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ABSTRACT

A process-based facies model for asymmetric wave-influenced deltas predicts
significant river-borne muds with potentially lower quality reservoir facies in
prodelta and downdrift areas, and better quality sand in updrift areas. Many
ancient barrier-lagoon systems and ‘offshore bars’ may be better reinterpreted as
components of large-scale asymmetric wave-influenced deltaic systems. The
proposed model is based on a re-evaluation of several modern examples. An
asymmetry index A is defined as the ratio between the net longshore transport
rate at the mouth (in m® year ') and river discharge (in 10° m® month™).
Symmetry is favoured in deltas with an index below =~ 200 (e.g. Tiber, lobes of
the Godavari delta, Rosetta lobe of the Nile, Ebro), whereas deltas with a higher
index are asymmetric (e.g. Danube — Sf. Gheorghe lobe, Brazos, Damietta lobe
of the Nile). Periodic deflection of the river mouth for significant distances
in the downdrift direction occurs in extreme cases of littoral drift dominance
(e.g. Mahanadi), resulting in a series of randomly distributed, quasi-parallel
series of sand spits and channel fills. Asymmetric deltas show variable
proportions of river-, wave- and tide-dominated facies both among and within
their lobes. Bayhead deltas, lagoons and barrier islands form naturally
in prograding asymmetric deltas and are not necessarily associated with
transgressive systems. This complexity underlines the necessity of interpreting
ancient depositional systems in a larger palaeogeographic context.

Keywords Barrier islands, deltaic sedimentation, littoral drift, reservoir

properties, sand bodies, tidal inlets.

INTRODUCTION

The purpose of this paper is to present a revised
process-based model that predicts better the
three-dimensional facies architecture of wave-
influenced deltas based on a re-evaluation of
several modern examples. Current process-based
models for deltaic deposition, developed largely
in the 1970s (Broussard, 1975), emphasize varia-
tions in the proportions of wave, tide and river
influence that are thought to be the primary
control on delta morphology and facies architec-
ture (Wright & Coleman, 1973; Galloway, 1975;
Fig. 1). This tripartite classification is still widely
used, although more recent work has classified
deltas according to other parameters, such as

© 2003 International Association of Sedimentologists

grain size, water depth and feeder type (see
reviews by Collela & Prior, 1990; Bhattacharya &
Walker, 1992; Orton & Reading, 1993; Suter, 1994;
Reading & Collinson, 1996).

Application of the tripartite model in interpre-
ting ancient delta systems is not without contro-
versy. One serious problem is the general tendency
to force-fit particular delta examples into one of the
end-member categories or to place complex vari-
able delta systems at a single point on the diagram
(e.g. Orton & Reading, 1993), despite the fact that
most deltas are likely to be of mixed influence and
plot somewhere within the triangle, as was pointed
out by Galloway & Hobday (1996, p. 102). Errors of
interpretation are especially true in subsurface
studies, where extrapolation from a few potentially
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Fig. 1. Sandbody geometries of six basic types of deltas
(after Coleman & Wright, 1975) plotted on the tripartite
classification of deltas (Galloway, 1975) as a function of
wave, tide and river influences (from Bhattacharya &
Walker, 1992).

unrepresentative sample points is common
(Bhattacharya & Walker, 1992), leading to under-
or overestimation of facies complexity and reser-
voir heterogeneity.

The tripartite classification may also be difficult
to apply to deltas that show significant differ-
ences between different deltaic lobes of the same
deltaic system, such as the Danube delta. The
Danube delta, deposited onto the north-western
margin of the Black Sea, has been described as a
wave-influenced, river-dominated delta (Wright &
Coleman, 1973; Galloway, 1975). Although this
might be accurate for the whole deltaic edifice,
this designation fails to represent the fact that
the three active lobes are drastically different
morphologically (Diaconu & Nichiforov, 1963;
Giosan, 1998). The northern lobe resembles a
river-dominated, shallow-water, Lafourche-type
delta, whereas the southern lobes are far more
wave dominated. Consequently, facies patterns
cannot be predicted if the essentially variable
nature of a complex delta is lost when plotted as
one point on the delta triangle.

The distinction between wave-dominated del-
tas and strandplains is also debated; the core
issue is the requirement stipulated in the defini-
tion of deltas that the sediment must be river
derived. Work on Brazilian deltas (e.g. Domin-
guez, 1996) indicated that significant amounts of
sand on the updrift side of a delta are derived
laterally from reworked older lowstand shelf
sands, and this has led to calls to reclassify these

deltas as strandplains. In the case of tide-domin-
ated deltas, there are problems in distinguishing
them from tide-dominated estuaries because of a
similar inability to identify the dominant sedi-
ment source (Bhattacharya & Walker, 1992;
Dalrymple et al., 1992; Willis et al., 1999). This
conceptual uncertainty invites several questions.
Is the shape of a deposit (bulge) both sufficient
and necessary to define a delta or is direct
evidence of fluvial input required? What propor-
tions of fluvial deposits are required before the
deposit can be considered deltaic?

Another fundamental question is how deposi-
tional systems are identified and categorized in
the first place. As Galloway & Hobday (1996, p. 91)
pointed out ‘few processes or environments are
unique to deltaic settings’. This paper will estab-
lish that prograding large deltas can contain
depositional elements, such as bayhead deltas,
lagoons, bays, barrier islands and strandplains,
typically associated with non-deltaic deposi-
tional systems or destructional phases of deltas.
Thus, it is critical to identify the scale of any
given depositional element within the broader
context of regional stratigraphies.

The main objective of this paper is to address
the problem of wave influence on deltas. Do
existing deltaic models and classifications
explain or predict the variability seen in wave-
influenced systems and, if not, is there a better
approach? In order to answer this question, a new
mechanistic model is presented for wave-influ-
enced deltas characterized by facies and morpho-
logic asymmetries between the updrift and
downdrift sides of a delta. This asymmetric delta
model is based on a reinterpretation of the
evolution of Sf. Gheorghe lobe of the Danube
delta and on published accounts of similar delta
lobes. Furthermore, the model is placed into a
new perspective by reviewing the present know-
ledge on the morphology of other wave-influenced
deltas and by proposing a new framework for
classifying wave-influenced deltas. The implica-
tions of the asymmetric delta model for the inter-
pretation of ancient deltaic successions are also
discussed. Finally, the influence of this new
approach on the general definition of deltas and
other paralic depositional systems is evaluated.

ASYMMETRIC WAVE-INFLUENCED
DELTAS

Historically, wave-influenced deltas have been
depicted as consisting of a series of straight to
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gently curved, prograding beach ridges, where
sand is assumed to be supplied from a nearby
river (e.g. Komar, 1973; Coleman & Wright, 1975;
Miall, 1979; Reading & Collinson, 1996). Preser-
vation of such complexes is thought to result in
homogeneous sands formed by accretion of beach
and shoreface deposits on either side of the river
mouth. One-dimensional models for highly wave-
influenced deltas, such as the Sdo Francisco
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(Coleman & Wright, 1975), and for moderately
wave-influenced deltas, such as the Rhone (Oom-
kens, 1970), showed a sand-dominated coarsen-
ing-upward facies succession produced by
progradation of a shoreface (Fig.2). As non-
deltaic prograding strandplain systems also pro-
duce a similar coarsening-upward facies (see
summary by Walker & Plint, 1992), the recogni-
tion of such a succession may not be a valid
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Fig. 2. Comparison of delta front successions in river-dominated vs. wave-dominated deltas (after Bhattacharya &
Walker, 1992). The sandy, wave-dominated shoreface successions would be more typical of the updrift flank of a
wave-dominated delta, but could also represent a prograding non-deltaic shoreface. The fluvial-dominated succes-
sion is the most irregular and would be typical of bayhead deltas developed within the downdrift flank of a wave-

dominated delta.
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criterion for interpreting a deposit as uniquely
deltaic (Bhattacharya & Walker, 1992).

