Rivista Italiana di Paleontologia e Stratigrafia

volume 113

no. 2 pp. 223-255 July 2007

THE LOWER EOCENE RODA SANDSTONE (SOUTH-CENTRAL PYRENEES):
AN EXAMPLE OF A FLOOD-DOMINATED RIVER-DELTA SYSTEM
IN A TECTONICALLY CONTROLLED BASIN

ROBERTO TINTERRI

Received: September 1%, 2006; accepted: March 5, 2007

Key words: Mouth bars, delta-front sandstone lobes, river delta,
hyperpycnal flows, tidal deposits, sigmoidal-cross stratification, falling-
stage systems tract.

Abstract. The lower Eocene Roda Sandstone (Figols Group,
south-central Pyrenees) mainly consists of mouth bars and delta-front
sandstone lobes deposited in a flood-dominated river-delta system. The
deposition of these bodies was strongly controlled by an interaction
between flood-dominated gravity flows entering seawater, topographic
confinement and tidal currents.

The Roda Sandstone is made up of six depositional sequences of
different hierarchical order each of which is characterized by a basal
deltaic sandstone wedge (R1 to Ré) that passes upward into a siltstone
and mudstone interval. Each basal deltaic sandstone wedge is composed
of three types of facies association and respective facies tract (sensu
Mutti 1992) that, from proximal to distal zones, are indicated as T1,
T2 and T3. These three facies tracts are created by the downcurrent
evolution of different types of sediment-laden stream flows entering
seawater and related hyperpycnal flows. Their deposits are constituted
by three different types of coarse-grained mouth bars and correspond-
ing fine-grained delta-front sandstone lobes. The tidal influence is pre-
sent in facies tract T3 in the R5 and Ré sandstone units, where the
passage between flood-dominated mouth bars and the delta-front sand-
stone lobes occurs through intermediate facies characterized by differ-
ent types of sigmoidal-cross stratification whose meaning will be dis-
cussed.

The basal deltaic sandstone wedges of Roda sandstone are char-
acterized by a progressive forestepping culminating in the R6 unit that
erodes the underlying R5 unit and by an overlying backstepping unit
indicated as R7. The erosive surface at the base of R6 unit is interpreted
as a sequence boundary that divides the Roda Sandstone into two parts:
1) an underlying highstand systems tract (HST) and falling stage system
tract (FSST) (units R1 to R5) and 2) an overlying low-stand delta (the
R6 unit) that passes upward into highstand mudstone through a trans-
gressive systems tract represented by the R7 unit.

Riassunto. Le Arenarie di Roda (Gruppo di Figols, Eocene in-
feriore, Pirenei centro meridionali) sono depositi costituiti principal-
mente da barre di foce e lobi di fronte deltizio che caratterizzano un

sistema di river-delta dominato da piene fluviali. La loro deposizione &
controllata principalmente dall’interazione tra flussi gravitativi innesca-
ti da piene fluviali che entrano in mare e un confinamento topografico
che amplifica leffetto delle correnti tidali.

Le Arenarie di Roda sono costituite da sei sequenze deposizio-
nali di differente ordine gerarchico ognuna delle quali & caratterizzata
da un’unita arenacea basale (da R1 a R6) che passa verso I’alto a depositi
pelitici. Ogni unita arenacea basale & costituita da tre tipi di associazioni
di facies e corrispettivi facies tract che, dalle zone piti prossimali a
quelle piu distali, sono indicati con T1, T2 e T3. Questi tre facies tract
sono originati dall’evoluzione sottocorrente di diversi tipi di sediment-
laden stream flows che entrano in mare e dai relativi flussi iperpicnali. Il
loro prodotto sedimentario si traduce in tre diversi tipi di barre di foce
e nei corrispettivi lobi di fronte deltizio. L’influenza tidale & presente
nel facies tract T3, nelle unita R5 e Ré, dove il passaggio tra le barre di
foce dominate da processi fluviali e i lobi di fronte deltizio avviene
attraverso particolari facies intermedie caratterizzate da differenti tipi
di stratificazioni sigmoidali il cui significato verra qui discusso.

Da un punto di vista stratigrafico, le unita arenacee delle Are-
nearie di Roda sono caratterizzate da un progressivo forestepping cul-
minante nell’'unitd R6 che tronca la sottostante unitd R5 e da una unita
retrogradante sommitale indicata con R7. La superficie erosiva alla base
dell’unita R6 ¢ interpretata come un limite di sequenza che permette di
dividere la successione delle Arenarie di Roda in due parti: 1) una parte
inferiore rappresentata da un highstand e un falling stage systems tract
tract (unita da R1 a R5) e 2) una parte sommitale caratterizzata da un
lowstand systems tract (unitd R6) che passa verso I'alto a depositi di
highstand attraverso un transgressive systems tract rappresentato dal-
’unitd R7.

Introduction

The Lower Eocene Roda Sandstone crops out in
the Isabena Valley in the north-western sector of the
Tremp-Graus wedge top basin in the south-central Pyr-
enean foreland basin (Fig. 1). The Roda Sandstone,
which belongs to the Ypresian Figols Allogroup (Mutti
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et al. 1988, 1994) is the first significant sandstone fill of
the Eocene succession in the Isabena valley and one of
the best examples of tidal influenced fluvio-deltaic se-
dimentation in the south-central Pyrenees. The unit is
characterized by well-exposed outcrops with very good
lateral continuity and is thus suitable for developing
advanced sedimentological models. The Roda Sand-
stone has been studied by many sedimentologists over
the last thirty years; however these studies often offered
controversial interpretations. For example, the unit was
first interpreted as a complex of shelfal sand-waves
(Nijman & Nio 1975; Nio 1976) and subsequently, as
an ebb-tidal delta by Nio et al. (1984) and Nio & Yang
(1991). Later, Puigdefabregas et al. (1985) interpreted
the Roda Sandstone as a tide-reworked fan delta of
northern provenance, whereas Mutti et al. (1988) sug-
gested a tide-dominated estuarine deposit. More re-
cently, a detailed stratigraphic model was provided by
Crumeyrolle et al. (1992; their attachment 1) who inter-
preted the Roda Sandstone as a tide- and wave-re-
worked Gilbert-type delta. This interpretation was also
adopted by Lopez-Blanco & Marzo (1998) and Lopez-
Blanco et al. (2003) who laid emphasis, however, on the
tectonic control.

The renewed interest in the fluvio-deltaic sedi-
mentation of tectonically active basins, and especially
the role played by catastrophic fluvial floods and related
hyperpycnal flows in such types of physiographic set-
tings (e.g., Milliman & Syvitski 1992; Mulder & Syvitski
1995; Mutti et al. 1996, 2000, 2003; Wheatcroft 2000;
Martini et al. 2002) has prompted a re-examination of
the Roda Sandstone. In particular Mutti et al. (1996,
2000) suggest that ancient flood-dominated depositional
systems in tectonically active basins are essentially built
up by a series of inter-gradational depositional systems,
the end-members of which are represented by fan-delta
systems and river-delta systems. Fan-delta systems con-
sist of residual gravel bars and coarse grained delta-front
sandstone lobes with hummocky-cross stratification
(HCS) deposited by the transformation of dense inertial
flows entering seawater. River-delta systems, on the
contrary, are mainly characterized by coarse-grained
mouth bars, in which traction structures predominate
and fine-grained delta-front sandstone lobes with
HCS deposited by sediment-laden turbulent flows en-
tering seawater. This approach led Mutti et al. (1996), to
suggest that the Roda Sandstone could be interpreted as
a series of tidal-infuenced mouth bars deposited by cat-
astrophic floods entering seawater. A similar conclusion
has been recently suggested by Crumeyrolle (2003).

The Roda Sandstone moreover is an excellent ex-
ample of syntectonic deposit (Mutti et al. 1996; Lopez-
Blanco et al. 2003; Eichenseer 2003; Crumeyrolle 2003)
in which synsedimentary thrusting and folding influ-
enced fluvio-deltaic sedimentation through the creation

of topographic constrictions leading to the enhance-
ment of tidal currents. The different points of view
about the genesis of the Roda Sandstone are more prob-
ably due to the complex interaction among these var-
ious controlling factors. Despite the valuable contribu-
tions mentioned above, in fact, it is here considered that
the stratigraphic evolution of the Roda Sandstone and
especially the facies related to interaction between flu-
vial-deltaic sedimentation, tidal current and topographic
confinement are still relatively poorly understood. For
these reasons, based on new field work (Tinterri 1999a),
the main aims of this paper are: 1) a new interpretation
of the facies associations and related processes through a
detailed facies analysis of the Roda Sandstone wedges
and 2) a re-examination of the Roda Sandstone strati-
graphy in order to provide a new sequence stratigraphy
interpretation.

General geologic setting

The main structural features of the Pyrenean
thrust-fold belt are shown in Fig. 1A, B. The Pyrenees
are a double-vergent orogenic belt formed during late
Cretaceous to early Miocene times as the result of a
broadly north-south continental collision between the
Iberian and European plates (Dewey et al. 1989 with
references). The Pyrenean chain can be divided into a
northern zone dominated by north-vergent thrusts and
folds (North Pyrenean zone) and a southern zone char-
acterized by south-vergent folds and thrusts represented
by the Axial Zone basement massif and South Pyrenean
cover thrust sheets where the thrust-wedge loading and
lithospheric flexure gave rise to an extensive east-west
trending foreland basin (Mufioz 1992). The southward
thrust propagation and related migration of depocen-
ters, that reached a peak in late Middle Eocene, ended
in early Miocene and the post-collisional sedimentation
is recorded by the undeformed Miocene fluvial and la-
custrine strata of the Ebro basin (Fig. 1).

The relationship between the structural evolution
and sedimentation of the southern Pyrenean belt be-
tween late Cretaceous and early Miocene time have
been discussed by many authors such as Soler & Puig-
defabregas (1970), Seguret (1972), Garrido Megias
(1973), Puigdefabregas (1975), Puigdefabregas & Sou-
quet (1986), Puigdefabregas et al. (1992), Mutti et al.
(1988; 1994), Mufioz (1992) and Teixell (1996).

