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- Abstract: Ancient flood-dominated fan-delta and river-delta systems of tectonically-active basins
can be viewed as essentiei_liy small and immature fluvial systems (in the sense of Schumm, 1977) with
relatively high-elevation catchment basins, short and high-gradient transfer zones, and marine
depositional Zones where transport and deposition are dominated by hyperpycnal flows. The delta-
front deposits of these ancient systems are represented by facies and facies associations whose
stratigraphic and sedlmentologlcal importance has-been largely overlooked in previous literature.
Both fan-delta and river-deita systems contain a common and very distinctive terminal depositional
element consisting of sharp- -based:and parallel-sided, graded sandstone beds commonly containing
HCS. These sediments, herein termed “flood-generated delta-front sandstone lobes”, fo1m impressive
sedlmentary accumulations in’many basins worldwide. Commonly mistaken for storm-dommated
nearshore and shelfal deposits, these sandstone lobes probably represent the most genuine expression
of fluvial-dominated delta-front sedimentation. In ancient river-delta systems, river-mouth deposits
show a great variability in terms-of geometry and facies types, essentially.recording the locally
prevailing conditions ranging from extensive erosion and sediment bypass to deposition of the entire
sediment load carried by sediment-laden stream flows entering seawaters. Flood-related processes
are intrinsically catastro'phic and, as such, undef;represented in modern settings. It thus appears that
ancient flood-dominated fluvio-deltaic systems cannot be described and interpreted following current
sedimentological models for fluvial and deltaic sedimentation. Actually, these models are largely
derived from modern deposmonal environments dominated by “normal” fluvial and marine processes.
There are, on the other hand, impressive similarities between ancient flood-dominated fluvio-deltaic
systems and turbidites - another category of catastrophic deposits which is under-represented in modern
baéi‘ns. Comparing facies and prd_é:c'sses of these two groups of sediments deposited by density currents
can Erovide significant insight intb ‘both types of sedimentation. .

Key words: flood-related sed1mentat10n, ancient flood-dominated fan-delta and river-delta systems,
hyperpycnal flows, mouth bars, delta-front sandstone Iobes, tectomsm climate; sea-level variations.

Resumen: Los sistemas deltaicos'de abanicos aluviales y de deltas fluviales dominados por avenidas
en cueficas tecténicamente activas pueden ser vistos ésencialmente como sistemas fluviales inmaduros
(en el sentido de Schurhm, 1977) con cuencas de recepcién relativamente elevadas, zonas de
transferencia cortas y de alto gradiente y zonas deposicionales marinas donde el transporte y la
sedimentacion estdn ‘dominados ‘por flujos hiperpicnicos. Los depésitos de frente deltaico de estos
sistemnas antiguos estdn representados por facies y asociaciones de facies cuya importancia estratigrafica

.y sedimentoldgica ha sido generalmente pasada por alto en la literatura anterior. Tantolos sistemas de

_ deltaicos de abanicos aluviales como los de deltas fluviales contienen un elemento deposicional terminal
muy caracterfstico que consiste encapas gradadas de areniscas tabulares con base neta que generalmente
contienen HCS. Estos sedimentos; aquf llamados ‘16bulos areniscosos de frente deltaico asociados a
avenidas’, forman acumulaciones impresionantes en muchas cuencas sedimentarias de todo &1 mundo.
Generalmente confundidos con depésitos costeros de plataforma dominados por tormentas, estos .

- 16bulos areniscosos probablemente representan la expresién mds genuina de la sedimentacién de = - ,
frente deltaico dominada por procesos fluviales. En deltas fluviales antiguos, los depésitos de
desembocadura fluvial muestran una gran variabilidad en términos de geometria y tipos de facies,
generalmente registrando las condiciones localmente predominantes que van desde erosin extensiva .
y bypass de sedimento hasta deposicién de toda la carga sedimentaria, transportada por flujos de .
corrientes cargadas de sedimento (sediment-laden stream flows) que entran en aguas marinas. Los
procesos relacionados con avenidas son intrinsecamente catastréficos vy, como tales, estan infra- *
representados en ambientes actuales. Por consiguiente, los sistemas fluvio-deltaicos dominados por
avenidas no pueden ser descritos ni interpretados siguiendo los modelos habituales de sedimentacién
fluvial y deltaica. En realidad, estos modelos derivan en gran parte de ambientes deposicionales
actuales dominados por procesos fluviales y marinos “normales”. Por otro lado, hay similitudes

"importantes entre sistemas antiguos de deltas fluviales dominados por avenidas y turbiditas, que son
otra categorfa de depésitos catastréficos que estdn infra-representados en cuencas modernas. Comparar
las facies y procesos de estos dos grupos de sedimentos depositados por corrientes de densidad puede
aportar nuevos y relevantes puntos de vista para ambos tipos de sedimentacién.
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The origin and characteristics of hyperpycnal flows
at modern river mouths have received increasing atten-
tion from sedimentologists in recent years (e.g., Sparks
et al., 1993; Mulder and Syvitski, 1995; Skene et al.,
1997; Mulder et al., 1998; McLeod et al., 1999). The
results of this research, stemming from the theory on
delta formation by Bates (1953) and subsequent papers
by Wright ef al. (1986) and Prior et al. (1986) on the
modern Yellow River, seem to leave little doubt that
hyperpycnal flows (inversely buoyant plumes) origina-
ting during floods represent a fundamental process in
delta construction. Surprisingly, no real attempts have
been made to assess to what extent this kind of sedi-
mentation is recorded in ancient strata.

Although partly perceived in earlier work (e.g.,
Martinsen, 1990), the importance of floods and related
hyperpycnal flows in controlling the growth of ancient
deltaic systems has been documented only recently by
Mutti et al. (1996, with references therein). On the basis
of extensive research carried out on a significant number
of ancient basin fills from different geologic settings and
ranging in age from Mesozoic to Pleistocene, these au-
thors have shown that ancient flood-dominated fluvio-del-
taic systems are the fundamental stratigraphic component
of most alluvial and shallow-marine successions of tecto-
nically active basin fills - a conclusion in some way pre-
dicted by Milliman and Syvitski (1992, p. 541) for ancient
active margin sedimentation on the basis of the characte-
ristics of modern, small- and medium-sized mountainous
rivers and the potential of these rivers to contribute sedi-
ment to the sea.

In this paper, we further expand on flood-dominated
fluvio-deltaic sedimentation of tectonically active ba-
sins focusing in particular on delta-front facies associa-
tions and inferred depositional processes of marine fan-
delta and river-delta systems dominated by hyperpyc-
nal flows. To this purpose, we will avail ourselves of
examples from the Eocene strata of the south-central
Pyrenean foreland basin - a basin where flood-domina-
ted sedimentation appears to be crucial to a better un-
derstanding of the complex interaction between tecto-
nism and climatic and relative sea-level variations, as
expressed by dramatic cyclic changes in sediment flux
to the sea through time (Mutti et al., 1996, 1999).

Although overlooked in previous literature, flood-
dominated fluvio-deltaic sedimentation probably offers
a very significant clue to the interpretation of most of
the spectacularly exposed fluvial, lacustrine and sha-
llow-marine terrigenous strata that were deposited in
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the south-central Pyrenean domain between late Creta-
ceous and Oligocene concurrently with the progressive
uplift of the chain. For the reader’s convenience, figure
1 shows the main stratigraphic units which are referred
to in the following sections.