In plan view, facies models for deltas empha-
size sandbodies that narrow towards a point
source (Fig. 1) marked by the feeding river
(Coleman & Wright, 1975; Bhattacharya & Walker,
1992). Wave-influenced deltas are represented as
arcuate to cuspate lobes (Coleman & Wright, 1975;
Weise, 1980; Bhattacharya & Walker, 1992). More
cuspate lobes indicate greater wave influence.
One assumption of the above model has been that
all the sand is derived directly from the asso-
ciated river. In these early examples, thicker and
more homogeneous sandstones were interpreted
as downdrift portions of wave-dominated deltas
(Coleman & Wright, 1975; Weise, 1980; Bhatta-
charya & Walker, 1991), although it will be
suggested in this paper that the opposite is more
likely to be true.

This classic model will be shown to be fairly
accurate for examples where net longshore sedi-
ment transport is negligible at the river mouth,
but it is not applicable to wave-influenced deltas
where net longshore transport is high. In the latter
case, downdrift deflection of the river mouth
(Wright, 1977) has been assumed to be the typical
response. An alternative model was suggested by
Dominguez (1996): the fluvial effluent behaves
like a groyne or barrier (Todd, 1968; Komar, 1973)
causing updrift retention of the sediment moving
along the coast. As fluvial discharge decreases,
there is an intermittent downdrift migration of the
river mouth. If the discharge is insufficient to
produce a groyne effect, however, the river mouth
is deflected entirely downdrift.

Danube delta

The modern Danube delta has formed by an
alternate channel extension process (Wright,
1985): during the Holocene, one to four distribu-
taries have been alternately or contemporane-
ously active, each building their own lobes
(Fig. 3). The delta shows remarkable morpholo-
gical variability as a result of variation in both
riverine discharge among distributaries as well as
wave energy along the coast (see review by Giosan
et al., 1999). During delta evolution, both river-
and wave-influenced lobes have been associated
with different distributaries (Panin, 1997). At
present, the northernmost distributary (the Chilia)
collects =60% of the Danube’s water and sedi-
ment (Bondar et al.,, 1992). The modern Chilia
reached the open sea about 300 years ago (Diaconu
& Nichiforov, 1963), after building two successive

river-dominated lacustrine/lagoonal lobes (lobes
4a and 4b; Fig. 3). The high sediment discharge of
the Chilia results in rapid progradation across a
low-wave-energy, wide and shallow shelf. This
environment has favoured successive bifurca-
tions of the ‘terminal’ distributary channels of
the Chilia via middle ground bar formation at the
mouths, resulting in the development of a classi-
cal lobate, river-dominated delta (lobe 4c in
Fig. 3). Minor wave reworking periodically
results in small barrier bars and spits at the
mouths of secondary distributaries in the Chilia
lobe (Fig. 3). Immediately south of the Chilia
lobe, the lower discharge Sulina branch carries
about ~20% of the Danube discharge (Bondar
et al.,, 1992; Fig. 3); the Sulina delta (lobe 2 in
Fig. 3) is presently being eroded and destroyed by
waves. Starting in the second half of the nine-
teenth century, the Sulina branch suffered signi-
ficant engineering interventions (i.e. meander cut-
offs, construction of jetties at the mouth, channel
dredging) that have affected the natural course of
its evolution. The Sf. Gheorghe is the southern-
most distributary of the Danube; it has a water and
sediment discharge similar in magnitude to that of
the Sulina distributary (= 20% of total Danube
discharge) and feeds a distinctly asymmetric,
wave-influenced lobe (identified as lobe 3 in
Fig. 3). An older lobe built by a palaeo-Sf.
Gheorghe distributary is also evident in the mor-
phology of the delta (lobe 1 in Fig. 3; Panin, 1997).

Sf. Gheorghe Iobe

The updrift wing of the modern Sf. Gheorghe lobe
consists of a succession of amalgamated beach
ridges, known as the Sardturile Formation
(Fig. 3). Limited ground-penetrating radar (GPR)
coverage shows that the ridges are sigmoidal
sandy clinoforms, extending to a depth of about
5 m. The downdrift wing is formed by a subpar-
allel series of sandy ‘shoestring’ ridges encased in
delta plain muds (Diaconu & Nichiforov, 1963;
Banu & Rudescu, 1965). These ridges apparently
originated as barrier islands on the river mouth
bar (Diaconu & Nichiforov, 1963). The modern
Sacalin (Fig. 3) is the latest generation in this
series of barrier islands; it developed from a bar
that emerged at the end of the nineteenth century,
offshore from the mouth of Sfantu Gheorghe
distributary, after an extreme river flood. Over
the last 100 years, the island has evolved through
elongation and landward roll-over and is now
becoming attached to the mainland shore (Giosan,
1998). The Sf. Gheorghe distributary shows three
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Fig. 3. Modern and relict deltaic lobes of the Danube delta. Longshore drift is directed southward as indicated by
black arrows. Asymmetry is preserved in successive lobes: updrift portions consist of massive, sandy beach ridge
plains (i.e. the active Saraturile Formation — and the relict Caraorman and Letea formations), whereas downdrift
portions consist mostly of muds with sparse encased sandy ridges. Note that the northern, highest discharging
branch of the Danube river, the Chilia, deposited a river-dominated lobe (4c), whereas the southern branches created
wave-dominated lobes (2 and 3). The Chilia deposited two successive lacustrine deltas (4a and 4b) before reaching
the coast. Lobe 2, the Sulina, is largely inactive and is being reworked. Sands eroded from lobe 2 have been deposited
along the updrift flank of the southernmost lobe (3), the Sf. Gheorghe, as Saraturile Formation. Two river-dominated,
secondary deltas (3a, relict; 3b, still active) are evident in the morphology of the Sf. Gheorghe lobe. An older
asymmetric lobe of the Sf. Gheorghe arm (1) is distinguishable in the morphology. The figure is based on a map
prepared by Gastescu (1992); outlines of lobes 1 and 2 are after Panin (1989).

main terminal branches, two of them feeding a
river-dominated bayhead delta that progrades at a
low angle to the general shoreline trend, filling in
the shallow backbarrier bay behind the Sacalin
barrier (identified as 3b in Figs 3 and 4A). An
older secondary lobate bayhead delta that also
evolved subparallel to the coast is apparent in the

morphology of the Sf. Gheorghe lobe (identified
as 3a on Figs 3 and 4A). Grain-size analyses show
that sands updrift of the Sf. Gheorghe mouth are
texturally more mature than the sands downcoast
(Giosan, 1993; Romanian Center for Marine Geol-
ogy & Geoecology, 1994). As wave energy reach-
ing the coast is significantly higher downcoast of
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Fig. 4. Morphology of asymmetric deltas/deltaic lobes (sandbodies are coloured in black; deltaic plain features other
than sandbodies are coloured in grey; stippled pattern indicates areas that are not part of the modern deltaic
complex; longshore drift direction is shown in each case at the river mouth by a white arrow). (A) Sf. Gheorghe lobe
of the Danube delta, Romania (after Gastescu, 1992). (B) New Brazos delta, Texas, USA (after Rodriguez et al., 2000).
(C) Guadiana delta, Spain/Portugal (after Morales, 1997). (D) Damietta lobe of the Nile delta, Egypt (after Sestini,
1989; Fanos et al., 1993; Benninger et al., 1998). Note the massive sand sheets developing updrift of the river mouths.

the Sf. Gheorghe mouth (Giosan et al., 1999), the
southward-decreasing maturity of sediments
across the mouth suggests that the updrift Saratu-
rile Formation has not received a significant
amount of fluvial material from the Sf. Gheorghe
distributary but, instead, has been built by
reworked sands transported from the erosion of
the Sulina lobe further north.

Based on the geomorphology of the Danube
deltaic plain (Giosan, 1998) and on the modern
evolution (Diaconu & Nichiforov, 1963; Ves-
premeanu, 1983; Giosan, 1998; Giosan et al.,

1999), a conceptual model is proposed for the
formation of the Sf. Gheorghe lobe. Three phases
are recognized: (1) subaqueous delta phase
(Fig. 5A) characterized by deposition of sedi-
ments primarily on the subaqueous part of the
delta; (2) middle-ground bar phase (Fig. 5B), in
which a middle-ground bar forms at the mouth,
forcing the distributary to bifurcate; and (3)
barrier island phase (Fig. 5C) when the emergent
linear barrier bars coalesce on the subaqueous
delta to form a barrier island that rolls over to
the mainland becoming the new shore of the
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Fig. 5. Conceptual evolution model for the modern Sf. Gheorghe deltaic lobe. (A) Subaquaeous delta phase —
sediment deposition is primarily on the subaqueous part of the delta; the beach ridge plain on the updrift flank is also
advancing. (B) Middle-ground bar phase — a middle-ground bar forms at the mouth, forcing the distributary to
bifurcate; linear barrier bars form on the subaqueous delta. (C) Barrier island phase - the linear barrier bars coalesce
and become emergent to form a barrier island that rolls over to attach to the mainland; a secondary fluvial-dominated
bayhead delta may develop in the sheltered lagoon behind the barrier island. Longshore drift (represented by the

white arrow) is southward.

downdrift flank of the delta. A secondary, fluvial-
dominated bayhead delta may develop in the
sheltered lagoon behind the barrier island. Attach-
ment of the barrier to the mainland ultimately
creates an elongate lake between them. Thus, a
progression from open shelf to protected bay to
lake typically occurs.