The south Pyrenean foreland basin can be seen as
an WNW-ESE-stretching elongate feature opening and
deepening toward the Atlantic with a geometry strongly
affected by the reactivation of WNW-ESE oriented me-
sozoic extensional features although various roughly N-
S oriented transverse structures are present, represent-
ing lateral ramps related to the southward propagation



The lower Eocene Roda Sandstone (south-central Pyrences) 225

| roman, 4

il
AN

Hercynian

[ | Paieogene [ ] cretaceous Hercynian
|:| Paleocene - Triassic and Jurassic } Thrust

C

Axial Input

/ST Axial Zone
5 Roda Sandstone
N
s m/a B ‘ Col de Vent \
Tidal currents )
Sant Corneli

Montsec
]

Ager,
Ager Basin

Middle/Late
llerdian

[ PaLEOZOIC 4
[ mesozoic Foradada y Segre fault
TER$|.':§§:J 5:; EBRO AND = - Wi
:l AQUITAINE BASINS L Sierra Marginales
\’\L Area rep tedin C thrust
thrust Study Area
B S.CORNELI ANTICLINE
a MONTSEC THRUST BOIXOLS THRUST
SIERRAS MARGINALES TREMP GRAUS BASIN

Fig. 1 - A) Geological map of the
Pyrenees showing the study
area and the main structural
elements (redrawn after Re-
macha et al. 1998). B) Geo-
logical cross section of the
eastern sector of the Pyre-
nees (from Puigdefabregas
etal. 1992). C) Paleogeogra-
phy and structural setting of
the study area. The times, in
white boxes, indicate the
main events of thrust-load-
ing subsidence  (slightly
modified from Eincheseer
& Luterbacher 1992).

NOGUERES
3
/

10 km

e

of the thrust sheets. These structural features make it
possible to identify three sectors characterized by struc-
tural settings recording a progressive westward-deepen-
ing of the environments: 1) an eastern sector (Tremp-
Graus and Ager basins), 2) a central sector (Foradada-
Boltana zone) and 3) a western sector (Hecho basin),
(Mutti et al. 1988, Fig. 1A). In particular, the basins of
the eastern sector, mainly filled with westward and
southward-prograding alluvial and fluvio-deltaic depos-
its, are wedge top basins transported on top of the south
Pyrenean central unit (Seguret 1972), which is charac-

terized by three south vergent thrust sheets: from north
to south, Boixols, Montsec and Sierra Marginales (Fig.
1A, B). In particular, the Tremp-Graus basin is carried
on the Montsec thrust sheet and is bounded to the north
and south by the Boixols and Montsec thrusts respec-
tively whereas the Ager basin, carried on the Sierra
Marginales thrust sheet, is delimited to the north by
the Montsec thrust and to the south by the compres-
sional fronts of the Sierra marginales thrusts. These ba-
sins are in turn delimited to the east and west by the
Segre and Foradada faults respectively (Fig. 1A) that are
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interpreted as two transpressive lateral ramps associated
to the southward propagation of the south Pyrenean
central unit (Mutti et al. 1988).

The main structural features of the study area are
shown in Fig. 1C. As pointed out by several studies
(Puigdefabregas et al. 1985; Crumeyrolle et al. 1992;
Eichenseer & Luterbacher 1992; Lopez-Blanco et al.
2003), the Roda Sandstone can be seen as a syntectonic
deposit mainly controlled by the western extensions of
the Boixols and Montsec thrusts (Fig. 1C). These struc-
tures controlled not only the geometry of the basin but
also the location of the paleovalley from which the flu-
vial input derived (Puigdefabregas et al. 1985). The
Roda basin is characterized by a roughly NW-SE elon-
gated geometry due to the Roda-Turbon thrust-related
anticline that formed a structural high, in the western
sector of the studied area. The growth of this curvilinear
structure (NNW-SSE to NW-SE, Figs. 1C and 2) which
is the western part of the Boixols thrust front and was
most likely related to the southward propagation of the
Montsec thrust sheet, began in the Paleocene-Early Iler-
dian time and continued through all the Ypresian (Lo-
pez-Blanco et al. 2003; Eichenseer 2003). The Roda-
Turbon anticline, therefore, separated a deeper water
area to the west from a relatively shallower and re-
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stricted one to the east where the Roda Sandstone de-
position took place. In particular the substantial lack of
a time equivalent sandstone deposit in Esdolomada area
(log H in Figs 2A, 3) testifies how the deposition oc-
curred mainly in the basin to the east of Roda-Turbon
anticline and how this structure represented an impor-
tant topographic threshold for hyperpycnal flows.
Further evidence of this topographic high also includes
the development of coralgal reefs in the underlying Al-
veolina and Puebla de Roda limestone (Carminatti 1992;
Eichenseer 2003).

Although the tectonic control before and during
the deposition of the Roda Sandstone was already out-
lined in previous studies (Mutti et al. 1994, 1996; Car-
minatti 1992; Crumeyrolle et al. 1992; Eichenseer &
Luterbacher 1992), only recently the work of Lopez-
Blanco et al. (2003) emphasizes the main tectonic struc-
tures acting during the deposition of the Roda Sand-
stone. In particular, based on the integration of seismic
and field data, these authors show that the Roda Sand-
stone is affected by a series of low-amplitude folds, the
most important of which, apart from the Roda-Turbon
anticline, are: 1) Serraduy syncline, 2) Canerol anticline,
and 3) Las Forcas syncline (Fig. 2B). The Roda basin,
thus, can be seen as a topographically-controlled basin
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characterized by an irregular bottom and confined to
the west by the Roda-Turbon thrust-fold.

Finally, the Roda Sandstone is characterized by an
arkosic composition (Molenaar et al. 1988) suggesting a
main source area in the northern Axial Zone through a
tectonically-controlled NNE-SSW oriented paleovalley
(Fig. 1C). This paleovalley, probably controlled by the
western extension of the Boixols thrust, represents one
of the major entry points of the Tremp-Graus basin that
was active since the late Paleocene/early Eocene until
Oligocene and Miocene with the deposition of the con-
glomerates of the Campodarbe Group (Puigdefabregas
et al. 1985; Vincent 2001; see also Fig. 3). The arkosic
composition of the Roda Sandstone most likely derives
from a completely exhumed granitic pluton located a
few kilometres northwards of the studied area in the
upper Nogueres basement thrust sheet of the Axial

Zone antiformal stack (Lopez-Blanco et al. 2003), (see
Fig. 1A, B).

Roda Sandstone

o General stratigraphic setting

The term Roda Sandstone derives from the Roda
Formation introduced by Mey et al. (1968) to indicate a
stratigraphic unit occurring between the Cadi-Alveolina
Limestone Formation and the Puente de Montanana
Formation. In general, however, the term Roda Sand-
stone has been used in subsequent literature to denote a
terrigenous stratigraphic unit bounded by two shallow-
marine carbonate units, i.e. Puebla de Roda limestone
and El Villar limestone bed (Fig. 3; Nio & Yang 1991;
Crumeyrolle et al. 1992; Lopez-Blanco et al. 2003).

The Roda Sandstone belongs to the Figols Group
that is one of the six unconformity-bounded strati-
graphic units (allogroups of Mutti et al. 1988, 1994) in
which the upper Cretaceous and Tertiary strata of the
Tremp-Graus Basin can be divided (Fig. 2). These units,
that are recognized and mapped at a basinwide scale,
record different and successive stages in the paleogeo-
graphic evolution of the Tremp-Graus and Ager Basins
related to the southward propagation of the three com-
pressional fronts represented by the Boixols, Montsec
and Sierra Marginales thrusts (Fig. 1B).

In particular the Figols Group overlies the Alveo-
lina Limestone, a predominantly carbonate succession
characterizing the uppermost part of the Tremp-Ager
Group (Upper Thanetian-Lower Ypresian) and under-
lies the fluvio-deltaic deposits of the Castigaleu Group
(Cuisian), (Figs 2A, 3). The Figols Group, investigated
in detail by Fonnesu (1984) (see also Mutti et al. 1985,
1988, 1994; Carminatti 1992; Eichenseer & Luterbacher
1992; Barbera et al. 1997; Waehry 1999; Angella 1999 &
Calabrese 1999) coincides roughly with the Ilerdian

stratotype that Luterbacher (1969) defined in the Tremp
area.

The Figols Group was deposited after a major
contractional phase that affected the underlying
Tremp-Ager Group and that allowed, through the
southward propagation of the Boixols, Montsec and
Sierra Marginales thrust fronts, the development of
two highly subsiding basins represented by the
Tremp-Graus and Ager synclines (Fig. 1A, B). In these
two basins, the Figols Group represents the first wide-
spread occurrence of siliciclastic sediments in the Eo-
cene succession after the trangressive shallow marine
carbonates represented by the classic Alveolina Lime-
stone of Paleocene-Ilerdian age. In this way, the Figols
Group records the transition from a predominantly cal-
careous sedimentation into a predominantly terrigenous
sedimentation that characterized the south Pyrenean
foreland until the Miocene.

The Figols Group that reaches a maximum thick-
ness of some 1200 m in the western sector of Tremp-
Graus basin can be subdivided into four smaller-scale
unconformity-bounded stratigraphic units or deposi-
tional sequences called Figols 1, 2, 3 and 4 (FGI,
FG2, FG3 and FG4, Fig. 3) that record an overall shal-
lowing upward trend related to the southward progra-
dation of fluvio-deltaic systems induced by Boixols and
Montec thrust propagation (Fig. 1, 3). The Figols Group
was deposited in about 2.7 my (Carminatti & Villa 1993;
Barbera et al. 1997) and consequently the duration of
each depositional sequence (FG 1, 2, 3 and 4) falls in the
range of the 3rd-order cyclicity. Each of these deposi-
tional sequences, therefore, records a period of tectoni-
cally-induced lowstand of sealevel followed by a period
of relative sealevel rise related to tectonic subsidence. As
a result, each sequence is characterized by a basal re-
gressive-transgressive wedge of shallow water sand-
stone that passes upward into a transgressive carbo-
nate-rich facies and highstand mudstone (Mutti et al.
1994). The angular unconformities bounding these units
are well expressed especially in Ager basin (Fig. 1A, B);
nevertheless high-resolution sequence stratigraphic pat-
terns established for specific sectors of the basin fill
make it possible also to trace the four sequences in the
Tremp-Graus basin (Mutti et al. 1994; Angella 1999;
Calabrese 1999).