We are fully aware of the fact that many of the inter-
pretations offered in this paper are preliminary and, as -
such, potentially controversial; on the other hand, this
is one of the very first attempts to consider ancient
flood-dominated fluvio-deltaic systems and their still
basically undescribed facies in terms of processes who-
se knowledge is also in its infancy, being mostly infe-
rred from sparse observations on some modern deltas,
limited experiments, and numerical modeling. Therefo-
re, the main purpose of this paper is to show how much
work is still needed to fill this gap in the study of flu-
vio-deltaic sedimentation.
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Figure 1.- General stratigraphic subdivisions of the upper
Cretaceous to upper Eocene strata of the Tremp-Graus and Ainsa-Jaca
basins in the south-central Pyrenees (based on Mutti e al., 1994 and
Remacha et al., 1998).
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Figure 2.- Flood-generated coarse-grained bars. Individual flood-units show a well-defined vertical and downstream normal grading (from
right to left). Bars of this type are very common in terminal flood basins and ephemeral lakes. First recognized and described by Mutti ef al. (1996),
and termed by these authors “flood-generated sigmoidal bars”, these flood-units are herein interpreted as the deposit of a composite sediment flow
(see later) characterized by a markedly inverse grain-size segregation during transport and early phases of sedimentation. Within each unit, the basal
and upstream, clast-supported and crudely-stratified conglomerate resting on a pronounced erosive surface is thought to be the deposit of the head
of a hyperconcentrated flow which was forced to deposit its load because of frictional freezing. The crude stratification of the conglomerate division
is produced by a trailing, progressively more dilute turbulent flow which bypassed the frozen, coarse-grained deposit of the hyperconcentrated flow
(see text for more extensive discussion). Upper part of the Tremp-Ager Group along the road Aren-Berganuy.

General characteristics of ancient flood-dominated
fluvio-deltaic systems

Ancient flood-dominated fluvio-deltaic systems can
be viewed as essentially small and immature fluvial syste-
ms (in the sense of Schumm, 1977) with relatively high-
elevation catchment areas, short and high-gradient trans-
fer zones, and marine depositional zones where transport
and sedimentation were dominated by hyperpycnal flows.
Although quite different in terms of sandbody geometry,
facies and processes (see later), systems of this kind share
many features with the broad category of the “coarse-gra-
ined deltas”, including both river and fan-deltas, as amply
discussed by many authors (for a synopsis see Colella and
Prior, 1990) and considered as highly sensitive recorders
of tectonic activity and climatic and sea-level variations.
More significantly, ancient flood-dominated fluvio-del-
taic systems can be regarded as the ancient analogs of the
modern “small- and medium-sized mountainous rivers” of
Milliman and Syvitski (1992) and the “dirty rivers” of
Mulder and Syvitski (1995). In modern settings, these ri-
vers are characterized by a high sediment flux to the sea
due to the elevation of their drainage basins and their

proximity to the shoreline. These factors strengthen the
role of flooding in that sediment concentration of flood-
related flows is not reduced by energy dissipation and se-
dimentation in alluvial flood basins and coastal plains.
Consequently, many of these rivers can generate frequent
hyperpycnal flows over the year.

The depositional setting, facies distribution patterns
and sandbody geometry of these modern deltas remain
largely undescribed and therefore little understood. In
addition, it appears quite obvious that the subaqueous
segments of these depositional systems are difficult to
study in modern settings; therefore, it can be argued
that, once correctly recognized, ancient flood-domina-
ted delta-front strata can provide some useful informa-
tion to partly fill this gap.

As outlined by Mutti et al. (1996), ancient flood-do-
minated fluvio-deltaic systems consist of a great variety
of facies and facies associations deposited in both alluvial
and shallow-marine environments. All these sediments are
characterized by the pervasive occurrence of sedimenta-
tion units each displaying a distinct vertical and longitudi- .
nal grading produced during a discrete flood event. These
elementary flood-units differ considerably from each
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Figure 3.- Graded and parallel-sided sandstone beds deposited by hyperpycnal flows in a shelfal environment. Bardas Blancas Formation,

Neuquén Basin, Argentina.

other in virtue of the many local controlling factors such
as, in particular, the volume, sediment concentration and
duration of individual flood events, the type of process
and sediment involved, and the local environment of de-
position. As a result, individual flood-units may vary from
crudely graded, small and lenticular coarse-grained bars
produced by the sudden deceleration of small-volume and
short-duration flash floods (Fig. 2) to graded and relative-
ly well-sorted sandstone beds with impressive lateral ex-
tent deposited by long-lived hyperpycnal flows in marine
delta-front environments (Fig. 3).

In this paper, we focus primarily on facies and facies
associations that characterize marine delta-front strata, i.e.
arelatively limited number of facies types and facies asso-
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Figure 4.- Basic component elements of fan-delta and river-delta
systems (from Mutti ef al., 1996).
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ciations which form in response to the deceleration and
transformations experienced by flood-generated flows
when entering seawaters in fan-delta and river-delta syste-
ms. Although treated in a number of papers from a con-
ceptual standpoint (e.g., Wright, 1977; Prior et al., 1986;
Wright et al., 1986; Sparks et al., 1993; Mulder and
Syvitski, 1995; Skene et al., 1997; Mulder et al., 1998;
McLeod et al., 1999), these processes are still difficult to
link to specific facies and facies associations of both mo-
dern and ancient deposits. Although intergradational in
terms of physiography and depositional processes, fan-
delta and river-delta systems can be considered as the end
members of flood-dominated fluvio-deltaic sedimentation
dominated by relatively unconfined hyperconcentrated
flows and channelized sediment-laden stream flows, res-
pectively (see later).

The basic depositional elements of fan-delta and ri-
ver-delta systems are shown in figure 4. For the reader’s
convenience and to avoid terminology problems as best
as possible, Table I summarizes the main types of flow
as intended in this paper.

Delta-front sandstone lobes deposited by
hyperpycnal flows

Both flood-dominated ancient fan-delta and river-
delta systems contain a common and very distinctive
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Flow types as intended in Sediment support|  Depositional - Flow

this paper Fiow rheology mechanisms mechanism characteristics References
o . . . . . . Very high-density, mud-rich :

Cohesive debris flow Bingham plastic Matrix strenght | Cohesive freezing flows with negligible Lowe (1982)

grain-to-grain friction

Excess pore pressure,

Very high-density flows

Mutti et al. (1996

Hyperconcentrated flow Poorly i Frictional freezing ol A d
AT - ; c dispersive pressure 3 with inverse longitudinal Mutti et al, (1999) .
(cohesionless debris flow or granularflow)f & | understood and matrix strenght | 20n9 flow boundaries) ooy <7’ Saqreation | Major and Ivefson (1999)
C
0 High-density flows, with inverse
- ] : Excess pore pressure, . . longitudi oW v )
Cornposite sediment-laden stream % Poorly dispersive pressure t;@ﬁgﬂ”aa]nféﬁfs'c’{%n coonrgéizﬁ]r?g!gfraz;np?'lezge?iﬁrge%z;?sné se%i?n"l%‘f’s}}gws
sto matrix strenght an g frontal granular flow followed by an
flow Z understood turbu|e,?ce plus fall-out intormesiato fow (urbulent SLoF) | Of Sohn et al. (1999)
S and a more dilute stream flow :
L High-density < - Traction plus High-density Pierson and Costa (1987
soomeptn | whinior_|“| 4| T | ol | o | SEES
—— — = —| == == = " “higesve | Fricfonalfreezing | - _normalvertical -} spith and Lowe (1991
Traction carpet Dilatant plastic prepssure and traction g grain-size segregation Mutii et al, (19(96) )
] Very low-density | ers o o 8)(1987
: S : A : - ierson and Costa )
Streari flow g Fluid Turbulence Traction turbulent flow "Clear water stage” of
2 Multi et al. (1996)

Table I.- Main types of flood-generated flows as intended in this paper.

terminal depositional element consisting of sharp-ba-
sed and parallel-sided graded sandstone beds common-
ly containing hummocky cross-stratification (HCS).
These sandstone beds typically form packets, 3-15 m
thick, alternating with muddier deposits which may be
locally highly fossiliferous and bioturbated. These se-
diments, which are remarkable for their lateral conti-
nuity and their internal cyclic stacking pattern (Figs. 5
and 6), form the typical delta-front facies association
of flood-dominated fluvio-deltaic system recording the

final sandy depositio,nall zone of hyperpycnal flows. In

‘a previous paper (Mutti et al., 1996) we termed these
‘sediments “shelfal sandstone lobes”; herein, we prefer

to redefine them as “flood-generated delta-front sands-
tone lobes”, a term implying a more explicit fluvio-del-
taic origin. Vertical and lateral stratigraphic relationships
indicate that these lobes pass basinward into mudstone-
dominated prodelta facies; and that their landward equiva-
lents are represented by alluvial and skiallow-marine con-
glomerates and pebbly-sandstones in fan-delta systems