Since its inception, the asymmetry of the
modern Sf. Gheorghe has increased, and the
morphology of the lobe indicates that formation
of secondary bayhead deltas is a late feature in the
evolution style of the lobe. The asymmetric
pattern of deltaic evolution can also be recog-
nized in the morphology of other modern or
abandoned lobes of the Danube delta plain (Dia-
conu & Nichiforov, 1963) during some stage in
their evolution. The first deltaic lobe of the Sf.
Gheorghe, the Sulina lobe, and even the incipient
modern lobe of the Chilia, exhibit beach ridge
plains on their northern wings (Fig. 3; Caraor-
man, Letea and Jebrieni formations respectively).

Brazos delta

The modern Brazos delta has formed since 1929
when the US Army Corps of Engineers shifted the
river course south of the natural mouth at Free-
port (Seelig & Sorensen, 1973). By 1966, a new
lobe had already become visible, while the
updrift old Brazos delta had been eroding steadily
(Seelig & Sorensen, 1973). Much of the sediments

reworked from the older lobe had been trans-
ported to the south along the shore and con-
tributed to the formation of the updrift flank of
the new delta (Rodriguez et al., 2000). The new
lobe exhibits a relatively large, mud-dominated
subaqueous delta with its sediments accounting
for more than half the entire deltaic edifice
(Rodriguez et al., 2000). The morphology and
sedimentary composition of the subaerial delta is
asymmetric (Fig. 4B). The updrift portion of the
new lobe includes a higher proportion of amal-
gamated beach ridges than the downdrift area
where non-amalgamated sandy ridges are separ-
ated in a succession by elongate lagoons (Rodri-
guez et al., 2000). Also, the downdrift ridges are
constructed with reworked sand transported to
the mouth bar by the river during floods, whereas
on the northern side of the mouth, the longshore
drift contribution appears to be more important
(Rodriguez et al., 2000).

Recent studies of the modern Brazos delta
(Hamilton, 1995; Rodriguez et al., 2000) have
emphasized the role played by both floods and
waves in generating its morphology. Major floods
deliver large quantities of sediment to the sub-
aqueous delta. Initially, sand is transported off-
shore to form an elongate, shore-normal sand
body (Hamilton, 1995; Rodriguez et al., 2000).
Over the next few months, this sand is rapidly
reworked back towards the shoreline to form
an emergent, shore-parallel sandy barrier bar
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(Hamilton, 1995; Rodriguez et al., 2000). After
each episode of emergence, the bar rolls over
onshore while it elongates. In a few years, it
becomes the new shoreline by welding to the
mainland with its downdrift tip. Fluvio-deltaic
and lagoonal muds accumulate continuously in
the sheltered environment behind the barrier.
These fine-grained deposits are tidally modified
and interbedded with sands washed over the bar
during storms. Processes associated with barrier
bar attachment were examined extensively by
Hamilton (1995) and Rodriguez et al. (2000) after
the extreme flood of 1992, and similar episodes
were inferred by these researchers for floods in
1941, 1957 and 1965. The barrier welding epi-
sodes result in the alternating beach ridge sands
and mud-filled troughs that characterize the
western half of the Brazos delta.

A significant part of the subaqueous delta is
developed updrift (east) of the river mouth,
although riverine sediment is preferentially trans-
ported to the south (Hamilton, 1995; Rodriguez
et al., 2000). Prominent subaerial levee spits
developed early in the delta progradation on the
eastern side of the mouth subnormally to the
general direction of the coast (Odem, 1953). Both
these phenomena suggest a groyne effect exerted
by the Brazos River in blocking the southward
sediment drift.

Other asymmetric deltas

The Guadiana delta, on the Atlantic section of the
south-western Iberian Peninsula, displays an
asymmetry similar to that shown in the Brazos
delta and the Sf. Gheorghe lobe of the Danube
delta (Fig. 4C). The western side of the delta is a
massive dune-covered sand sheet, whereas the
eastern side is composed of old sandy ridges
separated by marsh areas. This morphology is a
direct result of the interaction between strong
sediment drift and the fluvial-estuarine agents
(Morales, 1997). At times, an elongated spit
develops across the mouth to the east, under the
influence of the sand drift from the Algarve coast
located to the west (Morales, 1997). Swash bars
formed on the subaqueous delta might contribute
sand to the spit. Periodically, this spit is cut at the
base by the river and isolated as a barrier
bar associated with the mouth bar. Barrier bars
might be constructed independently by waves by
reworking sands delivered to the mouth bar from
the estuary via ebb currents (Morales, 1997) and
possibly by river floods. These bars could evolve
into a larger barrier island in front of the down-

drift half of the delta. As noted by Morales (1997),
the morphology is atypical for tide-dominated
estuaries (Dalrymple et al., 1992), although the
tidal range would grant the inclusion of the
Guadiana coast in the mixed-energy category
(sensu Hayes, 1979). This wave-dominated mor-
phology was attributed by Morales (1997) to the
narrow width of the estuary resulting from the
inherited morphology of the substrate. Construc-
tion of tidal longitudinal sandbodies is inhibited
within a narrow estuary, whereas effective flush-
ing of sediment by strong tidal currents pro-
vides sand to the open coastal zone where waves
could rework them into sandy barriers (Morales,
1997).

The deltaic lobe built by the modern Damietta
branch of the Nile is also strongly asymmetric
(Fig. 4D). The western side consists of a homo-
geneous sand sheet formed of sand coarser than
the typical Nile beach sands (Coutellier & Stan-
ley, 1987; Sestini, 1989). To the east of the mouth,
a spit complex separates the Manzala lagoon from
the Mediterranean. The lagoon has formed in the
most actively subsiding area of the Nile delta
(Stanley & Warne, 1998). However, inside the
lagoon, there are numerous elongate sandy ridges
formed of fine, moderately well-sorted sand
(El-Askary & Lofty, 1980) that represent former
strandlines (Sneh & Weissbrod, 1973; Coutellier &
Stanley, 1987; Sestini, 1989). These beach ridges
were probably generated as barrier islands or spits
in much the same way as the spit-marsh com-
plex built since 1800 east of the Damietta mouth
(Sestini, 1989; Fanos et al., 1991, 1993). The
sediment drift at the Damietta mouth is extremely
high (i.e. in the order of 400 000 m® year™"; Fanos
et al., 1991, 1993). Sediment transfer paths across
the mouth include the extension and periodic
breaking of a subaqueous spit from the west bank
and transfer as swash bars (Sestini, 1989).