The main stratigraphic characteristics of the Eo-
cene succession and thus of the Figols Group in the
Isabena Valley are schematically illustrated in Fig. 3
where a stratigraphic interval comprised between the
Puebla de Roda Limestone and the alluvial deposits of
the Campodarbe Group is shown. In this stratigraphic
cross section the large stratigraphic expansion toward
the south (see logs B and C) and the progressive angular
unconformities due to the propagation of the Boixols
thrust front (Fig. 1) can be observed. In Fig. 3 the se-
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quence boundaries are based on those that Mutti et al.
(1988, 1994) introduced for this specific zone of the
Tremp-Graus basin. They are located along the major
angular unconformities, particularly clear in northern
sector of the study area (logs A, B and C) that pass
along the axis of the Tremp-Graus basin into correlative
conformities characterized by forestepping phases of
fluvio-deltaic deposits.

In the Isabena valley, the lower boundary of the
Figols Group is characterized by an angular unconfor-
mity with the uppermost part of the Tremp-Ager
Group here represented by the classic Alveolina Lime-
stone. In this zone FG1 is characterized by a relatively
deeper sedimentation compared with the Tremp region
due to a stronger subsidence that can be related to the
Montsec thrust propagation. FG1, in fact, is constituted
by a thick shelfal and slope mudstone succession with
thin delta-front sandstone lobes indicating a relatively-
deep prodelta environment probably recording a low-
stand wedge. This, in turn, passes upward into Puebla
de Roda Limestone that can be considered as a trans-
gressive deposit capped by a condensed section (Mutti
et al. 1988; Nio & Yang 1991).

The stratigraphic succession of the FG1 above the
Puebla de Roda limestone mainly consists of mudstone
and is characterized, in the upper part, by a laterally
continuous bioclastic bed (storm bed of Crumeyrolle
et al. 1992) that heralds the passage into fluvio-deltaic
deposits of the Roda Sandstone and hence to the FG2
depositional sequence (Mutti et al. 1988, 1994). The
Roda Sandstone, in fact, is usually interpreted as the
lowstand delta of FG2 characterized by a series of del-
taic prograding sandstone wedges showing an overall
regressive stacking pattern. These deposits pass upward
into highstand mudstone through a relatively thin tran-
gressive systems tract capped by a very distinctive max-
imum flooding surface (Mutti et al. 1988, 1994) usually
indicated as “El Villar limestone bed” (Nio & Yang
1991; Crumeyrolle et al. 1992; Lopez-Blanco et al.
2003) (Fig. 3). The base of FG 3, in turn, is marked
by another abrupt increase of terrigenous sediment re-
presented by arenaceous-conglomeratic mouth bars
(Fig. 3).

At the top, the stratigraphic succession is trun-
cated by the alluvial conglomerates of the Campodarbe
Group, with an angular unconformity that can be re-
cognized at regional scale not only in the Pyrenean
chain but also in many other Mediterranean orogens.
This unconformity, related to a late Middle Eocene par-
oxismal phase of thrust propagation coinciding with the
Mesoalpine phase in the Alps and Apennines, led to a
new paleogeographic organization of the South Pyre-
nean foreland basin that involved an abrupt southward
shift of the main depocenters and the incorporation of a

great part of the former foreland basin into the frontal
thrust zone.

Sedimentology

e Introduction

The sedimentologic approach used in this paper is
based on the process-oriented “facies tract’ concept
(Mutti 1992). The facies tract in a flood-dominated flu-
vio deltaic system is an association of genetically related
facies types which record, within each considered sys-
tem, the downstream evolution of a flood-related sedi-
ment gravity flow. The facies concept usually refers to a
bedset in the sense of Campbell (1967); nonetheless an
ideal facies tract can be seen as recorded by a bed de-
posited by a single sediment gravity flow undergoing
transformations during its basinward motion. In these
terms, the concept of gravity-flow facies can be applied
to a specific depositional division (i.e. lamina or lami-
naset, sensu Campbell 1967). A facies, therefore, repre-
sents the deposit of a gravity flow at a specific location
along the path of the flow, whereas a facies tract repre-
sents the whole of the facies deposited by a single grav-
ity flow. So, within a bed, the vertical facies association
represents how the flow conditions change in time at a
fixed location; the horizontal facies association records
how the flow conditions change in space through suc-
cessive flow transformations. This approach implies
that, for each considered depositional system, facies
tracts must be established on the basis of detailed stratal
correlation patterns. For this reason the stratigraphic
framework of the Roda Sandstone is based on the de-
tailed measurement and correlation of 27 stratigraphic
logs for a total thickness of about 3,2 km (Figs 2B and
4). The Roda Sandstone, moreover, has been inserted in
a more regional stratigraphic framework based on the
correlation of 9 stratigraphic logs for a total thickness of
about 3,3 km (Figs 2A and 3).

Therefore on the basis of the high-resolution stra-
tigraphic framework of figure 4, the Roda Sandstone
results as being composed of six fluvio-deltaic conglom-
eratic-sandstone units (R1-6) that can be traced from
coarse-grained proximal zones to finer more distal
zones. In particular the R1, R2 and R3 sandstone units
can be seen as small-volume coarse-grained units char-
acterized by a well defined facies association indicated
as a type 1 deposit (T1 facies tract in Fig. 5A, B). The
R4, R5 and R6 sandstone wedges, on the contrary, can
be seen as composite bars characterized by a lateral
juxtaposition of two different types of deposits, each
of which is characterized by a well determined facies
association and thus facies tract (Fig. 5). In other words,
in the upper sandstone units (R4, R5, R6) proximal type
1 deposits (T1 facies tract) pass upward and downcur-
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Fig.5 - A) Diagram showing the three facies tracts (T'1, T2 and T3) of the two types of mouth bars and related delta-front sandstone lobes
that compose the sandstone units R4, R5 and R6. On the contrary, the R1, R2 and R3 sandstone units are characterized only by type 1

deposits (T1 facies tract). B) Simplified cross section of Fig. 4A showing the distribution of the three facies tracts within the six main

sandstone wedges of the Roda Sandstone (see Figs. 2 and 4 for the location of the stratigraphic logs).

rent into another type of deposit of larger volume in-
dicated as a type 2 deposit. The latter is constituted by
two facies tracts generated at different times (T2 and T3,
Fig. 5; see also Crumeyrolle 2003). In the R4, R5, R6
units, the facies tract T2 is present from log 1 to ap-
proximately log 11 for at least 3,5 km, whereas facies
tract T3 tends to develop only seaward of log 11 in the
R5 and R6 units (Fig. 5B). The R4 unit is the only ex-
ception as facies tract T3 is fundamentally absent (Fig.
5B). As mentioned above, each of these three types of
deposit (T1, T2 and T3) is characterized by a well de-
fined and complete facies tract that comprises all grain
sizes from coarse-grained proximal bars to fine-grained
distal sheet sandstone. Therefore, the sandstone wedges
R5 and Ré of the Roda Sandstone are interpreted as
being built up by at least three facies associations and
so facies tracts (T1, T2 and T3), the deposition of which
occurred in three successive stages whereas the R4 unit
is interpreted as being characterized by only two facies
associations (T1 and T2 deposits), the deposition of
which occurred in two successive stages (Fig. 5A, B).

o Coarse-grained flood dominated Type 1 deposits
These types of deposit are characterized mainly
by coarse grain-size populations and by relatively small
volumes. They are situated in the more proximal zones
of all the basal sandstone units of the Roda Sandstone

and their downcurrent extension is generally less than 1
km (Fig. 5). The macrofossil content is represented
mainly by bivalve, gastropods, briozoa, and larger for-
aminifers. Bioturbation and pebbles and cobbles perfo-
rated by lithodomes are common. The facies tract, de-
scribed in Tab. 1 and Fig. 5A, is essentially composed of
three facies 1A, 1B and 1C. The paleocurrents, espe-
cially on the basis of facies 1B, indicate flow towards
south-west.

The facies described in Tab. 1 stack vertically, gen-
erally through erosive boundaries, to form m-thick coar-
sening upward facies sequences (Figs 6A, B and 7A).

e Interpretation and Discussion of facies tract T1

The interpretation of the facies tract of the prox-
imal coarse-grained deposits is illustrated in Tab. 1 and
Fig. 8. The detailed facies analysis of these deposits
suggests that they can be subdivided into those related
to dense flows (i.e. gravity flows characterised by an
interaction of matrix strength, intergranular collisions
and excess-pore pressure) and those related to turbulent
flows.

The presence, in fact, of matrix- to clast-sup-
ported conglomerates with mudstone clasts (facies 1A)
indicates deposition by a dense flow, whereas fine-
grained laminated facies (facies 1C) can be associated
to turbulent sediment gravity flow. Therefore, the type
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. Mudstone*
- clasts
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f Delta-front
4. sandstone lobes

- Examples of type 1 deposits (T1 facies tract). A and B) facies sequences of type 1 deposits (cf. with Fig. 7A) in the R5 and R4 units

respectively (stratigraphic log 1, Fig. 4A). C and D) Examples of hummocky-cross stratification in delta-front sandstone lobes
characterizing facies 1Cc (the R4 unit in stratigraphic log 2, Fig. 4A).

1 facies tract can be interpreted as deposited by a sub-
aerial horizontally bipartite sediment gravity flow en-
tering sea water even if a vertical bipartite subaerial
gravity flow characterised by a basal inertia carpet can-
not be excluded (see Todd 1989).

These types of flow that are observed especially in
modern relatively small, high-gradient and gravel-rich
alluvial fan systems, are similar to the composite sedi-
ment flows of Sohn et al. (1999), and can be considered
as hybrid flows characterized by several parts with dif-
ferent mechanical behaviours in which two or more
particle-support mechanisms and thus momentum-
transport processes can coexist. More precisely, these
types of flows, hereafter indicated as composite sedi-
ment-laden stream flows (CSLSF, Mutti et al. 2000,
2003), can be seen as a horizontally tripartite flows
composed of a frontal dense granular flow followed
by an intermediate flow ("turbulent sediment-laden
stream flow") and a trailing more dilute-watery flow
(stream flow) (Fig. 8). The vertical density-stratified
turbulent subaerial gravity flows, on the contrary, are
indicated with the term sediment-laden stream flow
(SLSF, Mutti et al. 2000, 2003) and in such an environ-
ment it cannot be excluded that these flows are able to

produce a basal inertia dense flow through liquefaction
or bulking processes of the weathering mantle.