Figure 5 - Example
stream flows (see text). Sandstone packets, between 3-15 m thick and separated by muddier facies, can be traced for several km. Basal part of

the Figols Group, Tremp area.

of tabular delta-front sandstone lobes deposited in a river-delta system dominated by highly-efficient sediment-laden

Rev.Soc.Geol.Espaiia, 13(2), 2000
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Figure 6.- Spectacularly exposed delta-front sandstone lobes of the Santa Liestra fan-delta system in the Esera valley at Santa Liestra. These
sandstone facies grade northward into a similarly thick section of conglomerates in less than three kilometers (compare with Fig. 8).

and very distinctive mouth-bar deposits in river-delta sys-
tems. Farther landward, the mouth-bar deposits grade into
fluvial and associated flood-plain facies.
Flood-generated delta-front sandstone lobes proba-
bly represent the most genuine expression of fluvial
dominated delta-front sedimentation, since, in the ab-
sence of hyperpycnal flows, river-borne sands can only
be redistributed in the marine environment by waves
and tides, most commonly in the proximity of river
mouths. These flood-generated sandstone lobes form
huge sedimentary volumes in the fill of ancient tectoni-

cally-active basins, suggesting that their stratigraphic -

importance has been largely overlooked in previous li-
terature. A notable exception is that of Goldring and Brid-
ges (1973) who first perceived the stratigraphic importan-
ce of these nearshore and shelfal deposits in the ancient
record, termed them “sublittoral sheet sandstones”, and
proposed various origins including storms, tsunamis,
floods, tides, rips and turbidity currents.
Flood-generated delta-front sandstone lobes have
been most commonly mistaken for storm-dominated
nearshore and shelfal deposits because of the common
occurrence of HCS, a structure generally considered to
be diagnostic of combined-flow conditions associated
with storm activity along high-energy coasts (e.g.,
Duke et al., 1991, with references therein). In reality,
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combined-flow conditions are inherent to the dynamics
of flood-generated flows and particularly to those flo-
ws which enter seawater as hyperpycnal flows (e.g.,
Mutti et al., 1996). This, combined with local and re-
gional stratigraphic relationships between alluvial and
nearshore facies established for a great number of an-
cient fluvio-deltaic systems (for a more detailed discus-
sion see Mutti et al., 1996; see also Mutti et al., 1998),
rules out the possible interpretation of delta-front
sandstone lobes in terms of storm-dominated deposits.
Some typical features of these deposits are illustrated
in figure 7.

In both fan-delta and river-delta systems, delta-front
sandstone lobes are interbedded with and grade into fi-
ner-grained facies deposited by dilute hyperpycnal flo-
ws and, most commonly, buoyant plumes emanating
from river mouths. Data currently available from out-
crop studies are insufficient to provide significant in-
formation on the deposits of such processes, essentially
represented by apparently monotonous successions of
mudstone-dominated facies. Hypopycnal flows can
form either under conditions of normal flood stages of
a river, as commonly observed in modern settings, or
through the separation and lift-off of more dilute flows
from an underlying hyperpycnal flow. The importance
of hypopycnal plumes as “mud-suppliers” in tectonica-
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Skeletal
debris

Figure 7.- A) Example a of sharp-based and graded sandstone bed deposited in a shelfal environment by a hyperpycnal flow. Note the
occurrence of HCS in the middle part of the bed. Note also the abundant skeletal debris in the basal part of the bed (cf. Fig. 7B). Bardas Blancas
Formation, Nequén Basin, Argentina. B) Close-up of Fig. 7A showing the basal division of the sandstone bed containing abundant skeletal debris
(mostly valves of the pelecypod Trigonia). These intrabasinal skeletal debris indicates that hyperpycnal flows were able to produce substantial bed
erosion and therefore increase their density to become self-sustained flows (see text for more details). C) Ball-and-pillow structure in a graded
sandstone bed deposited by a hyperpycnal flow in a delta-front environment. This type of immediately post-depositional structure, produced by
loading and favoured by the broadly lenticular, convex-up geometry of sandstone beds containing large-scale HCS, is common in delta-front
sandstone lobe successions due to high-rates of sedimentation (e.g., Sabifianigo Sandstone of the Jaca Group). The example shown in the photograph
is from the Santa Liestra Group, near Fantova. D) Example of a graded sandstone bed deposited by a hyperpycnal flow in a distal delta-front
environment. Note the relatively coarse-grained, basal sandstone division with abundant mudstone clasts and skeletal debris (larger foraminifera).
The top of this division is a convex-upward surface moulded by a turbulent flow with a strong oscillatory component; this flow is responsible for the
deposition of the overlying and finer-grained sandstone division with HCS.

lly active basins has been amply discussed by Nemec
(1995); the various processes leading to the separation
of hypopycnal plumes from associated hyperpycnal flo-
ws have been discussed at length by (Wright et al.,
1986; Sparks et al., 1993; McLeod et al., 1999) on the
basis of experimental work and numerical modeling.

Facies, facies associations and inferred depositional
processes of fan-delta and river-delta systems are brie-
fly discussed in the following sections.

Fan-delta systems

The type of ancient fan-delta system considered in
this paper is very common in the fill of many structura-
lly-confined basins and consists of individual flood-
units expressed by essentially tabular bodies that can
be traced directly from alluvial into shallow-marine

environments without intervening beaches or tidal flats.
Where preserved, the shorezones are mainly recorded
by lenses of sandstone, rich in skeletal debris, deposi-
ted by weak wave and storm activity. These sediments
separate alluvial and coastal plain fines from marine
mudflats, thus suggesting an overall low-energy marine
basin between periods of time during which flood-do-
minated sedimentation prevailed. Typical examples of
this kind of fan-deltas are found in the Cretaceous of
the Neuquen basin, Argentina, and particularly in wed-
ge-top basins like the Pleistocene of the southern Apen-
nines, and the Eocene of the south-central Pyrenees,
Spain (Mutti et al., 1996). The stratigraphic cross-sec-
tion of figure 8 depicts part of the spectacularly expo-
sed Cuisian-Lutetian Santa Liestra Group, in the Esera
valley, south-central Pyrenees, where some 500 m of
conglomerates fed from the north by the growing Pyre-
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nean chain pass into a similarly thick succession of del-
ta-front sandstone lobes in a basinward direction.

Because of their internal geometry, facies and facies
associations, these systems are difficult to frame within
current sedimentological models of fan-deltas. The lat-
ter essentially include slope-type and shelf-type fan-
deltas as discussed by many authors (Ethridge and Wes-
cott, 1984; Postma, 1990). The flood-dominated fan-
delta systems described in this paper share the
geometry of shelf-type fan-deltas, but differ from the
latter in that they are almost entirely composed of fa-
cies types generated by flood-generated flows in their
both alluvial and marine components. Apparently, sys-
tems of this type are unreported from modern settings
either because they are extremely rare or have not yet
been recognized.

Facies tracts and inferred processes

Facies tracts and stratigraphic relationships obser-
ved in flood-dominated fan-delta systems suggest an
origin from subaerially-derived, catastrophic hypercon-
centrated flows. Although subaerial, these flows are
probably similar to the submarine “flowslides” of No-
rem et al. (1990), and thus initially triggered by sedi-
ment liquefaction on relatively steep slopes. Once subs-
tantially accelerated along high-gradient and entren-
ched fluvial valleys, these flows enter seawaters at short
distance from fan apexes, thus maintaing sufficient
momentum to reduce the deceleration produced by the
change in slope, friction and mixing with seawater. As
a result, the flows can move as hyperpycnal flows
across gently sloping and even flat nearshore and shel-
fal regions carrying their sediment load at a distance
controlled by the efficiency of each flow (see later). A
common type of facies tract observed in these systems
is shown in figure 9.