Prominent wave-influenced asymmetric deltas
occur on the Brazilian coast, but their evolution
has been much more complex because of a highly
variable Holocene sea level (Dominguez, 1996).
The Sdo Francisco delta has been used as a type
example for a wave-dominated delta (e.g. Wright
& Coleman, 1973; Galloway, 1975; Fig. 6A). How-
ever, recent work (Dominguez, 1996) has empha-
sized that there is clear plan asymmetry in facies.
The updrift side of the Sdo Francisco river mouth
has evolved as a massive dune-covered sand
sheet as a result of a blockage exerted on the
updrift longshore drift by the riverine effluent.
Recent progradation on the downdrift side
involves the formation of barrier islands and spits
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Fig. 6. Morphology of Brazilian deltas (sandbodies are coloured in black; deltaic plain features other than sandbodies
are coloured in grey; stippled pattern indicates areas that are not part of the modern deltaic complex; longshore drift
direction is shown in each case at the river mouth by a white arrow). (A) Sao Francisco delta. (B) Paraibo do Sul
delta. (C) Rio Doce delta. (D) Jequitinhona delta (after Dominguez et al., 1983, 1987; Martin et al., 1987; Dominguez,

1996).

constructed from reworked mouth bar sediments
(Dominguez, 1996). These sandy barriers extend
along the coast, protecting small lagoons behind
that are subsequently filled by fine fluvial sedi-
ments and colonized by mangroves (Dominguez,
1996). Sands deposited downdrift have been
shown to have lower textural maturity than the
more wave-reworked sands in updrift areas
(Dominguez et al., 1987; Dominguez, 1996), sim-
ilar to the Brazos and the Sf. Gheorghe lobe of the
Danube. However, an extensive sand sheet devel-
oped on the southern half of the delta (Fig. 6A)
before the asymmetric pattern was established.
This may suggest a change in the development

style or it could mean that earlier developed
swamps have subsequently been covered by
wind-blown sands.

The Paraibo do Sul delta is also asymmetric in
morphology (Fig. 6B; Martin et al., 1987). Inten-
sive production of middle-ground bars at the
mouth (Fig. 6B) indicates a high sediment dis-
charge. High rates of sediment transfer from west to
east, across the river mouth, are suggested by the
coexistence of several successive generations of
barriers on the downdrift side (east) of the mouth.
This strong sediment drift suppresses backbarrier
lagoon formation, producing a more amalgamated
and sandier beach ridge plain downdrift.
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The Doce and Jequitinhona deltas have shown
asymmetric development at some stage in their
Holocene history (Fig. 6C and D respectively;
Martin et al., 1987). However, modern deltaic
lobes of the Rio Doce exhibit more amalgamated
beach ridge plains on both sides of the mouth.
The strong southward deviation of its course at
the mouth appears to be a recent phenomenon.

Asymmetric delta model

Based on the developmental style of the exam-
ined deltas, a conceptual model for the facies
architecture of asymmetric deltas can be estab-
lished (Figs 5 and 7). Strong net longshore sedi-
ment transport is one of the main requirements
for asymmetric development. The sediment drift
is enhanced when the deep-water wave energy
flux is strongly skewed to one direction. This
situation could occur when oblique waves ap-
proach the coast consistently from one direction
or when oblique waves from one direction are
considerably larger than waves coming from other
directions. In these conditions, a relatively steep
shelf would promote an even stronger drift by
allowing waves to propagate close to the coast
without significant shoaling or breaking. An
updrift source of sand is also necessary. This
could be another active river mouth, older deltaic
lobes, other accumulative coastal formations,
erosional headlands/cliffs and/or lowstand shelf
sands.

The examined cases suggest that asymmetric
deltas generally occur in microtidal areas. River-
ine discharge should be high enough for most of

WER
FLoW

the year to exert a strong groyne effect in order to
block sediment drift. This is crucial in all exam-
ined cases to the formation of more or less
amalgamated beach ridge plains updrift of the
river mouth. Significant sediment input to the
mouth bar, usually via extreme floods (e.g.
Sf. Gheorghe, Brazos), also seems to be of import-
ance. These floods provide sediments initially
deposited on the subaqueous delta that are later
reworked into a shore-parallel, sandy barrier bar.
Although massive fluvial sediment delivery is
responsible for providing the initial sediment to
the mouth bar, it is the waves that contribute most
to the emergence and formation of a distinctive
barrier bar (e.g. Rodriguez et al., 2000). Tidal
circulation could also be of importance in redis-
tributing the sediment (e.g. Brazos, Guadiana).
The rate of barrier bar generation and the
subsequent evolution of these bars are the result
of complex interplay between the various fluvial
and marine factors discussed, and examples
should be considered on a case-by-case basis.
The quasi-cyclicity in bar formation could range
in the order of years (e.g. Brazos) to hundreds of
years (e.g. Sf. Gheorghe). However, a common
characteristic for all examples considered here is
the potential of these barriers to create protected
lagoonal environments between them and the
mainland coast. These lagoons act as sediment
traps for fine-grained sediments that would oth-
erwise be reworked by waves. It is possible to
have a strong riverine component in the lagoon
sedimentation, with the extreme case when a
river-dominated, secondary, bayhead delta grows
subparallel to the coast (e.g. Sf. Gheorghe). Tidal

NET LONGSHORE
SEDIMENT TRANSPORT

Fig. 7. Block diagram illustrating the inferred three-dimensional facies architecture of an asymmetric delta. Signi-
ficant prodelta mudstones are associated with the downdrift portion of the delta where sandy barrier bar complexes
occur within lagoonal mudstones and bayhead delta deposits. The updrift side of the delta comprises a sandy beach

ridge plain.
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currents can affect the transport of sediments into
or out of a lagoon. Vegetation might also play a
role in sedimentation when marsh and swamps
invade the lagoon. If the barrier ultimately atta-
ches to the shore, the former lagoon can be
isolated as a lake, if it has not already been filled.
The rate of subsidence could play a role in how
rapidly the lagoon is filled (e.g. Manzala lagoon).
The availability of fine-grained sediment carried
by the river (i.e. sediment calibre) could also be
important.

When longer time scales are considered, a
negative feedback would develop between the
morphology of the prograding deltaic lobe and
the wave climate at the coast that would affect the
developmental style of the lobe itself. Having an
increasingly prominent lobe growing relatively
perpendicular to the general direction of the
adjacent coast would tend to reduce the net
sediment drift reaching the mouth, as the domin-
ant waves will approach the updrift side of the
delta more and more normally. This is illustrated
by the Sulina lobe of the Danube delta, which
changed to a more symmetric style of growth in
its later evolutionary stage. Autocyclic processes,
such as delta or channel switching, could affect
the evolution of the delta by increasing or dimin-
ishing the water and sediment discharge of a
distributary. In the Danube delta, a good example
is the increasing dominance of the Sf. Gheorghe
distributary over the Sulina in the last 2000 years
(Fig. 3). Channel switching and the resulting lobe
reworking could also modify the wave climate
and therefore the sediment drift reaching the
mouth. The gradual destruction of the Sulina
lobe, for example, progressively diminished the
degree of sheltering provided to the downdrift
coast, therefore increasing sediment drift. This
contributed to a change in the newly created Sf.
Gheorghe lobe towards a more asymmetric evo-
lution style. Allocyclic factors such as sea-level
variation could also dramatically affect the evo-
lution of a delta (see review by Bhattacharya &
Walker, 1992), favouring progradation over retro-
gradation and aggradation or vice versa.

Summary

Asymmetric deltaic lobes show a difference in
facies between the updrift and downdrift areas.
The updrift area consists of a beach ridge plain of
longshore-derived sand deposited as a result of
the groyne effect exerted by the riverine plume.
The downdrift side is a succession of elongate
sandy ridges separated by mud-filled troughs. A
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host of modifying processes could be active in
deposition of the sediments in the troughs
including deposition of secondary bayhead
deltas, lagoonal, lacustrine, fluvial, tidal and
vegetation-related  sedimentation  processes.
Amalgamation of sand ridges is typical on the
updrift side, whereas it is an exception downdrift
of the mouth, at least in deltas that have a
significant supply of mud to the coastline, which
probably represent the large majority of the
world’s deltas (Orton & Reading, 1993). The
textural maturity of sands is also typically higher
on the updrift beach ridge plain than on the
downdrift ridges. This challenges the common
definition of deltas, in that a significant propor-
tion of the sediment comprising a deltaic edifice
could be longshore derived rather than river
borne. Inherent in much of the earlier literature
is the idea that deltas consist of some proportion
of constructional deposits, primary prograda-
tional deposits of the river and destructional
deposits, such as the wave-reworked barriers
described here (e.g. Fisher et al., 1969; Galloway,
1975). Over geological time, significant propor-
tions of river-derived sand can be reworked and
recycled into new delta lobes, as described here.
Alternatively, other sources of sediment, such as
the shelf or non-deltaic formations eroded updrift
of the river mouth, can provide sediments in
quantities similar to those brought by the river
(e.g. Dominguez et al., 1987).