At the river mouth, the flow transformation of
this type of sediment gravity flow is predominantly
characterized by a sudden loss of transport capacity
with the possibility of producing a hydraulic jump. This
process may cause the freezing of the dense leading edge
(facies 1A) and the overtaking, in successive horizontal
sedimentation waves or surges, of the more dilute body
and tail of the CSLSF (Fig. 8). In particular, the clast-
supported conglomerates of facies 1A can be interpreted
as recording the deposition of the granular frontal part
of the leading edge where the coarser grains are more
concentrated, whereas the matrix-supported facies can
be interpreted as recording the deposition of the trailing
overpressured dense part of the leading edge. Moreover,
facies 1B, a traction dominated facies, is interpreted as
deriving mainly from traction processes related to the
bypass of the body and tail dominated by turbulence.
The conglomeratic portion of facies 1B and therefore
the traction carpet present at the top of facies 1B can
derive from reworking processes of facies 1A and/or
from the bedload that characterizes the body of the
CSLSF which can also be seen as the tail of the compo-
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Fig. 7 - Main facies sequences that characterize the three types of

deposit that make up the mouth bar and delta-front sand-
stone lobes of the Roda Sandstone (see Fig. 5A, B).

site leading edge (Fig. 8). Facies 1A and 1B represent the
mouth bar facies in sensu stricto.

Facies 1C, on the contrary, is interpreted as delta-
front sandstone lobes deposited by hyperpycnal flows
derived by the gravitational collapse (cfr. McLeod et al.
1999) of the turbulent body and tail that have overtaken
the mouth bar facies. In particular, in R1, 2, 3 units type

1 deposits are mainly characterized by Facies 1Ca, and
1Cd whereas in the upper units they are characterized
by Facies 1Ca, 1Cb and 1Cc.

The delta-front sandstone lobes of the lower
units, therefore, are lacking in HCS and facies 1Ca pass
downcurrent directly into Facies 1Cd where mixed se-
diments are interpreted as caused mainly by organism
colonization that occurs when the fluvial sediment sup-
ply is interrupted. During this phase, the substratum,
represented by the top of delta-front sandstone lobes,
can be enriched with carbonate components transform-
ing the upper part of the deposits into mixed sediment
or in some cases into pure carbonate (Molenaar & Mar-
tinius 1996). In the upper units, on the contrary, massive
(1Ca) and laminated (1Cc) facies are interpreted as de-
pending on the rate of deceleration and so on the lateral
expansion of the jet flow, which is a function of the ratio
between the flow momentum and water depth at the
river mouth (Wright 1977; Mutti et al. 2003). Thus,
the massive delta-front sandstone lobes of facies 1Ca
could derive from a sudden deceleration that, causing
an high rate of fallout, tends to prevent traction pro-
cesses, whereas the laminated delta-front sandstone
lobes of facies 1Cc could be associated with a more
gradual deceleration allowing traction processes. More-
over, since facies 1Ca is characterized by grain-size po-
pulations coarser than those of facies 1Cc and since
these two facies are strictly associated in the facies se-
quence (see ideal facies sequence of Fig. 7A), it may be
suggested that facies 1Ca passes downcurrent into facies
1Cc recording a lateral facies change related to a pro-
gressive downcurrent decrease of rate of fallout.

Furthermore, the development of HCS in the
upper laminated division of Facies 1Cc (Figs 6C, D),
is interpreted as being related to hyperpycnal flows in
which the more diluted upper parts experience an oscil-
latory component. The careful stratigraphic and sedi-
mentological analysis carried out on type 1 deposits
(Figs 4, 7A and 8) document that these graded sand-
stone beds with HCS do not grade upcurrent into beach
sediments but into mouth bar facies deposited by flood
related CSLSFs entering seawater. Consequently, these
sandstones with HCS, even if they are generally con-
sidered in the literature as lower shoreface storm beds,
are here interpreted as the record of sand-laden density
currents, produced by flood events exiting river mouths
in which the oscillatory component may derive from
several processes like those described in Tab. 2 (see dis-
cussions in Mutti et al. 1996, 2003; Tinterri 1997, 2006b
and Myrow et al. 2002).

In addition to the normally graded bed with
HCS, particular types of composite beds have also been
observed. They consist of a series of laminasets with
different grain-size populations and sedimentary struc-
tures separated by sharp and erosive bounding surfaces,
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Fig.8 - Diagram showing the type 1 facies tract deposited by a composite sediment-laden stream flow (CSLSF) entering seawater. The main

flow transformations occurring during downslope motion are also shown.

which are vertically stacked in the bed to torm an in-
verse to normally graded strata (facies 1Cb, Tinterri
1999a, b). The coarser laminaset is commonly character-
ized by erosive bases, hummocky-type structures and
residual pebbles similar to facies 1Cc.

In particular, in the case of Fig. 9A, the sandstone
bed is composed of four laminasets (A, B, C and D),
each of which separated by sharp boundaries and char-
acterized by a distinct grain-size population that in-
creases from A to C and decreases abruptly from C to
D. Due to their strictly genetic relationship with mouth
bars (Fig. 7A), these types of bed are interpreted as
being associated to variations in the steadiness and con-
sequently in flow efficiency of the hyperpycnal flow
associated to the flood hydrograph (cf. Mulder et al.
1998). More precisely the laminasets A and B are inter-
preted as related to the rising limb of the hydrograph
whereas laminasets C and D to the peak-flood and fall-
ing limb respectively (Fig. 9A), even if unit D could also
be interpreted as recording the diluted tail of flood-peak
hyperpycnal flow. Although Mulder et al. (1998) have

suggested that the vertical grain-size variations related
to the rising and falling limb of the hydrograph should
be gradual and continuous within the bed, this study
documents that they can occur in an abrupt way
through erosive boundaries that separate laminasets
with different grain-size populations (Tinterri 1999a,
b). Recently this type of behaviour has been described
also by Mulder et al. (2003).

The presence of these sharp boundaries within the
bed probably records the progressive increasing of flow
momentum related to the rising limbs of the hydro-
graph. The volumetric and sediment concentration var-
iations that can occur in these phases can also produce
rheological changes within the flow (Best 1992; Wells &
Harvey 1987), and evidently the response of the flood-
related hypepycnal flow to these changes occurs in a
sharp and sudden way through erosive processes. To this
purpose, it is interesting to note in the bed shown in Fig.
9A, how a basal erosive surface is well developed, espe-
cially in the laminaset C, which is interpreted as being
associated to flood peak. The final result will be a delta-
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1 - Hydraulic jump at the river mouths, that can be:
a) direct or broken
b) transitional
¢) undular

References: Wright and Coleman 1974; Wright 1977;
Allen 1982; McLeod et al. 1999

2 - Internal waves at density interfaces within sediment-
laden hypepycnal flows

References: Wright et al. 1986; Nemec 1995; Muiti
etal. 1996

3 - Surface waves induced by flood entering seawater
a) waves formed at the mouth (flood volume small
compared to basin volume)

References: McLeod et al. 1999

b) "sloshing" of sea water (flood volume large
compared to basin volume)

References: Mutti et al. 1996

4 - Flow against obstacles (basin margins or topographic
highs) and consequent generation of bores (cf. points
1 and 2)

References: Edwards et al. 1994; Kneller 1995

5 - Superimposition of flood-related hyperpycnal flows
and storm events
- during storms we have a strong increase in the
energy of low frequency waves (infragravity waves)

References: Wheatcroft 2000

6 - Superimposition of flood and tide events
- the flood events can last many hours and days
interfering with frequency tides

References: Leithold and Bourgeois 1984; Wright et
al. 1986; Nemec 1995

7 - Combination of two or more of the processes
mentioned above
- in this case an alternation of low and high group
waves due to the interference of oscillations of
different frequencies can occur

Tab. 2

front sandstone bed with an inverse to normal grading in
which each laminaset (A, B, C and D, Fig. 9A) will
produce a facies tract that becomes finer downcurrent.

In Fig. 9A the correlation pattern between beds I
and II was directly observed in the field; the stated
correlations with bed III that represents facies 1Cc,
were deduced from the analysis of vertical facies stack-
ing as indicated in Fig. 7A. According to the proposed
correlation scheme, laminasets A, B tend to pinch out
downcurrent, whereas the laminaset C, recorded only
by bypass structures in beds I and II, is expected to
thicken basinward generating, a single normally graded
bed (III) characterized by facies 1Cc consituted by the
fine sand that bypassed the proximal and intermediate
zones. In other words, the more distal zones are ex-
pected to be reached only by the hyperpycnal flows
with the highest efficiency (sens# Mutti et al. 1999)
generated by the flood-peaks (Fig. 9B, Tinterri 1999a,
b). As is illustrated in Fig. 9B, the facies sequence of a
delta-front sandstone bed depends on where along the
depositional profile deposition occurs. In fact, if in the
intermediate zone the facies sequence is characterized
by inverse to normal grading, in more proximal zones
the same sequence could be represented by a bed which
is characterized by an internal erosive surface, usually
outlined by a residual pebble alignment, indicating the
bypass of the hyperpycnal flow related to the flood-
peak. Furthermore, in more distal zones the flood event
will be recorded by only one normally graded bed re-
lated to flood-peak because of its high efficiency and

- Flow processes able to produce an oscillatory component within an hyperpycnal flow. Some main references are also indicated.

erosive capacity that can erode the deposits related to
the rising limb of the hydrograph (Tinterri 1999a, b; see
also Tinterri 2006a).

The lateral geometry of a delta-front sandstone
lobe associated to a single flood event, therefore, can
be very complex, being characterized by erosive and
compensation phenomena associated to very low angle
progradations and retrogradations that depend on the
flow efficiency related to the flood hydrograph. The
results of this study support the hypothesis that facies
1Cc is generally downcurrent to facies 1Cb (Figs 5, 9).