The processes involved in this kind of sedlmenta—
tion are quite complex mainly because these flows, both
subaerial and subaqueous, remain poorly understood
despite the many papers that have dealt with their defi-

Figure 8.- Stratigraphic cross section of part of the Santa
Liestra Group in the Esera valley, representing a spectacular
example of a flood-dominated fan-delta system. From north to
south, the lower part of the cross section depicts the facies change
from conglomerates deposited through the frictional freezing of
hyperconcentrated flows to graded sandstone beds with HCS
deposited by trailing turbulent flows (see text for a more extensive
discussion). As indicated by interval geometry, this first phase of
deposition takes place concurrently with uplift in the north and
subsidence in the south. Above the datum, the trend is inverted and
the section expands northward as a result of a later thrust
propagating farther southward. The uplift related to this thrust is
clearly indicated by large-scale slump scars and the onset of
carbonate deposition in the south (see insert). Original field data
from Ph. Crummeyrolle (1987); new interpretation added.

nition and characteristics over the past thirty years
(e.g., Middleton and Hampton, 1973; Nemec and Steel,
1984; Pierson and Costa, 1987; Costa, 1988; Coussot
and Meunier, 1992; Kim et al.,, 1995; Shanmugam,
1996, 2000; Major and Iverson, 1999). As used in this
paper, a hyperconcentrated flow is intended as a high-
density, inertia-driven mixture of sediment and water
that moves downslope under conditions of high pore-
fluid pressure (see Table I). Based on field observatio-
ns, experimental debris flows, and numerical modeling,
pore-fluid pressure appears to play a key role in effecti-
vely reducing friction within both subaerial and subma-
rine hyperconcentrated flows (e.g., Norem et al., 1990;
Mohrig et al., 1998; Major and Iverson, 1999; and Mu-
tti et al., 1999), thus substantially increasing their run-
out. We are aware of the fact that the term “hypercon-
centrated flow”, as used in this paper, may be a source
of confusion. The term is actually used by most authors
to describe flows which are transitional between debris
flows and streamflows. However, the prefix “hyper”
(from the Greek “huper”) actually implies the sense of

» “above”, “exceeding” or “excessive” (from the

LT

“over
Con01se Oxford D1ctionary of Current English). There-
fore, within a spectrum of density flows, the term “hy-
perconcentrated flow” should be used to define that co-
hesionless debris flow which is the most dense.

The ideal scheme of figures 9B and 9C illustrates
the processes which can be inferred from the facies
tract of figure 9A. The scheme is derived from that of
bipartite turbidity currents recently proposed by Mutti
et al. (1999) and partly stemming from the work by
Sanders (1965), Ravenne and Beghin (1983) and No-
rem et al. (1990). In bipartite turbidity currents, a coar-
se-grained granular flow (cohesionless debris flow or
hyperconcentrated flow of Table I), essentially driven
by inertial forces under conditions of excess pore pres-
sure, initially forms the faster-moving frontal part of
the current in which the coarsest particles tend to co-
llect along the flow edges. The granular flow moves
ahead of a more dilute turbulent flow carrying suspen-
ded finer-grained sediment until it is decelerated by
decreased shearing and internal friction due to the loss
of pore-fluid préssure through water escaping; the
granular flow is thus bypassed by the more dilute tur-
bulent flow which has a much longer run-out. The who-
le process implies an inverse (fining upcurrent) longi-
tudinal grain-size gradient during the early phases of
transport and deposition followed by a normal (fining
downcurrent) gradient during the subsequent depositio-
nal stages (see Mutti et al., 1999 for a more extensive
discussion).

Based on field observations on ancient alluvial stra-
ta, Sohn et al. (1999) have recently suggested a similar
model introducing the concept of composite sediment
flow. A flow of this kind includes a preceding debris
flow (cohesive or cohesionless), a trailing watery flow
(streamflow), and an intermediate flow (hyperconcen-
trated flow). The model, however, does not take into
account the importance of pore-fluid pressure nor the
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Figure 10.- Conglomerates deposited by hyperconcentrated flows in a fan-delta system. Note the irregular bedding geometry mainly produced
by the frictional freezing of the heads of successive sedimentation waves. Individual conglomerate units commonly show pebble and cobble
alignments at their top (indicated by arrow) resulting from extensive reworking produced by bypassing turbulent flows (see text for details). Santa
Liestra Group, roadcut north of Santa Liestra.

mixing with ambient fluid, two important factors in
controlling transport and sedimentation in the marine
environment. This kind of flow (see Table I) is briefly
discussed in the following sections dealing with river-
delta systems. :

In its proximal sector, the facies tract of figure 9A
can be interpreted as the product of a sustained flood-
generated bipartite current in which an initially faster-
moving, hyperconcentrated flow (granular flow) proba-
bly moves, as suggested by Major and Iverson .(1999)
and Sohn et al. (1999), through a series of surges. Suc-
cessive surges, or sedimentation waves, are composed
of progressively finer-grained sediment and each of
them bypasses the deposit left behind by the former
ones (Mutti et al., 1999). Deposition can occur through

Figure 9.- The commonly observed facies tract of flood -
dominated fan-delta systems (A). This facies tract is particularly
well exposed in the fan-delta systems of the Santa Liestra Group,
between the Isabena and Esera valleys (see Fig. 8)..The
interpretation of the facies tract is shown in cross-sectional and plan-
view diagrams (B and C). See text for a detailed discussion. Note
the importance of successive sedimentation waves.

the frictional freezing of the coarsest clasts collected at
the leading edges of each surge or through the en-mas-
se freezing of the entire surge. Surging will continue
until water and sediment escaping and grain-to-grain
and bed friction force the granular flow to stop.

More basinward, the facies tract of figure 9A im-
plies a quite different sedimentation associated with the
more dilute turbulent flow. This flow, which is conti-
nuously fed from behind as long as the flood continues,
thickens in the shorezone due to mixing with seawater
(Wright, 1977; McLeod et al., 1999), and additional
thickening must occur seaward through turbulence ge-
nerated at the boundaries of the preceding granular
flow. During the process, however, we argue that the
lower part of the turbulent flow must increase its sedi-
ment concentration through (1) fall-out from the over-
lying suspension (cloud collapse in the sense of
McLeod et al., 1999), (2) sediment escaping from the
underlying granular flow due to the loss of pore-fluid
pressure (see extensive discussion in Mutti et al.,
1999), and (3) substantial bed erosion (Mutti et al.,
1996). In other words, the deceleration of the flow due
to mixing with seawater is exceeded by the acceleration

Rev.Soc.Geol.Espaiia, 13(2), 2000




176 E. Mutti et al.

Figure 11.- Cobble and pebble alignment resting on top of a sandstone unit and sharply overlain by a thin mudstone layer. The alignment was
produced by prolonged traction exerted by an overlying bypassing turbulent flow. The finely-laminated mudstone layer probably represents the
latest and dilute stage of the same flood. Santa Liestra Group, roadcut north of Santa Liestra.

imparted by the increased sediment concentration resul-
ting from the incorporation of fine-grained sediment. As a
result, the lower part of the flow becomes a relatively
high-density turbulent flow that will eventually bypass the
frozen, coarser-grained deposits of the basal decelerating
granular flow and move farther basinward carrying its se-
diment load to more distal delta-front regions.

Bed erosion is clearly indicated by the commonly
very abundant rip-up mudstone clasts and shell debris
eroded by the turbulent head of the preceding granular
flow, incorporated within subsequent surges and typi-
cally observed in the lower part of the sandstone divi-
sions deposited by the trailing turbulent flow (Fig. 7D).

Individual beds, or flood-units, forming in these de-
positional settings can greatly vary from each other also
within the same depositional system mainly as a func-
tion of the efficiency of each flow. The concept of flow
efficiency as related to turbidite sedimentation has been
discussed in many papers (e.g., Mutti, 1979, 1992b;
Pickering et al., 1989; Allen and Allen, 1990; Richards
et al., 1998) with reference to the ability of the flow to
carry its sediment load in a basinward direction. The
concept has been recently expanded to incorporate also
the ability of the flow to segregate its grain-size popu-
lations into distinct facies types with distance (Mutti et
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al., 1999). Very highly efficient flows can fully segre-
gate the grain-size populations contained within the
flow with distance, thus producing relatively well-sor-
ted facies types, each characterized by distinctive inter-
nal structures. Conversely, very poorly efficient flows
can only partly segregate their different grain-size po-
pulations, thus producing a more limited number of fa-
cies types generally characterized by poor textural sor-
ting and less distinctive internal structures. In bipartite
turbidity currents, flow efficiency has to be considered
separately for the two component flows (basal granular
flow and overlying turbulent flow).

