the origin of the oscillatory component of the velocity observed into
the sandstone beds of the PNF. At the moment, however, two reasons
do not allow to consider this interpretation is reliable. First, the de-
posits of internal waves can be seen as out-of-context tempestites
(Pomar et al., 2012), i.e., similar to storm deposits, but that are
found in a totally unrelated depositional context. He et al. (2011)
used this argument to demonstrate that sandstone beds with
combined-flow ripples have been deposited from internal waves be-
cause they are interbedded with turbidites and deep-water shales.
On the contrary, the PNF does not show beds that are clearly deposit-
ed in deep-water environment (e.g., shales or high-density turbidity
current deposits). Second, the internal waves hypothesis is a sugges-
tive idea but not yet supported by a clear knowledge of the phenom-
enon, of its interaction with the mobile floor of the ocean, and of its
geological preservation (Shanmugam, 2011).

Deep-water density currents that travel across the irregular to-
pography of the oceanic sea floor can be subjected to reverse currents
as a sort of solitary waves (solitons) (Pantin and Leeder, 1987). These
reverse currents can deposit sand-sized material with undulating
laminations and surfaces, rippled cross-laminations with opposite di-
rections, interbedded with thin mud drapes (Pickering and Hiscott,
1985). Although the undulating laminations and surfaces described
by Pickering and Hiscott (1985, cf. their Fig. 13) in deposits of reverse
turbidity currents could be apparently similar to the undulating lam-
inations of lithofacies 1, 4, and 5 of the PNF, the absence in these
lithofacies of mud drapes and palaeocurrents with opposite direction
allow to exclude this hypothesis.

At the present state of knowledge, the proposed hypothesis in this
paper is that the oscillatory component of the velocity is generated by
superficial waves.

The vertical organisation of the sedimentary structures of
lithofacies 1 and 4 is comparable with the idealised organisation of
the quasi-planar-laminated sandstone beds described by Arnott
(1993), which he interprets as deposited in storm-dominated
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shallow-marine environments. This author (cf. his Fig. 3) described
sandstone beds with sharp basal contacts and characterised by three
intervals: erosive sole marks, a quasi-planar-laminated interval,
capped by a rippled interval. The quasi-planar-laminated interval is
similar to the lower and upper (partial) divisions of lithofacies 1
and 4 of the PNF because both of these lithofacies are typified by
low-angle and gently undulating laminations with vertical aggrada-
tion (quasi-planar laminations; Arnott, 1993). The spacing and the
height of the undulating laminations described by Arnott (1993),
2.1 m and 18 mm, respectively, are similar to those measured in the
PNF lithofacies. The rippled interval, which displays palaeocurrent di-
rections offshore and uncommonly onshore, corresponds to the up-
permost part of the intermediate division of lithofacies 1 and 4.
Arnott (1993) interpreted the quasi-planar-laminated interval as
having been deposited by high-energy combined flows and the rip-
pled interval as having been deposited by weaker offshore-directed
combined flows. Onshore-directed ripples are absent in the PNF
beds. However, Arnott (1993) interpreted the onshore-orientated
asymmetrical ripples as wave ripples related to shoaling waves and
associated with reworking of the sand by waves under fair-weather
conditions. The absence of onshore-directed ripples in the PNF indi-
cates that the depositional surface was below the fair-weather wave
base.

Lithofacies 3 could be compared with accretionary HCS deposits
(Figs. 11 and 12) originated by oscillatory flows, although small uni-
directional combined-flow ripples indicate the influence of unidirec-
tional currents when the orbital velocity of the wave decreased.
Furthermore, in this lithofacies, symmetrical wave ripples at the top
of the beds suggest prevalent oscillatory flows (Fig. 13D and E).

Finally, the PNF overlies the Talacasto Formation (Lower Devonian)
(Fig. 2), a muddy unit with interbeds of HCS sandstone, which has been
interpreted as a shelf depositional environment (Astini, 1991). This
transition is marked by a sudden increase in sandstone beds and is
apparently conformable, suggesting that no major changes took place
in the basin at the onset of the sedimentation of the PNF. Therefore, it
is likely that the sedimentation of the PNF began on an open shelf. In
addition, 40 km south of the study area, the Bachongo Formation,
which is composed of continental deposits (Edwards et al., 2009),
transitionally overlies the PNF. This gradual stratigraphic transition
again supports the shelf depositional environment of the PNF.