Type 1 deposits are thus generated by fluvial-flood
events entering seawater without the appreciable inter-
vention of marine-diffusion processes such as waves and
tides. The only indication of these processes are repre-
sented by pebbles encrusted with oysters and perforated
by the lithodomes that can be found especially in facies
1A, indicating that a beach environment likely existed
between periods dominated by flood events.

In conclusion, type 1 deposits are interpreted as
mouth bars and related delta-front sandstone lobes de-
posited by CSLSFs in a flood-dominated river delta
system.

o Tidally-influenced flood dominated type 2 deposits
The bulk of the deposits of the R4, R5 and Ré6
units are constituted by a different type of fluvio-deltaic
deposits characterized, in comparison with type 1 de-
posits, by a larger volume. These types of deposit, called
type 2, can, in fact, be traced for at least 6 km more
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Fig. 9 - A) Example of a composite delta-front sandstone bed (facies 1Cb) characterized by laminasets with different grain-size populations
and sedimentary structures separated by sharp and erosive bounding surfaces. The interpretation of the three different phases (1, 2
and 3) related to flood hydrograph are explained in diagram B; lens cap for scale. B) Ideal diagram showing the schematic facies
sequences of a delta-front sandstone bed as a function of uniformity and steadiness variations related to flood hydrograph, see text for

more details (slightly modified from Tinterri 1999a, b).

basinward than the proximal type 1 deposits (Figs 4A,
5B). The facies tract of this type of deposit is described
in Tab. 3 and Fig. 5A.

As mentioned in the introduction, type 2 deposits
are formed by two distinctive facies tracts produced in

successive periods of time (T2 and T3) (see also Cru-
meyrolle 2003). Facies tract T2 comprises facies 2A, 2B,
2C and 2D and characterizes predominantly the prox-
imal and intermediate zones of the upper Roda Sand-
stone units (i.e. R4, R5 and R6 from log 1 to about log
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Fig. 10

- A) Erosive boundary between the R5 and R6 units in the proximal zone that also separates type 1 and type 2 deposits (stratigraphic
log 2, Fig. 4A). B) Example of facies 2C (R6 unit in log 5, Fig. 4A); encircled person for scale. C) A lateral facies change can be seen
between mouth bar of facies 2C and delta-front sandstone lobes of facies 2D (the R5 unit in stratigraphic log 11, Fig. 4); encircled
notebook for scale. D) View of facies 2C in which can be noted the passage into delta-front sandstone lobes (facies 2D) and the
large-scale concave-upward surfaces that bounded different sandstone unit one hundred meters wide (the cut is approximately

perpendicular to the paleocurrents directed toward the reader). For the location see stratigraphic log 11 (Fig. 4).

11, Fig. 5B). Facies tract T3, on the contrary, comprises
facies 3A, 3B, 3C and 3D and characterizes the more
distal zones of the R5 and R6 units downcurrent to log
11 (Fig. 5B). The only exception is in the R4 unit where
facies tract T3 is poorly developed or nearly absent. As
in the case of type 1 deposits, the macrofossil content is
represented mainly by bivalve, gastropods, briozoa, and
larger foraminifers; bioturbation is common in each fa-
cies.

Because of the presence of conglomeratic facies
2A, the T2 facies tract has intermediate characteristics
between facies tracts T1 and T3 (Fig. 5). In the more
distal zone (log 11 in Fig. 4), it is composed mainly of
facies 2C that passes downcurrent directly into facies
2D constituted by bioturbated tabular massive beds
(Figs. 10C, 10D). The paleocurrents of facies tract T2,
on the basis of facies 2B and 2C, indicate flows towards
south-west.

In facies tract T3, on the contrary, facies 3A (see
Tab. 3 and Fig. 11) passes downcurrent in massive tab-
ular beds of facies 3D (Figs 12, 13D, 14) through inter-
mediate facies characterized by different types of sig-

moidal bedding represented by facies 3B and 3C (see
Figs 5A, 12). The paleocurrents of facies 3A, on the
basis of megaripple and sigmoidal bedforms that char-
acterize the clinoforms, indicate westward flow.

Facies 3C characterizes the R5 unit only (strati-
graphic logs 18, 19 in Fig. 4B and logs 17, 21 in Fig. 12)
and is constituted by sigmoidal structures (see Tab. 3
and Fig. 13A) very similar to those described in modern
environments by Boersma & Terwindt (1981) and in
ancient deposits by Mutti et al. (1984, 1985). These sig-
moidal units, ranging from a few centimetres to more
than one meter in thickness, can be grouped in larger-
scale units that can constitute sigmoidal bars of several
metres of thickness and several tens of metres in lateral
extent (Fig. 13B). Facies 3B, in contrast, characterizes
the R5 unit (between logs 13 and 23 of Fig. 4A and
between logs 20 and 24 of Fig. 12) and especially the
R6 unit seaward of the stratigraphic log 11 (see Fig. 4)
and is constituted by another type of sigmoidal bedding
which, even if it is apparently similar to that of facies
3C, shows important differences as described in Tab. 3.
These two types of facies (3B and 3C) tend to have
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Fig. 13

approximately the same preferential paleocurrent trend
directed toward the northwest however, within both
facies 3B and 3C, bedforms showing bimodal paleocur-
rents (toward south-east) are also frequent.

Summarizing, facies tract T3 is characterized by
three different types of sigmoidal bedforms represented
by facies 3A, 3B and 3C (see Tab. 3).

The facies associations T2 and T3 can stack verti-
cally in m-thick coarsening upward facies sequences as
shown in Figs 7B, C respectively.

o Interpretation and discussion of facies tracts T2
and T3

The interpretation of the facies tracts of the type 2
deposits is illustrated in Tab. 3 and in Figs 5 and 15.

Both type 2 facies tracts (T2 and T3) are inter-
preted as mouth bars and related delta-front sandstone
lobes produced mainly by turbulent SLSFs entering sea
water; 1.e. flood-related gravity flows considered as re-
latively long-lived density-stratified turbulent flows in
which sand and mud are transported as suspended load,

- Examples of facies 3B, 3C and 3D. A) Tidal sigmoidal bedding of facies 3C in the R5 unit; at the base can be observed a liquefied bed
probably related to an earthquake (for the location of outcrop A see log 20 (R5 unit) in Fig. 12; encircled hammer for scale). These
bedforms can stack to form high-order stratal units as shown in B located to the south of log 20 (Figs 2B and 12). In C is shown an
example of tidally-influenced mouth bar (facies 3B) in the R6 unit, approximately to the west of log 20 (Figs 2B and 12). It is
characterized by tidal bedforms directed towards south-east where the lateral passage into facies 3D can be also observed. D)
Example of massive delta-front sandstone lobes of facies 3D (the R5 unit, log 24 in Fig. 4).

whereas the gravel is transported mainly as bed load
(basal traction carpet), (Mutti et al. 1996). To support
this interpretation for facies tract T2 too (Fig. 5A), not-
withstanding the presence of conglomeratic facies 2A
that could be easily explained by the deposition of the
dense part of a CSLSF, there is the widespread presence
of cross bedding in the mouth bar facies (2B, 2C in Fig.
5) indicating how the traction and traction-plus-fallout
processes related to a turbulent flow tend to predomi-
nate in comparison with the inertia dense flow deposits.
For this reason, although in the case of the T2 facies
tract some of the SLSFs could be composite (see facies
2A in Fig. 5 and Tab. 3), it is here considered that the
vast majority of the gravity flows that deposited T2 and
T3 facies tracts, were long-lived density-stratified tur-
bulent flows that, at most, were able to produce a basal
inertial flow or modified-density grain flows through
the liquefaction processes of the weathering mantle
(cf. Todd 1989).

T2 facies tract. In the case of facies tract T2 (Fig.
15), when a composite and turbulent SLSF enters sea
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| tidal influenced mouth bar (facies 3B)|

- View showing the delta-front sandstone lobes (facies 3D) of the R5 and R6 units interpreted as being deposited by flood-related hyperpycnal flows. The outcrop is located between logs 24 and 26

of Figs 4A and 5B.

Fig. 14

Tinterri R.