The same basic concepts can be used for the biparti-
te currents that are thought to be responsible for trans-
port and deposition in flood-dominated fan-delta syste-
ms. The facies tract shown in figure 9A refers to very
highly efficient bipartite currents that can produce an
effective vertical and longitudinal segregation of the
grain-size populations contained in both the basal
granular flow and overlying turbulent flow. All other
things being equal, the efficiency of the basal granular
flow - i.e. its ability to transport coarse-grained clasts
over considerable distances - essentially resides in its
ability to maintain substantial excess pore pressure to
prevent grain-to-grain and bed friction. The efficiency
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Figure 12.- Typical example of flood unit deposited by a waning sediment-laden stream flow. The basal structureless division, consisting of
pebble-sized conglomerate with sandy matrix, is thought to represent a traction carpet frozen due to friction. This division is overlain by an overall
graded sandstone division, with small pebbles in its lower part, showing climbing dunes with preservation of sandstone laminae on stoss sides. Note
the progressive thinning upward of individual sets of cross laminae. Lacustrine Pliocene strata,Island of Rhodes, Greece.

of the turbulent flow depends primarily on the amount of
turbulent energy generated at flow boundaries and, there-
fore, on the amount of relatively fine-grained sediment the
flow can incorporate from the basal granular flow and bed
erosion taking place at the head of the latter.

Highly-efficient flows produce sediment bypass and
therefore very distinctive grain-size breaks in the depo-
sit. Spectacular examples of bypass can be observed in
the Santa Liestra Group, where conglomerate divisions
representing the frozen coarse-grained heads of hyper-
concentrated flows are abruptly covered by thin muds-
tone layers deposited by the very dilute tail of the flo-
ws. Mudstone drapes are deposited following a phase
of strong traction and reworking by a bypassing turbu-
lent flow leading to the formation of very distinctive
pebble and cobble alignments. Some of these features
are illustrated in figures 10 and 11.

River-delta systems
River-delta systems dominated by flood-related pro-

cesses show a great variety of intergradational deposi-
tional styles ranging from very small and coarse-grai-

ned systems built by ephemeral and very high-gradient
streams to relatively large and longer-lived systems in
which thick and laterally extensive sandstone bodies
were deposited in delta-front regions through time. The
Eocene strata of the southern Pyrenees contain nearly
all the possible varieties of this kind of sedimentation
in a large number of deltaic systems that can be recog-
nized from the uppermost Cretaceous Aren Sandstone
to the final infill of the marine basin during Bartonian
and Priabonian (Fig. 1). More specifically, spectacular
examples of these delta systems can be observed in the
Aren Sandstone, the Figols, Castigaleu and Castissent
groups, and the Bartonian and Priabonian Sabifianigo
and Atarés formations of the Jaca Group.
Flood-dominated river-delta systems differ from
fan-delta systems in that they contain mouth-bar depo-
sits recording the complex interaction of processes-whi-
ch characterize river mouths when flood-generated se-
diment-laden stream flows enter seawaters. Wright
(1977, with references therein) has extensively re-
viewed river-mouth processes for a significant number
of modern rivers, and defined the basic mouth-bar ty-
pes for inertia-, friction-, and buoyancy-dominated
effluents (see also Nemec, 1995). Because of their den-
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Figure 13.- Cross-stratified pebbly-sandstone forming the basal division of a flood unit deposited by a sediment-laden stream flow. The pebbly-
sandstone is interpreted as a traction carpet. Note the abrupt grain-size break at the boundary between the traction carpet and the overlying laminated
sandstone deposited by a turbulent flow. Internally-stratified and structureless traction carpets are commonly intergradational. Castissent Group.

sity and momentum, sediment-laden streamflows must
enter seawater as inertia-dominated outflows, thus for-
ming either axial or plane turbulent jets, depending on
the depth of seawater at and seaward of the river
mouths. Wright er al. (1986) and Prior et al. (1986)
have emphasized the importance of these sediment-la-
den turbulent flows exiting the mouth of the modern
Yellow River delta. These authors could observe relati-
vely low-density plumes forming wide-spread under-
flows over the delta-front region, and infer the occu-
rrence of higher-density plumes with a strong erosive
character based on the presence of subaqueous valleys
partly filled with mud. Field observations from ancient
flood-dominated river-delta systems, although much
smaller than the modern Yellow River, provide further
and significant insight into this kind of sedimentation
in terms of geometry, facies types and facies associatio-
ns. In particular, these observations add useful infor-
mation about the depositional relationships between
mouth-bar and lobe deposits, the latter being unrepor-
ted from modern settings.

In ancient river-delta systems, river-mouth deposits
show a great variability in terms of geometry and facies
types essentially recording locally prevailing conditio-
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ns that may range from erosion and sediment bypass to
deposition of the entire sediment load. Facies distribu-
tion patterns are thus mainly controlled by how much
sand is trapped at river mouths and how much can esca-
pe this region through hyperpycnal flows which can
move farther basinward and deposit their sand load as
delta-front lobes. For convenience, this ratio can be
considered in terms of flow efficiency (see later).

Facies and inferred processes

As inferred from facies and facies associations and
sandbody geometry, sedimentation in river-delta syste-
ms is dominated by flow types which are different from
but partly intergradational with the hyperconcentrated
flows of fan-delta systems. The facies types of the
flood-units observed in the alluvial segments of these
delta systems suggest that transport and sedimentation
is essentially controlled by two types of intergradatio-
nal flows: (1) sediment-laden streamflows, and (2)
composite sediment-laden stream flows (Table I).

Sediment-laden stream flows, commonly containing
a relatively thin and coarse-grained traction carpet at
their base, are apparently more common in relatively
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Figure 15.- Examples of facies sequences observed in delta-
front strata. A) fine-grained mouth-bar deposits on more distal del-
ta-front sandstone lobes (compare with photograph of Fig. 16B). B)
Coarse-grained mouth-bar deposits showing the downcurrent
transition from structureless pebbly sandstones (hyperconcentrated
flow deposit) to sigmoidally-shaped sets of cross laminae
progressively thinning in a downcurrent direction (compare with
photograph of Fig. 18). These mouth-bar deposits overlie sandstone
lobe sediments with HCS and basal pebble alignments. Both
examples are from the stratigraphically upper part of the Figols
Group in the Tremp area (from Mutti et al., 1996).

Rev.Soc.Geol.Espafia, 13(2), 2000

mature and low-gradient systems lacking substantial
amounts of gravel. In these fully turbulent and density-
stratified flows, sand and mud are essentially transpor-
ted as suspended load and their deposition takes place
through traction-plus-fall-out processes in overall ver-
tically graded flood-units (Figs. 12 and 13). Excellent
examples of these flood-units can be observed in the
sandstone sheets occurring in the lower part of the Cas-
tissent Group. During their declining stage, when sedi-
ment concentration has become negligible, some floods
move as streamflows (“clear-water” stage of Mutti et
al., 1996), thus reworking the sandy deposits of former
flood stages into purely tractive bedforms.

In relatively smaller, higher-gradient and gravel-
rich systems, facies characteristics of flood-units sug-
gest transport and deposition from more complex types
of flow characterized by a marked inverse longitudinal
grain-size segregation. These flows are similar to the
composite sediment flows of Sohn et al. (1999) which,
as noted earlier, include a preceding, dense granular
flow (“debris flow”) followed by an intermediate flow
(“hyperconcentrated flow”) and a more dilute stream
flow. The model proposed by Sohn et al. (1999) is deri-
ved from ancient alluvial fan strata and, therefore, their
“debris flows” can be seen in terms of hyperconcentra-
ted, cohesionless flows as discussed in earlier sections.
Essentially, these composite sediment flows are transi-
tional between hyperconcentrated and sediment-laden
streamflows and are referred to in this paper as “com-
posite sediment-laden streamflows”.

Characteristically, the deposit of these flows in the flu-
vial environment is recorded by bipartite beds each con-
sisting of a basal conglomeratic division, commonly clast-
supported, overlying by a coarse-grained sandstone or pe-
bbly-sandstone division which can be either crudely or
internally stratified. These deposits, which essentially co-
incide with those described by Todd (1989), form highly
lenticular units because of extensive scouring, and only
rarely contain finer-grained and thoroughly laminated di-
visions at their top, mainly because fine-grained sediment
was kept in suspension by the flow and carried farther do-
wncurrent. In the Eocene of the south-central Pyrenees,
excellent examples of these fluvial deposits can be obser-
ved in particular in the alluvial component of the Castiga-
leu Group outcropping in the general area between Tremp
and Puente de Montanyana.