7.3. Origin of the unidirectional component of velocity in the combined
flows

Sedimentological analysis of the sandstone beds of the PNF
showed that they were formed by combined flows whose oscillatory
component was probably generated by storm waves. However, the
facies analysis does not provide any information relevant as to the or-
igin of the unidirectional flows; that is, whether they were originated
by wind-induced hydrostatic pressure gradients (geostrophic cur-
rents) or by density gravity flows (Myrow and Southard, 1996).

Many authors (Leckie and Krystinik, 1989; Myrow and Southard,
1996; Myrow et al., 2002; Sarkar et al., 2002; Bhattacharya et al.,
2004) have used palaeocurrent indicators (mainly sole marks) and
their relationships with the palaeocoast orientation to define the
types of unidirectional flows. These authors propose that unidirec-
tional flows related to geostrophic currents generate palaeocurrent
directions parallel to the palaeocoast, whereas unidirectional gravity
flows are characterised by palaeocurrent directions perpendicular to
the palaeocoast. According to this argument, it might be concluded
that the unidirectional component of the flow that deposited the
beds of the PNF was characterised by gravity flows because almost
all the palaeocurrents are normal to the palaeoshore and offshore di-
rected (Figs. 1B, C, D and 17).

Only a few groove marks in the PNF indicate palaeocurrent direc-
tions parallel to the palaeocoast (Figs. 17C and 18). This latter aspect
is best explained by Sarkar et al. (2002). In the distribution of the sole
marks in the sandstone beds of Mesoproterozoic Rampur Shale
(India), these authors recognised four stages of storm flow evolution
before the onset of sedimentation. They observed that shore-parallel
geostrophic flows developed during the first two stages of the
storm; however, after the second stage these flows were progressive-
ly replaced by offshore-directed flows, which became prevalent dur-
ing the third stage and into the fourth stage, when sedimentation
began. According to this model, the groove marks of the PNF, which
are perpendicular to all the other palaeocurrent indicators, can be
interpreted as the record of geostrophic currents originated during
the first stage of the development of the storm.

The considerations above suggest that combined flows with a geo-
strophic unidirectional component were present before the onset of
the deposition but that this geostrophic flow was rapidly replaced
by an offshore-directed unidirectional component generated by tur-
bidity currents.

7.4. Hyperpycnal flow deposits

Three distinct features allow for the formulation of a hypothesis as
to the origin of the turbidity currents: (1) Abundant, comminuted, up
to 40-mm long plant remains of lycopods (Edwards et al., 2009)
testify to a direct and short time of transport from the land by
physical mechanisms (Nelson, 1982; Pattison, 2005a; Myrow et al.,
2008). (2) The abundant lithic fragments and the poor roundness of
the sandstone grains suggest a relatively short transport distance
and a direct input from the continent, precluding a long storage
period on the coast, where hydrodynamic processes could have
increased the maturity of the grains. (3) The relative scarcity of
bioturbation, which allowed for the complete preservation of the
sedimentary structures, is attributed in marine shelf deposits to
fresh-water input, limiting the biotic associations (Nelson, 1982;
Pemberton and Wightman, 1992; Pattison, 2005a). These three fea-
tures suggest that the sedimentary input originated directly from
the continental areas, presumably via fluvio-deltaic systems.

In the literature, highly concentrated flows introduced into marine
environments through river deltas are known as hyperpycnal flows
(Mulder and Syvitski, 1995; Mulder et al., 2003). When a sediment-
laden high-density river flow enters a standing body of water with a
lesser density, it may generate a hyperpycnal flow. This bulk of
water and suspended sediment, even over a gentle slope plunges
below the surface and transforms into a density current, which may
be regarded as a subaqueous continuation of the fluvial system
(Mulder and Syvitski, 1995; Mulder et al., 2003). One type of hyper-
pycnal flow is the oceanic flood (Wheatcroft, 2000). Oceanic floods
are characterised by the catastrophic introduction of a sediment-
rich dispersion through the mouth of a river delta into the sea. This
type of flood, commonly associated with the atmospheric conditions
that generate storms in coastal areas, is typical of river systems
characterised by small catchment basins located in mountain chains
and active continental margins (Wheatcroft et al., 1997).