water, it can be seen as an inertia-dominated outflow
because of its density and momentum that can form
either axial or plane turbulent jets, depending on the
depth of seawater at and seaward of the river mouths
(Wright 1977). This phenomenon generates a progres-
sive deceleration and lateral spreading that produces a
gravity segregation of the coarser grain-size populations
and the bypass of the finer grain-size populations nor-
mally segregated within the flow. More precisely, the
ratio between the flow efficiency and water depth es-
sentially controls how much flow energy is dispersed at
the moment of entering seawater and consequently how
much sand is trapped at river mouths and how much
sand can escape this region through hyperpycnal flows.
In particular, the clast-supported conglomerates of fa-
cies 2A can be interpreted as deriving from the freezing
of either the basal-granular traction carpet of the SLSF
or, possibly, the granular front of a CSLSF leading edge.
The matrix-supported facies 2A, on the contrary, can be
interpreted as recording the depositions of the overpres-
sured dense part of the leading edge of a CSLSF or of a
basal modified-density grain flow of a SLSE. Facies 2B,
in the same way as facies 1B, is interpreted as deriving
from traction processes related to the bypassing turbu-
lent flow that reworks facies 2A, whereas facies 2C 1is
produced by avalanching processes of the coarse and
very-coarse sand that bypass the proximal zone of facies
2A and 2B essentially as bed load, i.e. the large ava-
lanching face described as Gilbert type deltas by Cru-
meyrolle et al. (1992) (Fig. 15). The concave upward
high-angle foresets of facies 2C, with highly tangential
geometry, can evolve downcurrent into tabular massive
sandstone beds (facies 2D) representing their toesets
which can be interpreted as delta-front sandstone lobes
(Fig. 10C). Facies 2C, in the same way as the laboratory
delta described by Jopling (1965), can be produced be-
cause the high velocity SLSF entering seawater can take
into suspension a greater proportion of sediment that
can be carried beyond the front of the delta. More prob-
ably, moreover, this portion of medium and fine sand
taken in suspension can collapse generating, as de-
scribed by McLeod et al. (1999), a sediment-laden hy-
perpycnal flows that will deposit facies 2D. This facies
2D, however, is present mainly in the more distal zone
of facies 2C (R4 and R5 units, Figs 4, 10D). This fact
can be explained by the erosive nature of facies 2C,
generally organized into units several tens of meters
long and bounded up- and downcurrent by erosive sur-
faces. Figure 10D, for example, shows large-scale units
bounded by concave erosive surfaces related to the lat-
eral switching of the main locus of deposition. The coar-
ser sigmoidal megaripples present at the top of the high-
angle foresets (see facies 2C, Fig. 5A) are interpreted as
bypass structures reworked by the traction of the by-
passing SLSF entering seawater.
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The T3 facies tract and the interaction berween fluvial-
floods entering seawater and tidal currents. Facies tract
T2, as mentioned above, characterizes the proximal and
intermediate zone of sandstone wedges R4, R5 and Ré6,
whereas facies tract T3 characterizes only the more dis-
tal zones of the R5 and R6 units and for this reason
facies tract T2 is interpreted as forming before facies
tract T3 (Crumeyrolle et al. 1992). The deposition of
facies tract T2, therefore, can contribute to the forma-
tion of the dynamic conditions for the generation of
facies 3A through the creation of a morphologic step,
which at that time, represented the delta-front slope (see
also Crumeyrolle et al. 1992). In other words, the pro-
gressive forestepping of facies 2C can produce a mor-
phologic step that separates a shallow water proximal
zone from a more deeper distal zone. Therefore, if the
proximal zone is characterized by the bypass of high-
velocity flood-related gravity flows entering seawater
exerting high-shear stresses and the sediment transport
occurs mainly as bedload, the zone downcurrent to fa-
cies 2C will be characterized by a progressive flows
deceleration with the consequent progressive loss of
transport capacity and increasing fallout rate (Fig. 15).
This zone, in which facies 3A is deposited, is character-
ized by the coexistence of fallout of the coarser grain-
size populations (coarse and medium sand) and the by-
pass of the finer grain-size populations (fine sand and
silt) that through a gravitational collapse, as described
by McLeod et al. (1999) in a laboratory experiment, will
produce a hyperpycnal flow. In this zone, moreover,
where the progressive deceleration and lateral spreading
of jet flow are recorded, there is also the possibility of
generating a hydraulic jump (Wright & Coleman 1974)
the nature of which should be undular (Allen 1982),
since in facies 3A there are no significant erosional sur-
faces or scours that can be associated to a broken hy-
draulic jump (Allen 1982).

The origin of low-angle clinoforms with sigmoi-
dal geometry could depend on various controlling fac-
tors; for example, according to the experimental works
of Jopling (1965), it could be obtained by the combina-
tion of a unidirectional component and an oscillatory
“wave” component. In the case of the Roda Sandstone,
this could be represented by the pulsating nature of the
SLSF entering seawater where the origin of the oscilla-
tory component can be caused by various processes in-
cluding a semidiurnal tidal cyclicity (Tab. 2). In this
case, the cyclic wave loading of the oscillatory compo-
nent tends to modify the shape of foreset slopes through
the destruction of the uppermost part of the foresets
producing a low angle profile. Therefore, the major ef-
fect of an oscillatory component in a pulsating SLSF
entering seawater is the rounding of the relatively sharp
brinkline (i.e. the zone of flow separation) shearing off
the deposits of the uppermost part of the foresets. This

process would yield a smooth convex up profile that,
joining the lower concave part of the foreset, can devel-
op an s-shaped or sigmoidal profile. Furthermore the
convex-concave geometry can also be favoured by the
variation with the distance of the near bed shear stress
and so of the rate of fallout associated to the progressive
deceleration of these high-velocity gravity flows enter-
ing seawater; when, in fact, the water depth increases,
the near bed shear stresses decreases and sediment is
allowed to deposit at the foreset region, with gradually
decreasing rates towards deeper. The megaripple and
sigmoidal bedforms that characterize low-angle sigmoi-
dal clinoforms of facies 3A (Fig. 11), even if a weak tidal
influence can not be completely ruled out, are here in-
terpreted as being related to the traction and traction-
plus-fallout processes that occur in this zone. These
bedforms, therefore, record the fallout of the coarse
and medium sand and the bypassing of fine sand and
silt through the formation of hyperpycnal flows, which
are responsible for the deposition of the delta-front
sandstone lobes of the facies 3D (Figs 4A, 5 and 15).
Specifically, these sigmoidal and megaripple bedforms
of facies 3A can essentially be seen as indicators of a
sediment bypass (Fig. 16A).

In particular, in the R5 unit (Figs 4, 5, 12) facies
3A passes downcurrent into facies 3D through facies 3B
and 3C. The latter, on the basis of the sedimentary
structures described in Tab. 3, can be interpreted as
subtidal bars (Mutti et al. 1988; Nio & Yang 1991; Cru-
meyrolle et al. 1992). In facies 3C (Fig. 16C), the well-
developed alternations of thick and thin sigmoidal bun-
dles can, in fact, be seen as recording neap-spring cycles
in a semidiurnal tidal regime in which the thin bundles
with preserved mud couplets correspond to weak cur-
rents during neap-tide whereas the thicker bundles re-
cord the strong dominant currents of the spring tide.
However, it is important to stress that facies 3C does
not show any genetic relationship with facies 3D
whereas facies 3B (Fig. 16B) passes up and downcurrent
into facies 3A and 3D respectively (Figs 4A and B, 5,
12). In the R6 unit facies 3C is not present and facies 3A
passes gradually downcurrent into facies 3B that, in
turn, evolves into the delta-front sandstone lobes of
facies 3D (Figs 4, 5, 12, 14). So if the subtidal bars of
facies 3C in the R5 unit tend to rework the delta front
represented by facies 3A, facies 3B in the R5 and R6
units can be interpreted as the distal part of a flood-
dominated mouth bar affected by a tidal influence as
indicated by the common presence of bidirectional
structures directed toward south-west (Figs 12, 13C).

In the Roda Sandstone, the tidal influence present
in the R5 and Ré6 units, is testified by facies 3B and 3C
(Tab. 3). These facies characterize the transition zone
between the distal part of a flood-dominated mouth
bars (facies 3A) and the delta-front sandstone lobes re-
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—— ——SLSF entering seawater influence——»

(bypass structures)

Tidal influence

Fig. 16

A
FACIES 3A

Sigmoidal bedding
related to SLSF
entering seawater
(indicates bypass)

No mud couplets
No neap-spring cyclicity
No bidirectional structures
Relationship with delta-front
sandstone lobes (Facies 3D)

B

FACIES 3B

Sigmoidal bedding
related to interaction
between fluvial jet
and tidal current
(indicates bypass)
No mud couplets
No neap-spring cyclicity
bidirectional structures
Relationship with delta-front
sandstone lobes (Facies 3D)

C
FACIES 3C

Sigmoidal bedding
related to tidal currents

mud couplets
neap-spring cyclicity
bidirectional structures
No relationship with delta-front
sandstone lobes (Facies 3D)

- Diagram showing the three
types of sigmoidal-cross
stratification that character-
ize facies 3A, 3B and 3C re-
spectively. A is located in
the R6 unit (log 13 in Fig.
4), B in the R6 unit (log 27
in Fig. 4A) and C in the R5
unit (log 18 in Fig. 4B).

lated to these deposits (facies 3D, Figs 4, 5). In this zone
(seaward of log 11, Fig. 4), therefore, there is an interac-
tion between the processes associated with flood-related
gravity flows travelling toward south-west and tidal cur-
rents oriented more or less north-south, parallel to the
structural confinement created by the Roda-Turbon
thrust (Figs 1C, 2). This is supported by the analysis of
the paleocurrents measured within the mouth bars facies
(Fig. 17). This demonstrates that from proximal flood-
dominated facies (facies 1A; 1B and 2B; 2C) to more
distal tidally-influenced ones (facies 3B) the paleocur-
rents tend to shift progressively from south-west to-
wards north-west indicating that the jet flows of the
SLSF entering seawater and related hyperpycnal flows
were forced to deflect northward by tidal currents ap-
proximately directed in the same direction (cf. Wright &
Coleman 1974). This deflection could also have been
enhanced by the topographic high related to Roda-Tur-
bon anticline (Fig. 17), as shown by the substantial lack
of time equivalent sandstone deposits of Roda Sandstone

in the Esdolomada area, i.e. the zone immediately to the
west of Roda-Turbon anticline (see log H, Figs 24, 3).

Furthermore, as shown in Tab. 3 and Fig. 16, fa-
cies 3A, 3B and 3C are characterized by three different
types of sigmoidal bedform that are considered to re-
present the result of this interaction. In other words,
even if the sigmoidal-cross stratification is a sedimen-
tary structure whose understanding, more likely, needs
further field and experimental work, it is here suggested
that three different types of sigmoidal bedforms can
exist in association with three different types of flows.
Explicitly, since sigmoidal bedforms associated to
flood-related gravity flows entering seawater (facies
3A, Fig. 16A), and to tidal currents (facies 3C, Fig.
16C) have been observed, it is here considered that there
also exists the possibility that sigmoidal bedforms can
result from a combination between SLSFs entering sea-
water and tidal currents. This processes interaction is
thought to be recorded in the Roda Sandstone mainly
by facies 3B (Fig. 16B).
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The sigmoidal cross-stratification can be seen, like
the HCS, as a multigenetic and ubiquitous sedimentary
structure since there are numerous environments in
which it can be recognized and a variety of processes
that can produce it. Sigmoidal bedforms, for example,
can be found not only in mouth bars and in tidal depos-
its but also in fluvial deposits (Ree 1987; Mutti et al.
1996). From a hydrodynamic point of view, on the con-
trary, even if, traction and traction-plus-fallout pro-
cesses related to unidirectional flows both with high
and low fallout rates at the dune-plane bed transition
can deposit sigmoidal bedforms (Saunderson & Lockett
1983; Roe 1987), it is reasonable to propose that this
type of structure can also be deposited by tractive pro-
cesses related to a pulsating combined flow character-
ized by an oscillatory component that is not necessarily
always related to a tidal cyclicity (Tinterri 1997, 2006b).
As indicated in Tab. 2, an oscillatory component in a
SLSF entering seawater and related hyperpycnal flows
can be generated in different ways. Therefore it is the
author’s opinion that there should also exist a relation-
ship between sigmoidal bedforms and HCS; i.e. a con-

tinuum, both in terms of types of flow and types of
sedimentary structure, between coarse-grained sigmoi-
dal bedforms deposited in the mouth bar by traction
processes related to pulsating SLSF entering seawater
and fine-grained HCS in delta-front sandstone lobes
generated by traction plus fallout processes related to
sediment-laden hyperpycnal flows characterized by
symmetric or slightly asymmetric oscillatory combined
flows (Tinterri 1997, 2006b).