As observed in ancient strata, sediment-laden
stream flows and composite sediment-laden stream flo-
ws produce substantially different types of mouth bars
and delta-front lobes when entering seawater at river
mouths. The basic facies tracts of these different set-
tings are diagramatically shown in figure 14. For both
sediment-laden streamflows and composite sediment-
laden streamflows, figure 14 indicates the end-mem-
bers of the observed facies tracts as related to flow effi-
ciency. Figures 15 and 16, illustrate some éxamples of
these different delta-front settings.

Poorly-efficient sediment-laden streamflows form
very simple facies tracts, basically showing the abrupt
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Figure 16.- A) Example of a mouth-bar facies association deposited by small-volume and relatively low-density underflows (poorly-efficient
flows of Fig. 14 - 1A) that were forced to deposit their fine-grained sand load on the bar slope due to sudden flow deceleration. Note the three basic
elements of the bar: crest, slope, and toe. Individual flood-units thin and fine out over short distance. Atarés Formation (Jaca Group), west of Jaca.
B) Examples of a depositional mouth-bar unit prograding through low-angle clinoforms on top of more distal and vertically-accreted delta~front
sandstone lobes (Figols Group in Tremp area). C) Complex geometry and stacking pattern of mouth-bars sediments deposited by composite
sediment-laden stream flows entering a brackish basin. Note deep scouring, large mudstone clasts (arrows), and poorly-defined frontal accretion in
the unit 3 (Castigaleu Group, Val Isabena area). D) Mouth-bar complex showing a coarse-grained, channelized body terminating abruptly in a
downcurrent direction (A). This unit is thought to represent the deposit of a highly-erosive and bypassing flow (see highly-efficient flows of Fig. 14
- 2B). Higher in the section, mouth-bar deposition continues through predominant, frontally-accreting strata associated with less erosive flows (B).
General paleocurrent direction from left to right. Castigaleu Group, Isabena valley.

deceleration of relatively dilute, flood-generated sus-
pensions when entering seawater (Fig. 14-1A). Charac-
teristically, the deposit of these currents are sharp-ba-
sed and graded beds, commonly less than 20 cm thick,
- consisting of fine sand and silt with locally abundant
plant fragments. Internal depositional divisions are ge-
nerally poorly developed and restricted to parallel and
small-scale cross laminae; small wave-ripple laminae
may be common at the top of individual beds.

Beds of this type are almost invariably arranged into
clinoforms connecting the crest of the mouth bar with
its toe. Along these sloping surfaces, individual sands-
tone beds thin and fine out over short distances in a
seaward direction, passing into prodelta mudstone-do-
minated facies. The best interpretation that can be offe-
red for these deposits is that of McLeod et al. (1999)
involving a sudden gravitational collapse of suspension
clouds due to mixing with seawater, the formation of
density currents, and their rapid deceleration followed
by deposition along the bar slope. The common lack of

mudstone divisions at the top of these beds suggests
that most of the mud was kept in suspension by buoyant
plumes and thus carried farther seaward.

Mouth-bar deposits of this type form very distinctive
progradational units, with individual thicknesses com-
monly between 1-5 m and slope varying as a function of
the water depth at and seaward of the river mouth. The
internal geometry of these units, the lack of prominent
scours, and the overall fine-grained texture suggest they
originate from very poorly efficient flows. These deposits
may thus be regarded as the ancient analog of modern flu-
vial-dominated mouth bars forming during “normal”
flood stages characterized by dilute sediment-laden
stream flows approaching homopycnal conditions.
Reworking by marine processes (see later) may occur at
the top of some bars. No sandstone lobes are observed in-
terbedded with or seaward of these bars, indicating that
these floods were not able to generate hyperpycnal flows.

Good examples.of this type of bar can be observed
in several stratigraphic units of the south-central Pyre-
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Figure 17.- Downstream accreted, sigmoidal units, consisting of coarse-grained sandstone, formed at the river mouth of a small delta system.
Uppermost part of the Figols Group, Tremp area. For more details see text and caption to Fig. 18.

nees, particularly in the Figols Group and in the Atarés
Formation (Jaca Group).

Figure 14-1B shows the facies tract of highly-effi-
cient sediment-laden streamflows characterized by re-
latively long duration and high sediment concentration.
The facies tract shows that the coarser-grained sedi-
ment (mostly coarse and medium sand) is deposited at
river mouths whereas fine sand and mud are carried
seaward into distal delta-front regions to form sheet-
like, graded sandstone beds (delta-front sandstone
lobe). Based on the observed impressive lateral extent
of most sandstone lobes, these facies tracts must have
been generated by prolonged flows whose sediment
load was primarily represented by fine sand and mud.

Apparently, settings of this type develop when the de-
celeration of sediment-laden streamflows, due to friction
and mixing, forces individual flows to deposit their coar-
ser-grained sediment load at river mouths. However, the
flow can maintain sufficient velocity and sediment con-
centration to enter seawater and move as a highly efficient
hyperpycnal flow continuously fed from upcurrent.

The facies formed at river mouths can greatly vary as a
function of many factors and particularly the shear stress
exerted by the part of the turbulent flow which can exit
these mouths. Although displaying various types of
bedding geometry and internal depositional structures -
including plane-bed laminae, climbing dunes and very
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complex styles of cross stratification herein omitted (see
Mutti and Tinterri, in preparation), river-mouth deposits
most commonly show a typical sigmoidal cross stratifica-
tion developed at different physical scales as a function of
the magnitude and duration of individual flows. Examples
of this kind of bedding are shown in figures 17 and 18.

First described by Mutti et al. (1996) in a prelimina-
ry way, sigmoidal cross stratification produced by
flood-generated flows is characteristically expressed by
sigmoidally-shaped sets of cross laminae which marke-
dly thin and fine out downcurrent and are truncated up-
current by a flat or slightly convex-upward erosional
surface. Individual sigmoidal units, separated by slig-
htly finer-grained partings, accrete frontally to form
composite stratal units in which individual lamina-sets
progressively thin and flatten in a downcurrent direc-
tion, thus indicating overall waning-flow conditions.
This sigmoidal bedding should not be mistaken for the
tidal sigmoidal bedding (Mutti et al., 1984, 1985) asso-
ciated with lunar and lower-frequency astronomic
cycles. Mud drapes and current reversal, as well as
many other distinctive features of tide-dominated fa-
cies, are lacking in flood-dominated sediments. The
origin of flood-generated sigmoidal bedding is beyond
the purpose of this paper, though it is clearly produced
by traction exerted by bypassing and turbulent flows,
pulsating and overall waning with time.
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Figure 18.- Internally cross-stratified sigmoidal sandstone units comprising a frontally-accreted composite unit in which individual
sigmoids thin and flatten in a downcurrent direction (from right to left). Note the well-defined sigmoidal geometry of individual units, as well
as the sligthly convex-upward erosive surface representing the top of the composite sigmoidal unit. See text for more details. Same
stratigraphic unit and location as figure 17.

The mouth-bar deposits associated with highly-effi-
cient sediment-laden streamflows may be locally affec-
ted by marine reworking, especially tidal currents, sug-
gesting that the rivers responsible for these flows were
relatively permanent features, thus permitting the onset
of tidal current circulation at their mouths. The extent
to which this reworking occurs is probably largely con-
trolled by the local configuration of the receiving basin
and the river regime. The Figols sirata spectacularly
exposed in the Ager syncline show all the transitions
between tide- and flood-dominated delta-front settings
(Mutti et al., 1985, 1994). Most commonly, however,
tidal reworking appears to be limited to the uppermost
part of individual mouth-bar deposits, concurrently
with declining flood-dominated sedimentation.