SYMMETRIC WAVE-INFLUENCED
DELTAS

At locations where regional net longshore sedi-
ment transport is small, wave-influenced deltas
look in plan view more like the classical wave-
dominated delta model (e.g. Wright & Coleman,
1973; Bhattacharya & Walker, 1992; Fig. 8). Deltas
assume an arcuate to cuspate planform, with
straight or gently curved shorelines. Beach ridges
develop on the interdistributary coasts, centred
on each distributary mouth. The sandbodies in
such a symmetric delta lobe are more or less
equally distributed on both sides of the mouth. If
there is a weak net sediment drift across the
mouth, thicker and more homogeneous sands
occur in the downdrift wing (Wright & Coleman,
1973; Bhattacharya & Walker, 1992). However,
differences in morphology and facies occur as a
rule rather than an exception because of the
countless variations in both riverine and basinal
factors.
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Fig. 8. Morphology of symmetric
deltas/deltaic lobes (sandbodies are
coloured in black; deltaic plain
features other than sandbodies are
coloured in grey; stippled pattern
indicates areas that are not part of
the modern deltaic complex; long-
shore drift direction is shown in
each case at the river mouth by a
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white arrow). (A) Rosetta lobe of the
Nile delta, Egypt (after Sestini, 1989;
Fanos et al., 1995). (B) Ebro delta,
Spain (after Maldonado, 1975).

(C) Godavari delta, India (after

Rao & Vaidyanadhan, 1979; Vaidya-
nadhan & Rao, 1979). (D) Tiber

5km delta, Italy (after Bellotti et al.,

1994).

The Tiber delta is a good example of a symmetric
wave-dominated delta (Fig. 8D; Bellotti et al.,
1994). The lower delta plain is characterized by
sandy beach ridges, dunes and interdune ponds.
The ridges are equally developed both at the
exterior side of active distributaries and in the
interdistributary area. The main phases of deltaic
progradation were probably associated with
intensive floods (Bellotti et al., 1994). The fluvial
sand and mud delivered by floods is deposited
temporarily in front of the mouth, only to be
reworked according to grain size towards the coast
or offshore (Bortoluzzi et al., 1982; Bellotti et al.,
1993).

The morphology of the Vasishta lobe of the
Godavari delta (Fig. 8C) on the east coast of India

is similar to that of the Tiber delta, with beach
ridge plain development on both sides of the
distributaries mouths (Vaidyanadhan & Rao,
1979). The recent evolution of the eastern
Gautami lobe of the Godavari delta illustrates
how sediment is transferred from the mouth bar
towards the distal parts of the delta (Rao &
Vaidyanadhan, 1979). Spits on both sides of the
mouth develop from sand reworked as barrier
bars from the mouth bar (Rao & Vaidyanadhan,
1979). Each spit subsequently attaches with its
downdrift tip to the mainland as in the case of the
Brazos, with the exception that this happens
symmetrically on both sides of the mouth.

The Rosetta lobe of the Nile is also symmetric
(Fig. 8A), with extensive sand sheets covered
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with dunes on both sides of the mouth (Sestini,
1989). Before the current, human-induced, ero-
sive regime, the Rosetta was a fast-growing lobe
characterized by the presence of a middle-ground
bar on which barrier bars were formed rapidly
and migrated to both sides (Sestini, 1989).
Although, at the mouth, there is a strong sediment
drift (i.e. ~400 000 m® year ' eastward; Fanos
et al., 1991, 1995), this translates into a more
modest asymmetry than at the Damietta mouth
(Sestini, 1989). Several depressions interspersed
with beach ridges occur on the eastern side of the
mouth similar to those occurring in asymmetric
deltas, but their scale is small relative to the
entire area of the downdrift wing. This morphol-
ogy changes rapidly into a sand sheet further to
the east (Sestini, 1989; Chen et al., 1992).

The modern deltaic lobe of the Ebro, on the
eastern Mediterranean coast of Spain, is the last
example of symmetric wave-influenced deltas
considered here (Fig. 8B). Beach ridges are
developed extensively on both sides of the mod-
ern mouth (Maldonado, 1975) but, in the southern
half of the delta, they enclose several lagoons
subsequently transformed into shallow lakes.
This situation resembles the late evolution of
the Sulina lobe of the Danube delta (Fig. 3).

The Rhone delta, also located in the microtidal
Mediterranean, has developed symmetric lobes
(I'Homer et al., 1981). This is evident in the
western part of the delta where well-preserved
beach ridges alternate with inter-ridge marshes on
both sides of former distributaries (I'Homer et al.,
1981); in the eastern part of the delta, the
morphology is less visible (I'Homer et al., 1981).

DEFLECTED WAVE-INFLUENCED
DELTAS

It is proposed here that a wave-influenced delta is
of a deflected type if the mouth of the river runs
subparallel to the coast most of the time during
delta evolution. This deflection of the mouth
results from the influence of a strong, practically
unidirectional longshore component of wave
energy at the coast. The distributary is separated
from the sea by a sandy spit levee. The type
example of such a delta has been the Senegal on
the west coast of Africa (Fig. 9A; Wright, 1985).
The relatively low discharge of the river over
most of the year cannot compete with the strong
southward-directed sediment drift. Conse-
quently, sands issuing from the mouth are imme-
diately swept alongshore and remoulded into a
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barrier spit. When the lower course of the river
protected by the spit becomes overextended, the
channel loses its gradient advantage and breaches
the root of the spit, and the whole process of spit
levee formation is reinitiated (Wright, 1985). The
spit is probably breached by storms that dictate
where the river is going to reconnect to the sea;
this might not always happen at the root of the
spit (Wright, 1985). The delta thus progrades as a
series of randomly distributed, quasi-parallel
sand spits and channel fills generally located
downdrift of the river course before this course
veers downdrift at the coast. Also on the Atlantic
coast of Africa, the Saloum delta shows a deflec-
ted morphology (Fig. 9B). However, these exam-
ples are atypical for deflected deltas, because
much of the modern deltas of the Saloum and
Senegal were built as bayhead deltas. The bays
they grew in were protected by sandy spits
formed of sediments eroded from updrift areas
(Michel, 1968; Ausseil-Badie et al., 1991). There-
fore, these spits were not necessarily deltaic
before the bayhead deltas reached the open ocean,
and these depositional systems bear more resem-
blance to the wave-dominated estuaries of
Dalrymple et al. (1992).

The Mahanadi delta on the east coast of the
Indian subcontinent (Fig. 9C) is much more
illustrative because it has not evolved inside
a bay (Meijerink, 1982; Bharali et al., 1991;
Mohanti, 1993). The random, quasi-parallel dis-
tribution of sandy ridges in the deltaic plain
(Fig. 9) suggests that deflection of the river mouth
was recurrent during development of the Maha-
nadi delta. During recent times, a string of spits
was shed from the Mahanadi mouth towards the
north each time the channel resumed a straighter
course (Meijerink, 1982).

CLASSIFICATION OF WAVE-
INFLUENCED DELTAS

In 1996, Dominguez noted that ‘wave-dominated’
deltas (Wright & Coleman, 1972, 1973; Coleman &
Wright, 1975; Galloway, 1975) had received much
less attention than other deltas because of the
scarcity of field data at the time that these
classifications were formulated. He suggested that
the interaction between fluvial discharge and
sediment drift might result in a continuum of
forms from symmetrical to highly asymmetrical
deltas (Dominguez, 1996). This suggestion is
expanded here to develop a first-order quantita-
tive classification for wave-influenced deltas.
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This classification is also based on approaches
developed for tidal inlets and associated ebb
shoals, small-scale features that share similarities
with river deltas (Fig. 10; see reviews by Fitz-
Gerald, 1988; US Army Corps of Engineers, 1995).