Similarly, the massive tabular sandstone beds of
facies 3D that are interpreted as delta-front sandstone
lobes deposited by sand-laden hyperpycnal flow (Tin-
terri 1999a) could also be associated to this type of
interaction. Even if the delta-front sandstone lobes are
generally graded beds characterized by HCS, in the R5
and R6 units, they are essentially massive (Fig. 13D).
The origin of a massive bed is usually related to a sud-
den deceleration of a sediment-laden gravity flow that,
through a gravitational collapse (McLeod et al. 1999),
can produce fallout rates sufficiently high to suppress
tractive processes. In the case of the Roda Sandstone,
this phenomenon could be enhanced not only by the
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1 - Proximal “fluvial” dominated mouth bar facies
(1A, 1B and 2A, 2B, 2C)
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and tidal facies (3C)
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change of direction from
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relatively shallow water seaward of the river mouth but
also, more probably, by the friction associated both to
flood and ebb tidal currents and also by the tectonic
confinement related to the north-west/south-east or-
iented Roda-Turbon high that tends to decelerate the
hyperpycnal flow evolving toward west (see Figs 15, 17).

In conclusion, type 2 deposits can be interpreted
as tidally influenced mouth bars and related delta-front
sandstone lobes deposited by SLSFs entering seawater
in a flood-dominated river-delta system.

Topographic control on deposition

On the basis of the concept introduced in pre-
vious sections, the Roda basin is a topographically con-
trolled basin in which the Roda Sandstone deposition
was influenced by a series of synsedimentary folds or-
iented roughly northwest-southeast (Fig. 2; Lopez-
Blanco et al. 2003) and by a structural confinement
represented by the Roda fold related to the Roda-Tur-
bon thrust (Figs 1C, 2, 17). The topographic confine-
ment, as mentioned above, would have controlled not
only the enhancement and the direction of tidal cur-
rents but also the eventual phenomena of reflection
and deflection that the flood-related hyperpycnal flows
could have undergone against the topographic highs. In
particular, since the Roda folds should produce soft
topographic highs and lows, it is plausible that these
morphologic obstacles tended to produce progressive
decelerations and deflections rather than sudden im-
pacts and reflections.

As can be observed in the stratigraphic-cross sec-
tion of Fig. 4, overall changes in thickness seem to co-
incide with some of the main folds described by Lopez-
Blanco et al. (2003) (see also Fig. 2B). In particular, the
Canerol anticline would explain very well the anoma-
lous thickness of highly-bioturbated fine-grained mas-
sive sandstone at the base of the R4 unit in a depocenter
or syncline located in the north of the Canerol creek
(zone between logs 4 and 8 in Figs 4A and 2B). These
deposits can, in fact, be interpreted as delta-front sand-
stone lobes (facies 2D) related to facies 2C derived from
the progressive deceleration of the sand-laden hyper-
pycnal flow against the Canerol anticline. Moreover,
coinciding with this anticline, the carbonate strata of
the R4 unit (Fig. 4), that represent the maximum flood-
ing surface at the top of the R4 unit, show an abrupt
increase in thickness signaling shallower water. In the
same way, the high related to the Roda anticline could
explain not only the massive delta-front sandstone lobe
of facies 3D in the R5 and R6 units (see above, Fig. 4A)
but also the progressive deviation of the paleocurrents
toward north-west.

Sequence stratigraphy interpretation of the Roda
Sandstone

The Roda Sandstone, as shown in Fig. 4, is made
up of six depositional sequences of different hierarchical
order, ranging in thickness from 10 to about 100 metres
(see Fig. 18), each of which is characterized by a basal
deltaic sandstone wedge (R1, R2, R3, R4, R5, Ré6) that
passes upward into a siltstone and mudstone interval. In
particular, the transgressive systems tract located di-
rectly above the R6 unit is indicated as the R7 unit
(Fig. 4). The depositional sequences, containing the ba-
sal sandstone units R1, R2, R3, are approximately ten
metres thick and can be considered elementary deposi-
tional sequences (i.e. EDS, according to Mutti et al.
1994). The EDSs, in fact, represent the highest fre-
quency cyclicity of sequence stratigraphic significance
recognizable in the sedimentary succession and they can
stack vertically to form stratigraphic units of higher
hierarchical order such as small-scale and large scale
composite depositional sequences and allogroups (see
Mutti et al. 1994 for more details). The other relatively
larger volume depositional sequences, ranging in thick-
ness from 50 to about 100 metres, are characterized by
the R4, R5, R6 units and may be interpreted as small
scale composite depositional sequences since they are
composed of more EDSs. In EDSs of the Roda Sand-
stone, the upper boundary of the basal sandstone units
is sharp and often characterized by mixed and carbonate
sediments due to the benthic fauna organism coloniza-
tion that can occur when the fluvial sediment supply is
interrupted (Fonnesu 1984; Molenaar & Martinius 1996;
Calabrese 1999). Thus, these layers can also be inter-
preted as representing small condensed surfaces and
hard grounds indicating an abrupt reduction of sedi-
ment supply due to the deactivation of fluvial systems.
In particular the R1 unit pass laterally into a tabular
bioclastic bed (storm bed of Crumeyrolle et al. 1992)
that represents a key bed for all over Roda zone (Figs 2,
4). Regional stratigraphic studies (Mutti et al. 1988,
1994), however, permit to advance the hypothesis that
this bed could be time-equivalent with the tsunami bed
described by Mutti et al. (1985) at the base of FG1 in
Ager syncline (Fig. 1A and B).

The stacking pattern analysis of these six deposi-
tional sequences of different hierarchical order reveals
that they are characterized by a progressive forestep-
ping trend culminating in the R6 unit and a backstep-
ping recorded by the uppermost R7 unit. In particular
the R6 unit is characterized by an abrupt regression of
the depositional zone (Fig. 4) recorded also by an ero-
sive basal surface (the red line in Figs. 4, 12, see also Fig.
11A) that truncates the underlying deposits of the R5
unit. According to Mutti et al. (1996), this erosive sur-
face is associated to a tectonic uplift producing the re-
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- A) Diagram showing the sequence stratigraphy interpretation of the Roda Sandstone. B) Overview of the FG2 depositional sequence

made up of the basal fluvio-deltaic deposits of the R6 unit (lowstand systems tract, LST) overlain by transgressive facies (TST, R7
unit) (see logs 18 and 19 in Fig. 4B). The latter is sharply bounded by a maximum flooding surface (MFS) that marks the passage into
highstand mudstone (HST), (see also Mutti et al. 1988, their plate IIA). The passage to the FG3 depositional sequence is also

indicated.

newal and rapid downward shift of relatively coarse-
grained sediment (Fig. 18). Consequently, the basal flu-
vio-deltaic sandstone that characterizes the depositional
sequences are here interpreted to derive from flood-
dominated gravity flows produced in response to a cli-
mate change after periods of tectonic uplift of adjacent
orogenic wedges (Fig. 18).

Although the Roda Sandstone has been inter-
preted as a low-stand systems tract of FG2 (Mutti et
al. 1988; Crumeyrolle et al. 1992), the presence of this
erosive surface, togheter with the progressive forestep-
ping trend, is here considered of primary importance
because it can be interpreted as a sequence boundary.
Consequently this erosive surface may be seen also as
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the sequence boundary between FG1 and FG2 that was
previously placed at the base of the Roda Sandstone (see
Fig. 3), making it possible to subdivide the stratigraphic
succession of the Roda Sandstone into two parts: 1) an
overlying depositional sequence, approximately one
hundred metres thick, characterized by the R6 unit that
represents the LST of FG2, consisting of a low-stand
deltaic wedge formed by tidal-influenced mouth bars
and by a large volume of delta-front sandstone lobes,
and 2) an underlying part, constituted by the high fre-
quency depositional sequences characterized by the R1,
R2, R3, R4 and R5 basal sandstone units. On the basis,
among other things, of the considerations on the Figols
Group previously introduced in the general strati-
graphic framework paragraph (see above), this basal
part of the Roda Sandstones (R1 to R5) can be inter-
preted as the highstand of FG1 where, however, the sea
level was probably already falling, as testified by the
roughly offlap geometry and by the general progressive
increase of sediment input and amount of basinward
shifts of the fluvio-deltaic depositional zone. These ob-
servations make it possible to advance the hypothesis
that at least a part of the lower portion of the Roda
Sandstone (from R1 to R5) could record a falling stage
systems tract (FSST) defined, according to Plint &
Nummedal (2000) as a stratigraphic unit produced dur-
ing a phase of relative sea-level fall and that lies above a
HST and below a LST characterized by a stacking pat-
tern composed of forestepping high-frequency se-
quences with offlap geometry. The recognition of this
type of geometry in outcrop is, however, very difficult.
Nevertheless the beginning of the FSST in the Roda
Sandstone could be tentatively located at the base of
the R4 high-frequency depositional sequence because
of the abrupt increase in the volume of sediment input
(Figs 4A, B and 18). Therefore, the depositional se-
quences from R4 to R5 can be interpreted as a response
to a longer-term sea-level fall (Fig. 18) punctuated by
smaller-scale relative sealevel fluctuations controlled by
a progressive tectonic uplift and subsidence, that could
justify the small scale condensed surface of R4 unit.

Finally, the R6 unit is capped by transgressive
deposits (the R7 Unit) characterized in the proximal
zone by small volume mouth bars of upward decreasing
volume that pass basinward into highly bioturbated and
fossiliferous very fine sandstone and siltstone in which
tidal sandstones constituted by sigmoidal bedforms
with paleocurrent directed toward the north can be re-
cognized (Figs 4B, 18). Through a sharp contact, mark-
ing the maximum flooding surface, these transgressive
deposits are then covered by highstand mudstones (Fig.
18A, B). The base of FG 3 is marked by the first arrival
of coarse-grained mouth bars (Figs 3, 18; see also Mutti
et al. 1988).