Mouth-bar deposits produced by highly-efficient sedi-
ment-laden streamflows characteristically fill broad ero-
sional depressions, or channels, cutting into marine strata,
thus indicating the highly erosive character of these flows
when entering seawater. Bed erosion is also indicated by
abundant shell debris, particularly oysters, and rip-up
mudstone clasts. Flows of this type can be significantly
compared with the “strongly hyperpycnal channelized un-
derflows” inferred by Wright et al. (1986) from the delta-
front channels of the modern Yellow River.

Sandstone lobes associated with these settings can par-
tly interfinger with mouth-bar deposits but characteristi-
cally form more seaward, probably as completely deta-
ched features, extending up to several kilometers away
from river mouths. An example of this kind of setting from
the middle part of the Figols Group near Tremp is illustra-
ted by the map and cross section of figure 19.

Although the hyperpycnal flows generating sands-
tone lobes are essentially sustained from upcurrent as
long as individual floods continue, bed erosion, as indi-
cated by small mudstone clasts and abundant skeletal
debris, must increase the density of these flows, though
to a lesser extent than in fan-delta systems (see above).

Figure 14-2A shows the facies tract related to relati-
vely poorly-efficient, composite sediment-laden strea-
mflows. In its proximal sector, the facies tract is cha-
racterized by a very distinct vertical and longitudinal
normal grain-size segregation, from cobble- and peb-
ble-sized clasts to coarse and medium sand. These de-
posits form bars which can result from an individual
flood event or from the stacking of several flood-units.
The internal geometry of these bars shows all the varia-
tions from high- to very low-angle frontal accretion as
a function of the water depth seaward of river mouths.
Clast- or sand-supported conglomerates, commonly
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Middle part of the Figols Group, Tremp region.

resting on erosional surfaces, form the upcusrent termi-
nation of each flood-unit passing into downstream ac-
creting pebbly-sandstone units which can be either
structureless or internally crudely stratified; farther do-
wnstream, these pebbly-sandstone units pass into coar-
se- to medium-grained sandstones which are common-
ly characterized by internally cross-stratified sigmoidal
units thinning and fining seaward. Medium- to fine-gra-
ined sandstone lobes occur interbedded with and imme-
diately seaward of these facies.

The facies distribution patterns observed in this type
of delta-front setting suggest deposition from composi-
te sediment-laden streamflows with a marked inverse
grain-size segregation during transport. When entering
seawaters, the head of these flows is frozen by friction
and successive sedimentation waves carry progressive-
ly finer-grained sediment in a seaward direction, for-
ming a downstream accreting bar. The trailing fully tur-
bulent flow bypasses these sediments and deposits its
load farther seaward as a tabular unit (lobe).

Delta-front depositional settings of this type, bea-
ring obvious similarities with those of flood-dominated
fan-delta systems (see above), are quite common in the
south-central Pyrenees. Excellent examples can be ob-
served in the upper part of the Figols Group in its type-
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section, in the Castissent Group in the Isabena valley,
and particularly in the lower part of the Santa Liestra
Group in the Esera valley, near Fantova.

Figure 14-2B shows the facies tract of highly effi-
cient composite sediment-laden streamflows. Essentia-
lly, the tract is similar to that of figure 14-2A, with
which is commonly associated and intergradational.
However, a much higher efficiency of individual flows
is indicated by the better grain-size segregation in a
downcurrent direction, accompanied by extensive
bypass, and spectacular scours produced by the head of
these flows (Fig. 16D).

Sequence-stratigraphic aspects

Many of the problems related to the sequence-strati-
graphic interpretation of flood-dominated fluvio-del-
taic systems have been amply discussed in a previous
paper (Mutti et al., 1996). Herein, we emphasize some
of the problems related to the nature of small- and lar-
ge-scale sedimentary cyclicity.

Figure 20 shows the basic sequential arrangement
of flood-dominated delta-front facies and its interpreta-
tion with specific reference to river-delta deposits. The-
se sequences, which have individual thicknesses com-
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monly between 5-15 m, have been termed “elementary
depositional sequences” (EDS) and form the back-
ground depositional motif of most fluvio-deltaic succe-
ssions, particularly in the Eocene strata of the south-
central Pyrenees (Mutti, 1989; Mutti et al., 1994, 1996;
Davoli, 1996). Waehry (1999) has shown for the Iler-
dian Figols Group that this kind of cyclicity is develo-
ped on a temporal scale roughly fitting the Milankovit-
ch periodicity of 20-40 ky.

As indicated in figure 20, an elementary depositio-
nal sequence is essentially a forestepping-backstepping
wedge of flood-generated sandstone facies punctuating
an otherwise mud-dominated succession in both marine
and alluvial strata. In the marine environment, particu-
larly in some stratigraphic units of the Eocene of the
south-central Pyrenees (e.g., Figols and Castigaleu
groups), foramol-type carbonates may be associated
with this kind of cyclic stacking patterns forming units
that migrate landward following the retreat of-the del-
taic sandstone facies.

The internal geometry and facies types of the ideal
elementary depositional sequence of figure 20 indicate
an initial phase of prevailing erosion and bypass in lo-
wer river reaches and their mouths with deposition of
aggrading sandstone lobes seaward. This stage of
growth is dominated by highly efficient hyperpycnal
flows. When the volume, sediment concentration and
momentum of floods decrease, i.e. flow efficiency is

lowered, the main deposition of sand occurs at river
mouths giving way to prograding sand bars with or
without attached sandstone lobes. Typical shoaling-
upward successions form during this stage which are ex-
pressed by facies sequences where sandstone lobes are di-
rectly overlain by offlapping mouth-bar sandstone facies
or their distal, finer-grained toes (Fig. 20). Following this,
sand deposition shifts landward either abruptly or gradua-
1ly and fluvial channels fill in through aggradation and la-
terally-accreting bars until sand deposition comes to an
end and also fluvial channels are blanketed with fine-gra-
ined alluvial facies and soils.

It seems difficult to explain sequences of this kind
without recognizing cyclic climate changes as a first-
order factor in controlling sedimentation. Catastrophic
floods can originate only if large amounts of water are
made available in drainage basins over short periods of
time through heavy rainfalls, snow and ice melting, or
breeching of naturally-dammed lakes (Costa and
Schuster, 1988), mainly depending on the latitude and
physiography of the setting considered. Gradual de-
crease in water and sediment availability results in the
end of flood-dominated sedimentation and eventually
in its replacement by finer-grained sedimentation deve-
loped during a substantial deactivation of fluvial activi-
ty and in most cases an actual cessation of it.

A basic issue of the above is how sequences of this
type relate to high-frequency sequence stratigraphy, i.e.
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indicating an abrupt shallowing of the depositional profile (see text for
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the 4™- and 5%-order cycles of eustasy-driven sea-level
changes (see Van Wagoner et al., 1990; Mitchum and
Van Wagoner, 1991). Floods are generated in the drai-
nage basins and upper reaches of rivers, that is at eleva-
tions where baselevel variations produced by relative
sea-level changes have negligible effects on stream pro-
file and regime (Ethridge et al., 1998). On the contrary,
coastal plains and adjacent delta-front regions may be
substantially affected by changes in accommodation
associated with relative sea-level variations and their
sediments are among those which best record these va-
riations both conceptually (e.g., Posamentier er al.,
1988) and in the actual stratigraphic record, particular-
ly in Pleistocene strata where glacio-eustatic cycles are
well documented (e.g., Abbott and Carter, 1994, 1997).

It is, therefore, possible that high-frequency flood-
dominated sedimentation is controlled by two main ex-
trinsic factors: climate in the drainage basins and sea-
level in the marine depositional zones. The scheme of
figure 20 can actually be interpreted in terms of both
climate changes that control the forestepping-backste-
pping of floed~-dominated sandstone facies, and relati-
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ve sea-level variations that, at the same time, would
determine water depth changes and accommodation
through time. In such sequence-stratigraphic scheme,
the association of distal sandstone lobes and the over-
lying prograding mouth-bar deposits would represent a
small-scale prograding lowstand delta reaching stills-
tand conditions at the time of the mouth-bar prograda-
tion. This would be followed by a more or less abrupt
transgression and related maximum flooding surface
associated with increased water depth due to sea-level
rise and eventually by the deposition of highstand
mudstones.