Tidal currents impose a bidirectional circula-
tion of sediments between the bay and the ocean
through an inlet, whereas in the case of river
deltas, the dominant flow direction is towards the
mouth. FitzGerald (1982) proposed three concep-
tual models for inlet sediment bypassing on
mixed-energy coasts (i.e. coasts affected in signi-
ficant proportions by both wave and tidal proces-
ses; Fig. 10). When inlets are stable, sand moves
through the formation, migration and attachment
to the shore of large bar complexes (Fig. 10A).
Development of bar complexes results from the
stacking and coalescing of swash bars on the ebb
shoal. Some tidal inlets may bypass sand by
breaching the ebb shoal (Fig. 10B). They have a
stable inlet throat, but their main channel on the
ebb shoal migrates. The dominant direction of
longshore sediment transport causes a preferen-
tial accumulation of sand on the updrift side of
the ebb-tidal shoal, which results in a downdrift
deflection of the main ebb channel. When the
channel becomes hydraulically inefficient, the
inlet will divert its flow to a more direct seaward

Fig. 9. Morphology of deflected
deltas (sandbodies are coloured in
black; deltaic plain features other
than sandbodies are coloured in
grey; stippled pattern indicates
areas that are not part of the modern
deltaic complex; longshore drift
direction is shown in each case at
the river mouth by a white arrow).
(A) Senegal delta, Senegal (after
Michel, 1968). (B) Saloum delta,
Senegal (after Ausseil-Badie et al.,
1991). (C) Mahanadi delta, India
(after Meijerink, 1982; Bharali ef al.,
1991; Mohanti, 1993).

route. In a more extreme case, the sand moves
through inlet migration and spit breaching
(Fig. 10C). In general, all these processes of
sediment transfer described at inlets are easily
recognizable in the mouth region of deltaic
distributaries. However, they are much less stud-
ied than in the case of tidal inlets.

A simple asymmetry index A is proposed for
wave-influenced deltas, which expresses the
degree of dominance of marine vs. fluvial factors
(Table 1 and Fig. 11). This index is similar to the
bypassing index for inlets (Bruun & Gerritsen,
1959) that has been used to describe the relation-
ship between the general morphology and the
hydraulics of inlet—ebb shoal systems. The asym-
metry index is calculated as the ratio between the
net longshore sediment transport rate at the river
mouth (expressed in m® year ) and the average
water discharge (in million m® month™). Pub-
lished accounts from a series of deltas or deltaic
lobes progressively more asymmetric in morphol-
ogy and facies were used for these computations.
Selection was limited by the fact that there are
few estimates of sediment drift at the mouths of
modern deltaic distributaries, and they vary
widely as a result of the methods used; the most
recent and/or most cited values were selected. A
direct, first-order correlation between the degree
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Formation of channel
margin bars

Formation of swash bars,
channel margin bar complexes,
and subaqueous spits

Spit and bar attachments
Bar attachments and
channel deflection
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Occupation of a spill-over channel
and tandward bar migration

Inlet breaching, formation of new ebb-shoal,
and destruction of old ebb shoal
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C

Fig. 10. Mechanisms of sediment bypassing at tidal inlets: (A) stable inlet processes; (B) ebb shoal breaching; (C) spit
breaching (after FitzGerald, 1982). Barrier islands/spits adjacent to the inlet are in black; submerged sedimentary
features are in grey; submerged inlet channels are represented by dashed lines. Relative intensity of regional littoral

drift is indicated by arrows.

Table 1. Asymmetry index (A) for a series of wave-influenced deltas/lobes, calculated as the ratio between the net
longshore sediment transport rate at the river mouth (expressed in m® year™) and the average river discharge

(in million m® month™).

Discharge Sediment drift
Delta/lobe (10° m® month™) (m® year™) A References
Danube/Chilia 10 000 ~ 500 000 50 Giosan et al. (1999)
Ebro 1310 ~ 100 000 76 Jimenez & Sanchez-Arcilla (1993)
Nile/Rosetta 2700 ~ 400 000 148 Fanos et al. (1995)
Nile/Damietta 1460 ~ 400 000 274 Fanos et al. (1993)
Danube/Sf. Gheorghe 3180 ~ 1 200 000 377 Giosan et al. (1999)
Mahanadi 4080 ~ 850 000 209 Mohanti (1993); Meijerink (1982)
Senegal 2280 ~ 750 000 329 Barusseau et al. (1995);

Wright & Coleman (1973)

of morphological asymmetry of these deltas and
the A coefficient is evident (Table 1, Fig. 11). In
the case of the Chilia lobe, where the river
dictates the morphology, the coefficient is small-
est. For symmetric wave-influenced deltas, the
coefficient stays below 200, whereas for the
asymmetric deltas, it is over 200. The asymmetry
index for the deflected deltas of the Mahanadi

and Senegal is also high (> 200), but less than one
would expect for such extreme cases. This dis-
crepancy suggests that additional factors influ-
ence deltaic morphology, such as river sediment
discharge, flood frequency or the degree of over-
lap between the annual maximum sediment
discharge and the period of maximum stormi-
ness. Moreover, the causal interpretation of the
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Fig. 11. Process diagram for wave-influenced deltas. Generalized delta morphologies corresponding to different
values of the asymmetry index are shown. The upper row includes deltas preserving a lower proportion of fluvially
derived mud, whereas the bottom row represents examples of deltas comprising more heterolithic deposits. The
ultimate proportion of sand relative to fine sediments in a wave-influenced delta may be affected by factors other than
those considered explicitly in the asymmetry index, such as sediment calibre or flood frequency, which could
translate into variations in the morphology of the symmetric, asymmetric and deflected wave-influenced deltas.

mud:sand ratio in a wave-influenced delta is
much more complex than simply discharge of
mud vs. sand and can be controlled by factors
such as variations in flood regime or differences
in total load.

Overall, the asymmetry index provides a simple
physical basis for distinguishing between sym-
metric and asymmetric/deflected wave-influenced
deltas, with the degree of asymmetry growing as
the sediment drift at the distributary mouth grows
relative to its average discharge. Work is under
way to evaluate the index for a larger series of
deltas, in compatible conditions, using similar
techniques for computing the sediment drift and
taking into account other potentially important
factors. Further field work in modern deltas is also
needed to quantify the sensitivity of trapping mud
to short-term vs. long-term events and recurring
vs. episodic phenomena, and to understand the
mechanisms of sediment transfer at deltaic river

mouths in general and in wave-dominated settings
in particular. The existing data suggest a direct
relationship between the general morphology of
wave-influenced deltas (lobes) and the hydraulics
of the river (distributary) mouth that should
provide impetus for further refinements.

IMPLICATIONS FOR INTERPRETATION
OF SUBSURFACE DATA

The mechanism for asymmetric wave-influenced
delta formation discussed here suggests an organ-
ized and therefore predictable facies architecture
that may be used in interpreting ancient systems.
Updrift areas are more likely to consist of sheet
sandstones representing beach and shoreface
deposits relative to their downdrift counterparts.
Less mud is associated with the updrift areas, and
this should lead to relatively sandy and poten-
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tially sharp-based shoreface deposits. In down-
drift areas, progradation produces a series of
narrow barrier-shoreface sandstones separated
by topographically low areas mostly filled with
fine-grained sediments. They could include sedi-
ments derived from a bayhead delta with com-
plete channel, mouth bar, delta front and prodelta
facies. Palaeocurrent directions and delta front
clinoform dips in the bayhead delta facies would
be more parallel than normal to the shoreline.
Backbarrier lagoons could also fill with flood-
tidal deltas and storm washovers from the barrier
bar. Compactional subsidence of mud may also
result in the development of extensive lagoons or
lakes downdrift. In contrast to updrift areas,
extensive prodelta muds underlie the downdrift
regions. Sands deposited downdrift show lower
textural maturity than the more highly reworked
sands in the updrift areas (e.g. Sao Francisco;
Dominguez et al., 1987; Dominguez, 1996). Asso-
ciated with this myriad of closely linked envi-
ronments, vertical successions located downdrift
of the mouth may show a high degree of inter-
bedding of sandstones and mudstones.
Complexity is expected for the facies architec-
ture of asymmetric wave-influenced delta lobes.
Surface studies of modern deltas show that
extensive sheet sands are rare and that a single,
sandy, upward-coarsening facies succession
would probably not be typical of most of these
deltas. This is useful to keep in mind when
interpreting deltaic successions in ancient strata,
especially where based on mapping sandstone
thickness, such as is common in subsurface
studies (e.g. Weise, 1980; Bhattacharya & Walker,
1991). From the perspective of hydrocarbon
reservoirs, the best quality sands will probably
be associated with the updrift side of asymmetric-
type wave-influenced deltas (e.g. ~30% areal
extent in the Danube delta). In the case of
asymmetric deltas, where the sand bypass is large
and fast (e.g. Paraibo do Sul), as well as for
symmetric deltas, equally well-developed reser-
voirs are expected on both sides of the mouth.
There are caveats to the asymmetric model. In
smaller deltas such as the Brazos, some of these
updrift sediments may have low preservation
potential as they are eroded and reworked along-
shore after delta abandonment, such as occurred
after the diversion of the Brazos river in 1929
(Hamilton & Anderson, 1994; Hamilton, 1995;
Rodriguez et al., 2000). The degree of preserva-
tion of delta deposits will depend on relative
sea-level change, distributary channel avulsion
frequency, subsidence rate and the degree of
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reworking by waves and tides during marine
transgression. In some cases, much of the shal-
low-water, paralic ‘topset’ facies of the delta plain
is removed or reworked during transgressions
(e.g. Boyd & Penland, 1988; Bhattacharya &
Walker, 1992; Posamentier & Allen, 1999; Bhat-
tacharya & Willis, 2001).