The transgressive systems tract, the maximum
flooding of the R7 unit and the lower boundary of the
FG3 depositional sequence have also been recently
documented by Torricelli et al. (2006) in Merli-Esdolo-
mada zone (log I of Fig. 3) on the basis of the environ-
mental meanings of dinoflagellates cyst, palynofacies
and foraminiferal records (see also Gaboardi 1996). In
particular, the maximum flooding interval is character-
ized by a rich and diverse microfauna, highest relative
abundance of marine phytoplankton and typical neritic
dynoflagellate cyst (dinocyst) assemblages dominated
by Spiniferites and Cordosphaeridium. On the contrary,
the final phase of the highstand system tract, in proxi-
mity of the FG3 sequence boundary, is characterized by
a decrease in abundance and diversity of dinocysts, with
the dominance of the lagoonal genus Polyspharidium
and by decreased microfaunal diversity (discorbids,
miliolids and larger foraminifers). This mass introduc-
tion of lagoonal indicators into more open marine en-
vironments is interpreted to be the expression of a sud-
den relative sea level fall, with a consequent increase of
sediment flux to the sea and a basinward shift of the
optimum habitats of marginal marine species (Torricelli
et al. 2006; see also Dominici and Kowalke 2007).

In conclusion, the erosive sequence boundary
within the Roda Sandstone (red line in Fig. 4) may also
represent the sequence boundary between FG1 and
FG2 that was previously placed (Mutti et al. 1988; Cru-
meyrolle et al. 1992) at the base of the Roda Sandstone
(see Fig. 3). Consequently, the FG2 depositional se-
quence, that is approximately 100 m thick, results as
being composed of a LST represented by the R6 unit
and a TST represented by the R7 unit that passes up-
ward into highstand mudstone as shown in Fig. 18.

Summary and Conclusions

e Sedimentology

It is here considered that a first important detailed
stratigraphic model of the Roda Sandstone was provided
by Crumeyrolle et al. (1992; their attachment 1) (see also
Crumeyrolle, 2003). The main innovation of this paper
in respect to Crumeyrolle et al. (1992) is the facies inter-
pretation influenced by the discovery of well developed
delta-front sandstone lobes, not only in proximal and
intermediate zones (T1 and T2 facies tract) but also in
more distal zones, seaward of log 11 of figure 4A (T3
facies tract). Therefore this work, for the first time,
highlights well distinctive mouth bars and lobe elements
in the Roda Sandstone thanks to a new high resolution
stratigraphic framework represented by figure 4A.

The detailed facies analysis of the sandstone
wedges (R1-6) that characterise the Roda Sandstone,
in fact, has shown that the R1, R2 and R3 units are
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characterized by relatively small-volume mouth bars
passing downcurrent into attached massive and highly
fossiliferous delta-front sandstone lobes of facies 1Cd
(T1 facies tract, Figs 5, 7A), whereas the relatively larger
volume R5 and R6 units are characterized by three
growing stages each of which is characterized by a well
determined type of facies sequence and respective facies
tract (Figs 5, 7A, B, C). In these units, in fact, it is
possible to observe the passage from proximal mouth
bars and delta-front sandstone lobes with HCS (the T1
facies tract) to distal tidally-influenced mouth bars and
related massive sandstone lobes (the T3 facies tract)
through intermediate mouth bars that can pass down-
current into massive bioturbated sandstone lobes (the
T2 facies tract), (Figs 5A, B). The R4 unit, on the con-
trary, can be seen as a sandstone wedge with intermedi-
ate characteristics between the lower and upper units
because in this unit T3 deposits are absent and thus it
is composed by only two growing stages represented by
T1 and T2 deposits. The facies tracts characterizing
these deposits are interpreted as being related to various
types of sediment-laden stream flows (SLSFs) entering
seawater produced in a flood-dominated river-delta sys-
tem. In particular, facies tract T1 is interpreted as de-
posited by coarse-grained composite sediment-laden
stream flows (CSLSFs), the T3 facies tract by turbulent
SLSF whereas the T2 facies tract that has intermediate
facies characteristics (facies 2A, Tab. 3 and Fig. 5) may
be interpreted as deposited both by composite and tur-
bulent SLSFs (Fig. 15). In this way, if the gravity flows
that produced facies tract T1 were characterized by
coarse grained dense inertial parts, the successive SLSFs
that produce facies tracts T2 and T3, became progres-
sively dominated by turbulence and by a vertical strati-
fication of grain sizes (Fig. 5).

The nature and origin of these types of gravity
flows may depend upon: 1) the drainage-basin condi-
tions related to the ratio between the rate of tectonic
uplift which determines the morphometric properties of
the catchment, and the rate of climatic change, which
mainly controls the amount of rainfall and consequently
the surface runoff and 2) the nature of catchment bed-
rocks. These variables control the type of gravity flow
and its efficiency. In general, the drainage basins that
tend to favour the generation of dense inertial flows
are very small and experience a rate of uplift higher than
the rate of incision of the fluvial processes that produce
high-gradient longitudinal profiles (Hovius 1998; Mutti
et al. 1996). On the contrary, the drainage basins that
tend to favour the generation of SLSFs are characterized
by larger basins and rates of fluvial incision higher than
the tectonic uplift rates. This phenomenon produces a
concave upward longitudinal profile with a high-gradi-
ent drainage zone and low-gradient transfer zone (Ho-
vius 1998; Mutti et al. 1996). All things being equal,

moreover, the type of gravity flow can also depend on
the type of the bedrock found in the drainage basin
(Blair 1999; Moscariello et al. 2002). For example, as
in the case of the Roda Sandstone (see general geologic
setting section), catchment bedrocks characterized by
massive crystalline rocks such as granites and grano-
diorites tend to yield weathering mantle constituted
only by coarse grain size populations (medium/coarse
sand to boulders) without the fines (silt and clay). This
tends to prevent the generation of debris flows and to
favour the generation of turbulent flood flows such as
SLSFs in which the transport occurs mainly as bedload
and suspended load.

o Interaction between flood-related gravity flows
and tidal currents

The Roda Sandstone is a system of mouth bars
and delta-front sandstone lobes deposited in a flood-
dominated river-delta system in which the deposition
was strongly controlled by an interaction between
flood-dominated gravity flows entering seawater, tidal
currents and topographic confinement. The structural
high represented by the Roda-Turbon fold, in fact, not
only enhanced the tidal currents but also acted as a
topographic threshold for the hyperpycnal flows as sug-
gested by the lack of the time-equivalent sandstone de-
posits of the Roda Sandstone in Esdolomada H log
(Figs 2, 3). Also, the analysis of the paleocurrents show
that, moving progressively downcurrent, the fluvial in-
put that was directed towards south-west in the prox-
imal zone (facies tract T1 and facies 2B, 2C), tended
progressively to turn toward west (facies 3A) and then
toward north-west in more distal zones (facies 3B). This
change is here considered related to the interaction be-
tween the structural confinement due to the Roda-Tur-
bon fold and tidal currents that had a north-west/south-
east direction (Fig. 17).

This interaction is evident especially in the more
distal facies tract T3 in which facies 3A, characterized
by sigmoidal and megaripple bedforms related to deltaic
jet flows, passes downcurrent into massive delta-front
sandstone lobes (facies 3D) through intermediate facies
3B and 3C. The latter are characterized by clear tidal
sigmoidal bedforms in the R5 unit (facies 3C) and by
tidally-influenced flood-dominated deposits in the R5
and R6 units (facies 3B). In a situation of this type,
the hypothesis is here advanced that three type of sig-
moidal bedforms can exist: 1) those associated with
flood-related gravity flows entering seawater (facies
3A, Fig. 16A), 2) those related to tidal currents (facies
3C, Fig. 16C), and 3) those related to the combination
between SLSFs entering seawater and tidal currents (fa-
cies 3B, Fig. 16B). In other words, it is here considered
that a large part of the sigmoidal bedforms of facies 3A
and 3B could be interpreted as being related to traction
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and traction-plus-fallout processes associated with pul-
sating combined flows generated by the interference
between a flood-related gravity flow entering seawater
and an oscillatory component (Tab. 2) in which, espe-
cially for facies 3B, also the semidiurnal ciclicity of a
tidal current could have had an important role . The
sigmoidal bedforms, in fact, can be considered ubiqui-
tous, multigenetic sedimentary structures and it is here
suggested that their more correct interpretation can de-
rive especially by a careful analysis of facies sequences
(Fig. 7) and stratigraphic framework in which sigmoidal
bedforms are found (Figs 4 and 5). Using this approach,
the sigmoidal bedforms of facies 3A and 3B have been
interpreted as sedimentary structures indicating the by-
pass (Fig. 15) of finer grain-size populations (fine sand
to mud) that, through a gravity transformation related
to the deceleration of flood gravity flows entering sea-
water, can collapse to form sediment-laden hyperpycnal
flows responsible for the deposition of the delta-front
sandstone lobes of facies 3D.

e Stratigraphy

The Roda Sandstone is made up of six deposi-
tional sequences of different hierarchical order, ranging
in thickness from 10 to about 100 metres, each of which
is characterized by a basal sandstone unit (R1-6) that
passes upward into a siltstone and mudstone interval.
These units record a progressive forestepping culminat-

ing in the depositional sequence characterized by the R6
sandstone unit that represents the approximately 100 m
thick FG2 depositional sequence (Fig. 18). The abrupt
regression of the Ré unit is characterized by a basal
erosive surface truncating the underlying mouth bars
of the R5 unit (Fig. 11) that is here interpreted as a
sequence boundary (red line of Fig. 4). This erosive sur-
face, therefore, makes it possible to divide the Roda
Sandstone, whose sedimentary succession has always
been interpreted as the lowstand delta of the FG2, into
two parts: 1) an underlying highstand systems tract
(HST) and falling-stage systems tract (FSST) of the
FG1 (units R1 to R5) and 2) the overlying FG2 deposi-
tional sequence characterized by a low-stand delta (the
R6 unit) that passes upward into highstand mudstone
through a transgressive systems tract represented by the
R7 unit (Fig. 18).
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