The validity of a model also implying the importan-
ce of high-frequency sea-level variations is strongly
supported by data from the rare examples of tide-domi-
nated deltaic systems occurring in the Eocene of the
south-central Pyrenees. Among these examples, the
tide-dominated delta systems of the Ilerdian Figols
Group outcropping in the Ager syncline are probably
the best studied and understood.

In the delta-front strata of such systems, dominated
by tidal bar deposition (Mutti et al., 1985), elementary
depositional sequences are very common, particularly
in the lower part of the Figols strata where they are de-
veloped at the same physical and temporal scale as tho-
se discussed above for flood-dominated sedimentation.
These sequences can be physically traced for several
kilometers (Mutti et al., 1994). The example of figure
21 clearly indicates that the vertical facies succession
can only be explained through high-frequency small-
scale sea-level variations resulting in changes of water
depth through time, thus ruling out a possible auto-
cyclic origin. An initial sudden shallowing of the depo-
sitional profile is marked by the sharp contact between
skeletal-rich sandy facies, with tidal sigmoidal
bedding, and underlying highly burrowed and glauco-
nite-rich muddy sandstones that formed in deeper
waters only slightly affected by weak and short-lived
tidal currents. Above the basal skeletal-rich tidal sands-
tone facies are river-born terrigenous tidal bars progra-
ding under apparent conditions of stillstand (Fig. 21).
These bars are in turn overlain by highly burrowed
sandstones and eventually capped by a highstand muds-
tone-dominated facies.

The schemes of figures 20 and 21 emphasize the re-
markable overall similarities between tide- and flood-
dominated delta-front strata in terms of physical scale
and vertical facies organization. The comparison sug-
gests that there may be a relation between high-fre-
quency cycles of sea-level variation and climate chan-
ges on the Milankovitch scale of cyclicity. Sea-level
changes would control accommodation near baselevel
in coastal plains and shallow-marine regions through
the migration of the equilibrium point, whereas climate
would primarily control the sediment flux to the sea
through floods and related hyperpycnal flows entering
seawaters - i.e. as an extrinsic factor controlling prima-
rily the regime of fluvial systems above their baselevel.
The problem remains whether the boundaries of the ele-
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mentary sequences showing either a shallowing of the
depositional profile (Fig. 21) or the sudden appearance
of sandstone facies generated by hyperpycnal flows
(Fig. 20) are synchronous or not. The data presently
available do not offer any solutions to this problem.
Although from a stratigraphic standpoint the two surfa-
ces can probably be considered as time-equivalent, we
argue that climate and sea-level changes may be slight-
ly diachronous.

As observed particularly in the Eocene strata of the
south-central Pyrenees, elementary depositional se-
quences stack to form larger-scale depositional sequen-
ces which record regional forestepping-backstepping
cycles of fluvio-deltaic systems tracts developed during
periods of time matching those of the 3™-order cycles
of sequence stratigraphy. In the Eocene of the south-
central Pyrenean foreland basin, these larger-scale and
longer-lived sequences are invariably bounded by tec-
tonically-induced angular unconformities related to
thrust propagation and are associated with thick accu-
mulations of turbidite sandstones in the western and
deeper part of the basin (Hecho Group of Mutti et al.,
1972). These units, termed “allogroups” by Mutti et al.,
(1988, 1994), have been interpreted mainly as the pro-
duct of Davisian-like cycles involving phases of tecto-
nic uplift followed by subsidence and denudation (Mu-
tti et al., 1996). These cycles, mainly controlled by tec-
tonism, would determine basinwide cyclic variations in
the sediment flux to the sea - the highest flux being re-
corded by turbidite deposition.

Tectonism would control the large-scale basin-fill
architecture whereas cyclicity developed over shorter
periods would control small-scale forestepping-backs-
tepping cycles of fluvio-deltaic sediments as primarily
related to climate changes. These problems are well
beyond the purposes of this paper, but are briefly men-
tioned because of their inherent importance in the study
of fluvio-deltaic systems of tectonically active basins.

Conclusions

We have attempted in this paper to show some of the
features that characterize ancient flood-dominated flu-
vio-deltaic systems of tectonically-active basins, and,
particularly, their delta-front regions dominated by hy-
perpycnal flows in both fan-delta and river-delta syste-
ms. This kind of sedimentation entails a series of sedi-
mentological problems that have been largely over-
looked in previous literature, thus opening new and
“highly significant fields for future research.

In ancient flood-dominated fluvio-deltaic systems,
both transport and sedimentation are related to gravity-
driven sediment/water mixtures that originate in drai-
nage basins and have.their depositional zones in marine
deltas and fan-deltas. As inferred from their deposits,
these density currents vary from hyperconcentrated flo-
ws (cohesionless debris flows) to dilute and fully tur-
bulent flows through a series of intergradational flow
types which become particularly complex when these

flood-generated flows enter seawaters. Most of the fa-
cies observed are essentially unreported, or uncorrectly
interpreted, in previous literature and the processes in-
ferred are largely conceptual, mostly derived from tur-
bidite sedimentation. Despite these limitations, the
preliminary attempt made in this paper to discuss the
complexity of flood-dominated fluvio-deltaic sedimen-
tation appears necessary to stimulate extensive resear-
ch in this field.

Flood-related processes are intrinsically catastro-
phic and, as such, under-represented in modern set-
tings. It thus appears that ancient flood-dominated flu-
vio-deltaic systems cannot be described and interpreted
following current sedimentological models for fluvial
and deltaic sedimentation (e.g., Miall, 1992; Walker
and James, 1992; Reading, 1996). Actually, these mo-
dels are largely derived from modern depositional envi-
ronments dominated by “normal” fluvial and marine
processes (for an extensive discussion see Mutti et al.,
1996). There are, instead, impressive similarities bet-
ween ancient flood-dominated fluvio-deltaic systems
and turbidites - another category of catastrophic depo-
sits under-represented in modern basins. Comparing
facies and processes of these two groups of sediments
deposited by density currents can provide significant
insight into both types of sedimentation (e.g., Mutti et
al., 1999).

Ancient flood-dominated fluvio-deltaic systems ap-
pear mainly to be developed in structurally-confined,
wedge-top basins of thrust-and-fold belts, like for ins-
tance in the Tremp Unit of the south-central Pyrenees
(see above), the Tertiary Piedmont Basin in north-wes-
tern Italy (Artoni et al., 1999), and the Pliocene and
Pleistocene piggy-back basins of the northern (Roveri
et al., 1998) and southern (Mutti ef al., 1996) Apenni-
nes. Apparently, there is a clear relationship between
the onset of this type of sedimentation and the uplift of
orogenic wedges. This uplift generates relief along the
inner margin of wedge-top basins and favours the deve-
lopment of small- and high-gradient fluvial systems
with catchment areas at a short distance from the-shore-
line. These fluvial systems, pertaining to. the “small-
and medium-sized mountainous rivers” of Milliman
and Syvitski (1992), can periodically shed impressive
amounts of gravel, sand and mud into adjacent marine
basins through flooding, i.e. through cyclic climate
changes (Mutti ef al., 1996).

For the reasons mentioned above, ancient flood-do-
minated fluvio-deltaic systems are certainly among the
most sensitive recorders of tectonism, climate changes
and relative sea-level variations, the basic factors whi-
ch control the rate of sediment flux to the sea. Cyclic
stacking patterns of forestepping-backstepping flood-
dominated fluvio-deltaic wedges essentially contain the
record of the interaction of the above factors through
time. If we consider that tectonic uplift can take place
at rates of 2.7-4.3 m/ k.y. (e.g., Keller et al., 2000; see
also Mutti, 1992a), reading this interaction at the scale
of climate Milankovitch rhythms and even that of the
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millennial cycles of Dansgaard (Dansgaard ef al. 1993;
Bond et al., 1997), does represent a challenge for futu-
re sedimentological, structural, paleoclimatological
and sequence-stratigraphic research.
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macha, Ph. Crummeyrolle, P. Dattilo, S. Mora, E. Tebaldi, G.
Davoli and A. Waehry), M. Sgavetti for photostratigraphic in-
terpretations and interest in this research, and C. Zavala for his
enthusiasm and help in the field. Much of this research was ge-
nerously funded by the Consiglio Nazionale delle Ricerche,
Rome, and by MURST.
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