Zavala et al. (2006) presented a model of the evolution of a quasi-
steady hyperpycnal flow consisting of three development phases
(acceleration, erosion plus bypass, and deceleration) with fluctuations
in its velocity. At a given point, the deposit that records the passage of
such a flow during the acceleration phase consists of sand with sedi-
mentary structures evolving from climbing ripples through planar
laminations to low-angle cross-stratifications. These deposits may be
completely or partially eroded during the succeeding phase (erosion
plus bypass). Finally, sand with a suite of sedimentary structures, from
low-angle cross-stratifications through planar laminations to climbing
ripples, records the deceleration phase. This suite of sedimentary struc-
tures may alternate in the bed due to fluctuations in velocity. Mud de-
posits overlie the sandstone beds. Although this model is pertinent to
unidirectional hyperpycnal flows, some aspects are similar to the



Fig. 18. A photograph (above) and line interpretation (below) of thin groove marks (red arrow, centre side of the picture) directed 160–180°, that is, at a high angle with respect to
the mean palaeocurrent directions. Note the longitudinal ridge and furrow casts (blue arrow, left side of the picture) with axes directed 290°.
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lithofacies of the PNF, particularly the sedimentary structures associat-
ed with the acceleration phase and the fluctuations in the flow velocity.
Lithofacies 1 and 5 commonly show inverse grading, which, in some
cases, culminates in an accumulation of gravel-size muddy sandstone
clasts in the basal 0.05–0.2 m of the bed, suggesting an early accelera-
tion phase of the flow with a high rate of sedimentation. Lithofacies 1
and 3 show a common vertical interbedding of sedimentary structures
(combined-flow ripples, undulating laminations, and planar or low-
angle parallel laminations), which suggest fluctuations in the flow
velocity (Figs. 6B, 12 and 13C).

These features suggest that most of the sandstone beds of the PNF
were deposited from combined flows with high rates of sedimenta-
tion, quasi-steady hydraulic behaviour with early acceleration
phase, a late deceleration phase, and fluctuations in their velocity
(sustained flows with a waxing–waning behaviour). These aspects
associate the unidirectional component of the flows that deposited
the PNF sandstone beds with a hyperpycnal flow, suggesting the like-
lihood that the deposition occurred due to oceanic floods associated
with storm waves.

7.5. Depositional model

The PNF is here interpreted as a sedimentary succession deposited
on a marine shelf above the storm wave base. Hyperpycnal flows
originated at the river mouth likely constituted the source of the de-
positional flows, but storms played an important role in maintaining
the sediment suspension, generating the excess density of the
hyperpycnal flows relative to the sea water and distributing and
organising the sediments (Myrow and Southard, 1996; Myrow et al.,
2002).

Despite the excellent outcrops in the study area, the tectonic de-
formation, younger sedimentary cover, and large scale of the archi-
tectural elements relative to the outcrop dimensions did not permit
a clear visualisation of the spatial organisation of the sedimentary
bodies in the field and, consequently, did not permit their arrange-
ment in a detailed model of the depositional system. However,
according to the interpretation of the depositional mechanisms and
the existing models, it is possible to formulate a hypothesis for its ar-
chitectural organisation.

Zavala et al. (2006; cf. their Fig. 12) proposed a facies-tract
model for hyperpycnal flow deposits. Streamwise, they distin-
guished (1) very thick channelised sandstone beds, which represent
the extension of the river distributary into the body of standing
water in the proximal zone; (2) thinner sandstone beds with
sharp bases, locally erosive, in the intermediate zone; and (3) thin
sandstone beds alternating with mudstone in the distal zone. This
model may be applied to the PNF succession (Fig. 19). Architectural
element 1 of the PNF, which is composed of channelised sandstone
beds, could represent the offshore extension of the distributary
channels in the proximal area. Architectural element 2, which con-
sists of tabular sandstone beds, could represent the intermediate
area. Finally, architectural element 3, composed of thin sandstone
interbedded with sandy mudstone, indicates the distal depositional
area. The geometry of the sedimentary bodies should have been

image of Fig.�18


Fig. 19. A simplified depositional model showing the architecture of the PNF. The num-
bers in the picture correspond to the architectural elements.
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controlled by the unidirectional gravity flows, which represented
the main mechanism of distribution of the sediment. Therefore,
these bodies should have a lobe shape with its axis normal to the
coastline (Fig. 19). The geostrophic currents, poorly represented
during the first phase of the flow, have been considered insufficient
here to contribute to the alongshore distribution of the sediments.