Changes in sediment calibre have not been
considered in the examples discussed. Presum-
ably, rivers that carry mostly sand and gravel, and
lack mud, will generate sandy downdrift deposits
that would make good reservoirs. This situation
should be common in some high-latitude, steep-
gradient systems with small drainage areas (Orton
& Reading, 1993).

Application to ancient examples

Reservoir modellers are becoming increasingly
concerned about the details of facies architecture
that affect interwell heterogeneities (Tyler &
Finley, 1991; Flint & Bryant, 1993; Haldorsen &
Damsleth, 1993). The assumption that wave-
influenced deltas make homogeneous reservoirs
does not appear to be compatible with the work
reviewed in this paper. The process-based model
proposed here for the formation of wave-influ-
enced delta systems may help in building subsur-
face models of these types of reservoirs.

Several sandstones in the Cretaceous Interior
Seaway of North America, including the Gallup
Sandstones in New Mexico (Fig. 12) and the
Almond Sandstone in Wyoming, show a lateral
transition from sandy shoreface deposits into
muddy lagoonal or distributary plain facies (e.g.
McCubbin, 1982). These sandstones were des-
cribed in the context of ‘classic’ barrier islands
and strandplain depositional systems (McCubbin,
1982), but they could be interpreted as smaller
components of larger asymmetric delta systems.
In a palaeoeographic map of the Gallup Forma-
tion (Fig. 12), reconstructed from subsurface
cores and well logs, a wave-formed strandplain
is depicted as enclosing a mud-dominated dis-
tributary plain that resembles the bayhead delta
facies predicted by the asymmetric model. Amal-
gamated beach facies in the south-east resemble
the updrift wing of an asymmetric delta. The
‘strandplain’ may be better interpreted as a wave-
formed barrier bar system formed along the
downdrift side of a major delta, as the model
predicts (Fig. 12).

In a study of the Viking Formation sandstones
in Alberta, Canada, MacEachern et al. (1998)
re-examined a tide-influenced bayhead delta
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Fig. 12. Gallup Sandstones (New Mexico, USA) inter-
preted by McCubbin (1982) in the context of ‘classic’
barrier islands and strandplain depositional systems
sandstones. Based on the asymmetric model, the Gal-
lup strandplain may have formed on the updrift side of
a large asymmetric wave-influenced delta.

succession, originally interpreted to be formed in
an estuarine, incised valley fill. The authors
showed that these bayhead delta facies formed
within a backbarrier lagoonal bay, enclosed by a
sandy barrier island, with a palaeogeography
identical to the Gallup example discussed above.
This interpretation was made largely on the
assumption that estuarine, bayhead delta facies
only form in transgressed valleys. MacEachern
et al.’s (1998) study reinforces the point that local
observation must be placed within a larger
basinal context before depositional systems can
be fully described and correctly interpreted. It is
not unreasonable to assume that this Viking
barrier lagoon/bayhead delta complex may have
formed on the downdrift margin of a larger
asymmetric wave-influenced delta.

In this paper, the term bayhead delta has been
used to refer to any river-fed delta deposit that
lies at the head of any bay, regardless of the origin
or type of bay. The term ‘bayhead delta’ has
recently been used in the rather restrictive con-
text as a component of an incised valley-type
estuary (Dalrymple et al., 1992). This is poten-
tially misleading because there are many types of
bays (including the lagoons that are described
here as well as the Viking example of MacEachern
et al., 1998) that are demonstrably not associated
with incised valleys. Because the facies associ-

ated with bayhead deltas formed in these differ-
ent environments are practically the same, a
restricted use of the term can lead to potentially
incorrect interpretations. The critical issue in
proposing and using any terminology should be
the context in which a facies occurs rather than
historical considerations on the use of that
terminology.

Many other ancient sandstones have been
broadly interpreted as prodelta ‘sand plume’
deposits or offshore bars, in which longshore
drift, storm-induced geostrophic currents or tidal
currents carry sands far offshore and rework them
into barrier bars (e.g. Palmer & Scott, 1984; Winn,
1991). These models have recently been chal-
lenged with the recognition that sea-level change
plays an important role (e.g. Scheihing & Gaynor,
1991; Walker & Plint, 1992; Bergman, 1994).
Many of these previously interpreted shelf sand-
bodies are now interpreted as top-truncated low-
stand shoreface and delta deposits (e.g. Plint,
1988; Bergman, 1994; Bhattacharya & Willis,
2001). These ancient systems are logical places
to look for the facies asymmetry that is predicted
here. The prograding barrier—lagoon systems of
units such as the Gallup, Almond and Viking
Formations may prove to form components of
larger scale asymmetric wave-influenced deltaic
depositional systems. Lobate sandbody geome-
tries of the Almond, in particular, suggest a more
deltaic origin rather than a barrier island inter-
pretation (McCubbin, 1982).

Weise (1980), in one of the few detailed studies
of ancient wave-dominated delta systems,
showed asymmetric isopach map patterns
(Fig. 13). With the assumption that sand was
derived directly from the associated river, and not
from along-strike feeders, Weise (1980) inferred
that thicker sandier facies were deposited down-
drift of the river mouth. The new asymmetric
model suggests that these sands may have been
preferentially deposited on the updrift side. An
alternative interpretation of these deltas as of a
deflected type is unlikely given the broad setting
on a shallow, extensive highstand shelf. Again, at
this stage, these reinterpretations must remain
speculative until more detailed work can be done
incorporating the concepts outlined in this paper,
but the new model is presented as an alternative
for future re-examination of ancient systems.

Choosing the facies model for a particular
ancient example can be difficult. This is especi-
ally true in deltas such as the Danube, which
show a tremendous variability in process and
facies, both between lobes and within each lobe.
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Fig. 13. Symmetric vs. asymmetric deltas of the Cretaceous San Miguel Formation, Texas (after Weise, 1980). The
asymmetric delta model, which predicts that the bulk of sand deposition is on the updrift flank, suggests that the
original interpretation of longshore drift directions may be incorrect. The strike direction is represented by the thin
dashed line; the direction of riverine sediment input is shown by thick dashed arrows; small black arrows indicate
the longshore drift as originally proposed by Weise (1980), whereas the small white arrows indicate the direction of
the drift proposed here based on the asymmetric delta model.

Care must be taken in interpreting the facies
architecture of ancient deltaic, shoreface and
shelf depositional systems, especially in an
exploration scenario where few data are usually
available. Cores or well logs from one part of a
complex system may look very different from
those from another area. Specifically, bayhead
deltas and barrier islands may form components
of large asymmetric prograding deltas systems
and do not automatically mean that transgression
has occurred. Having stated this, deltas can also
change their character through time as a result of
changes in sediment supply and sea level (Bhat-
tacharya & Walker, 1992). With decreasing sedi-
ment supply, for example, the Nile delta has
become more wave dominated and is transgress-
ing in several areas (Sestini, 1989). The issue of
scale cannot be overstressed. The Danube con-
tains delta lobes and channels at a variety of
scales from the whole delta to the three main
lobes to more localized sublobes at the termin-
ation of individual small-scale distributary chan-
nels. Wave and river processes operate at all these
different scales. Although these scales are obvi-
ous in the modern system, distinguishing these
scales in an ancient system may be much harder,
depending on the quality and amount of data.
Significant tides will complicate facies distribu-
tions further.

The modern deltas reviewed here suggest that
ancient wave-influenced deltas may be distin-
guished from purely wave-dominated strandplain
deposits by the presence of significant river-
borne mudstones in the prodelta and, in the case
of asymmetric deltas, in downdrift areas. The
wave-influenced deltas described here contain a

greater proportion of muds than earlier models
would suggest. The arrangement and spatial
distribution of the mud-dominated lithologies
may have important implications for predicting
reservoir quality that affect recovery processes.
Asymmetry in ancient wave-influenced deltas
allows the prediction of persistent palaeo-long-
shore drift patterns. It may be used as a model to
predict and map reservoir quality and to model
facies heterogeneity and fluid flow in ancient
reservoirs, although more work is required in
order to demonstrate that delta asymmetry can be
recognized in other ancient systems.

IMPLICATIONS FOR THE DEFINITION
OF DELTAS

The new approach towards wave-influenced del-
tas shows that longshore drift can contribute
sediments in quantities similar to those supplied
by an individual delta-forming distributary. This
approach suggests that more extensive sheet
sandstones should be expected on wave-domin-
ated coasts where net longshore transport is
insignificant (i.e. low asymmetry index). Plan-
view models of deltas (Fig. 1) predict the fluvial
feeder channel to lie landward of the shoreline
(vs. along-strike) forming a simple proximal-
distal relationship between delta front and river.
In the case of deflected wave-influenced deltas,
however, the channel may be oriented parallel to
the shoreline. Even in asymmetric deltas, secon-
dary bayhead deltas may be oriented at a low
angle to the general shoreline trend. As a conse-
quence, the new model proposed here shows that,
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as longshore transport becomes more important
(increasing asymmetry index), the river and
associated delta front and shoreface sands do
not exhibit a simple proximal—distal relationship.

In the Sao Francisco delta, about half the sand
is derived from the modern river, with the other
half being reworked from the shelf (Dominguez,
1996). Based on this, Dominguez (1996) proposed
that the Sdo Francisco is a strandplain, not a
delta. In contrast, Bhattacharya & Walker (1992)
argued that the Sdo Francisco should be regarded
as a delta because: (1) it is a protuberance in the
shoreline at a point where a river enters the
ocean; (2) it has a broadly lobate shape in plan
view with narrowing in the direction of the
feeding river; and (3) a significant proportion of
the deposit, including all the mud, is derived
from the river. This review of wave-influenced
deltas shows that the definition adopted by
Bhattacharya & Walker (1992) suits the large
spectrum of processes associated with these
environments better. The Sdo Francisco delta,
like the Danube wave-influenced lobes, clearly
belongs in the middle of the spectrum of deposi-
tional systems, exhibiting significant fluvial as
well as basinal influences.

Well-developed sand sheets may form in sym-
metric wave-influenced deltas, where most of the
sand is of fluvial origin, or in strandplains, where
sand is derived from alongshore and/or offshore.
Although the formation of mouth bars is favoured

by high river discharges, these are readily
reworked into beach and shoreface deposits in
wave-influenced deltas, making the distinction
between wave-formed shorefaces and wave-
dominated deltas difficult.

Along the modern coast of Nayarit (Curray
et al., 1969), some sandy promontories are clearly
associated with rivers (e.g. Rio Grande de Santi-
ago; Fig. 14). In strandplains, however, some
protuberances may not be evidently associated
with a river and may form in areas of convergent
longshore transport or may represent erosional
features formed by divergences in longshore
sediment transport. This may be the case for the
promontory located south-west of Laguna Agua
Brava, which is not obviously associated with a
river and appears to occur at the convergence
points of the longshore drift (Fig. 14). This area
comprises an extensive sheet of amalgamated
beach and shoreface ridges about 15 km wide
(normal to the shoreline) and about 50 km in
length (parallel to the shoreline). A similar depo-
sitional promontory has been described in the
Caravelas strandplain on the Brazilian coast
(Dominguez et al., 1987). The Nayarit coast has
long been cited as the type example of a non-
deltaic prograding wave-dominated strandplain
(e.g. McCubbin, 1982; Walker & Plint, 1992).
However, it is worth noting that Curray et al
(1969) originally pointed out: ‘The Nayarit coastal
plain is an example of a type of deltaic coast

Coast of Nayarit, Mexico

Rio $an Pedro

Strandplain

5 Marsh

Alluvial Plain
Bedrock
Unconformities
-~ Longshore drift

direction

B

0
KILOMETRES

apenpg o '

/

after Curray et af., 1969

Fig. 14. Coast of Nayarit (Mexico) interpreted as a prograding wave-dominated coastal strandplain with deltaic
promontories (after Curray et al., 1969). This type of sedimentary environment would tend to produce relatively
homogeneous sheet sandstones, although some river-derived mudstone could be deposited near the mouths of the
principal rivers (e.g. Rio Grande de Santiago). Note the diverging longshore drift directions. Changes in longshore
drift direction cause changes in beach ridge orientation and produce unconformities visible on the surface. Various
beach ridge plain complexes have been dated, and their relative ages are shown with roman numerals where I is the

oldest and V. is the youngest.
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which is especially important in the geologic
record. While large rivers and deltas must have
existed throughout geologic time, perhaps the
smaller, coalesced deltaic coastal plains, such as
Nayarit, were also of very great importance’.

The Coast of Nayarit should thus be reconsid-
ered as a combined deltaic—strandplain system
that shows localized river influence. Predicting
the location of associated fluvial and distributary
channel facies in ancient analogues may be more
difficult in such cases, although the river influ-
ence is usually well recorded in the biofacies.
Specific features that may indicate fluvial influ-
ence include decreased proportions of planktonic
microfauna (e.g. foraminifera), an increase in the
proportion of land-derived material (e.g. increase
in spores and pollen), a decrease in filter-feeding
organisms and a decrease in diversity and abun-
dance of trace fossils (Moslow & Pemberton, 1988;
Bhattacharya & Walker, 1992; Pemberton &
Wightman, 1992; Gingras et al.,, 1998). Also,
direct sedimentological evidence for high sedi-
mentation rates or high sediment concentrations,
such as abundant climbing current ripples, can
indicate river influence (Bhattacharya & Walker,
1992).

CONCLUSIONS

A survey of modern examples shows that wave-
influenced deltas exhibit a variable degree of
asymmetry in morphology and facies. An asym-
metry index, A, defined as the ratio between
longshore transport rate (m® year ) and river
discharge (Q in 10° m® month™), was devised to
explore the marine—fluvial interaction at the
mouth of a deltaic distributary (Table 1,
Fig. 11). Published data show that asymmetry
is favoured in deltas with an index over = 200.
An extreme case of asymmetry is that of deflec-
ted deltas (e.g. Mahanadi, Senegal) where the
river may periodically be deflected considerable
distances downdrift.

A facies model for asymmetric deltas predicts
significant river-borne muds with potentially
lower quality reservoir facies in prodelta and
downdrift areas and better quality sand in updrift
areas. If the model is confirmed in further tests,
many ancient barrier-lagoon systems and ‘off-
shore bars’ could be reinterpreted as components
of large-scale asymmetric wave-influenced deltaic
systems.

More generally, there is a complete spectrum
from strandplain systems with minor deltaic

Wave-influenced deltas 207

promontories to river-dominated deltas with
minor wave reworking. The definition for del-
tas should therefore be relaxed to include
sediment delivered via longshore/onshore bas-
inal transport but in which deposition is
caused by the groyne effect at a distributary
channel mouth.

Many deltas show river-, wave- and tide-dom-
inated facies both between and within lobes, but
in variable proportions. Bayhead deltas and
barrier islands naturally form in prograding
asymmetric deltas and do not necessarily require
interpretation as being associated with a trans-
gressive system, such as an estuarine incised
valley fill. With limited data, a common situation
in petroleum exploration, simplified classifica-
tion schemes based on relative importance of
fluvial vs. marine processes based on the present
ternary classification of deltas can be misleading.
Depositional systems may be misinterpreted if
not placed into a larger palaeogeographic con-
text. This may lead to erroneous estimations of
facies architecture, reservoir distribution and
reservoir quality. The asymmetric model is a
significant step in quantifying the fluvial-basinal
interaction in modern systems that could lead to
better facies distribution predictions in ancient
systems.
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