A similar model was presented for the Campanian Aberdeen and
Kenilworth members of Utah by Pattison (2005a) and Pattison et al.
(2007). These authors described a storm-influenced prodelta turbidi-
ty system where storm-generated and/or river-generated underflows
cut offshore-directed subaqueous channels, which were later filled by
combined-flow deposits whose unidirectional component was con-
stituted by gravity flows. At the mouth of these subaqueous channels,
storm-influenced density-flow deposits formed extensive lobe-
shaped sedimentary bodies. In the present study, the subaqueous
channels should correspond to architectural element 1 and the lobe-
shaped deposits to architectural elements 2 and 3. Astini (1990)
and Bustos (196) interpreted the PNF as an analogous prodelta depo-
sitional system.

Currently, hyperpycnal flows are generated at the mouths of rivers
with small and mountainous catchment basins in active continental
margins (Mulder and Syvitski, 1995; Wheatcroft et al., 1997).
According to palaeogeographic and geotectonic reconstructions, this
physiographic and geologic setting is comparable to that of the
study area during the Devonian, which was located in an active mar-
gin at the collisional boundary between the Chilenia terrane and the
western margin of Gondwana (Ramos et al., 1986; Thomas and
Astini, 2003).

Finally, the sedimentary succession of PNF may be associated to
the “flood-generated delta front sandstone lobes” of Mutti et al.
(2003) to be characterised by HCS-like structures and to be deposited
by hyperpycnal flows. However, as long as the large scale geometry of
the PNF and the relationships with the lateral and vertical sedimenta-
ry succession will not be clearer this hypothesis is only speculative.

8. Conclusions

Previous studies show the uncertainty in distinguishing
combined-flow from unidirectional-flow deposits, storm-dominated
from pure density-flow deposits, and, consequently, shelf from
deep-water depositional systems. This paper reflects one of these
cases.

The Punta Negra Formation (PNF), previously attributed to a deep-
sea fan system, is here reinterpreted as a prodeltaic shelf sedimentary
system formed between storm and fair-weather wave-bases. Sand-
stone/mudstone event beds that mimic Bouma-like intervals were
reinterpreted as deposited by storm-dominated combined flows
generated by hyperpycnal flows plunging at the mouths of delta dis-
tributary channels.

Planar and low-angle parallel laminations, similar to the quasi-
planar laminations of Arnott (1993), and undulating laminations dis-
playing slightly asymmetrical hummocky and swaley morphology,
combined-flow ripples, accretionary HCS-like, and anisotropic HCS-
like are sedimentary structures that characterise the five described
lithofacies. These features suggest depositional mechanisms dominat-
ed by oscillatory flows with a weak to medium unidirectional velocity
component. Various hypotheses on the origin of the oscillatory com-
ponent, which is recorded into the sandstone beds, have been consid-
ered and discussed. The most convincing hypothesis attributed the
velocity oscillatory component to storm waves.

Palaeocurrents indicate offshore sediment transport normal to the
palaeocoast, suggesting that the unidirectional component of the de-
positional flows was a gravity flow. Some groove marks with direc-
tions parallel to the palaeoshoreline indicate the existence of weak
geostrophic currents before the onset of the depositional phase.

Inverse grading at the base of most of the sandstone beds of
lithofacies 1 and 5 and the interbedding of high- and low-flow veloc-
ity structures within the beds of lithofacies 1 and 3 suggest that the
flows were characterised by an early acceleration phase followed by
a deceleration phase with frequent fluctuations in velocity. These fea-
tures allow the unidirectional component of the combined flows to be
associated with hyperpycnal flows, for which a terrestrial origin is
suggested by the abundance of comminuted plant remains in the
sandstone beds, the mineralogical and textural immaturity of the
sandstone, and the relative scarcity of bioturbation attributed to ter-
restrial fresh-water input.

Storm-influenced hyperpycnal flows generated subaqueous
channelised structures, later filled with sand, in the proximal area of
the prodelta shelf area (architectural element 1), which were the
probable extension of subaerial fluvial systems. At the mouth of the
subaqueous channelised forms, tabular sand beds were deposited
(architectural element 2), followed downstream in the more distal
areas by the interbedding of sand and sandy mud beds (architectural
element 3). The PNF represents a prodelta inner-shelf depositional
system fed by small-basin rivers, characterised by catastrophic dis-
charges from an active continental margin.
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