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Abstract

Deltas constitute complex depositional systems formed when a land-derived gravity-flow (carrying water and
sediments) discharges into a marine or lacustrine standing body of water. However, the complexity of deltaic
sedimentary environments has been oversimplified by geoscientists over the years, considering just littoral deltas as
the unique possible type of delta in natural systems. Nevertheless, a rational analysis suggests that deltas can be
much more complex. In fact, the characteristics of deltaic deposits will depend on a complex interplay between the
bulk density of the incoming flow and the salinity of the receiving water body. This paper explores the natural
conditions of deltaic sedimentation according to different density contrasts. The rational analysis of deltaic systems
allows to recognize three main fields for deltaic sedimentation, corresponding to (1) hypopycnal (2) homopycnal
and (3) hyperpycnal delta settings. The hypopycnal delta field represents the situation when the bulk density of the
incoming flow is lower than the density of the water in the basin. According to the salinity of the receiving water
body, three different types of hypopycnal littoral deltas are recognized: hypersaline littoral deltas (HSLD), marine
littoral deltas (MLD), and brackish littoral deltas (BLD). The basin salinity will determine the capacity of the delta for
producing effective buoyant plumes, and consequently the characteristics and extension of prodelta deposits.
Homopycnal littoral deltas (HOLD) form when the density of the incoming flow is roughly similar to the density of
the water in the receiving basin. This situation is typical of clean bedload-dominated rivers entering freshwater
lakes. Delta front deposits are dominated by sediment avalanches. Typical fallout prodelta deposits are absent or
poorly developed since no buoyant plumes are generated. Hyperpycnal deltas form when the bulk density of the
incoming flow is higher than the density of the water in the receiving basin. The interaction between flow type,
flow density (due to the concentration of suspended sediments) and basin salinity defines three types of deltas,
corresponding to hyperpycnal littoral deltas (HLD), hyperpycnal subaqueous deltas (HSD), and hyperpycnal fan
deltas (HFD). Hyperpycnal littoral deltas are low-gradient shallow-water deltas formed when dirty rivers enter into
brackish or normal-salinity marine basins, typically in wave or tide-dominated epicontinental seas or brackish lakes.
Hyperpycnal subaqueous deltas represent the most common type of hyperpycnal delta, with channels and lobes
generated in marine and lacustrine settings during long-lasting sediment-laden river-flood discharges. Finally,
hyperpycnal fan deltas are subaqueous delta systems generated on high-gradient lacustrine or marine settings by
episodic high-density fluvial discharges.
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1 Introduction
Deltas constitute primary depositional elements
developed when a land-generated gravity flow (transfer
zone) carrying water and sediments reaches a marine or
lacustrine standing body of water (depositional zone).
Barrell (1912) defined a delta as the deposit, partly
subaerial, built by a river into or against a permanent
body of water.
Early detailed studies carried out by Fisk (1944), Fisk

et al. (1954), Coleman and Gagliano (1965) on the
Mississippi delta and other recent deltas (Fisher et al.
1969; Coleman and Wright 1975) deeply influenced the
current paradigm of deltaic sedimentation. According to
Elliot (1986) “deltas are discrete shoreline protuberances
formed where rivers enter oceans, semi-enclosed seas,
lakes or lagoons and supply sediment more rapidly than
it can be redistributed by basinal processes”. Deposition
at coastal areas occurs when a fluvial discharge rapidly
loses its flow capacity and competence at the river
mouth, due to the combined effect of a decrease in flow
velocity and confinement. As a result, fluvial sediments
transported by shear forces (bedload) accumulate in
coastal areas. Once accumulated, these deltaic deposits
can be severely affected by basin diffusion processes
(reworking) resulting in wave or tide dominated deltas
(Galloway 1975). These simple concepts of (littoral) delta
building have dominated the geological paradigm for
decades, at the point that for most geologists (and
textbooks) littoral deltas are considered the only
possible type of deltas in nature (as an example, see
the review by Miall 1984). Although these deposi-
tional concepts are essentially valid, they represent
just a narrow view of deltaic sedimentation. Broadly
speaking, the present significance of deltaic deposition
largely exceeds that of the first so-called deltas (a
term coined by the Greek historian Herodotus 450 yr
B.C. for the littoral Nile delta plain) according to
their similar shape respect to the Greek letter Δ.
Bates (1953) made a fundamental contribution apply-
ing the jet flow theory on deltaic sedimentation.
According to Bates (1953) a delta can be defined as a
sedimentary deposit built by jet flow into or within a
permanent body of water. This rational analysis of
deltaic sedimentation extends the concept of deltas to
all the deposits directly supplied by rivers (point-
source expanding flows), being littoral or not. In fact,
Bates introduced the concept of submarine (subaque-
ous) deltas for inner basin sediments directly trans-
ferred by relatively dense fluvial discharges generated
during river floods (hyperpycnal flows generated by
stratified jets). Although Bates’s classification was pro-
posed more than 60 years ago, it was poorly applied
for the understanding of modern and ancient deltaic
deposits.

Deltaic deposits have been dominantly described, docu-
mented, and analyzed in marine settings. On the contrary,
lacustrine (freshwater and brackish) and hypersaline deltas
have received not as much attention, especially in
textbooks. Depositional models for lacustrine deltas are
mostly derived (and adapted) from delta models proposed
for littoral marine settings. Controversially, considering
the classification of Bates (1953), lacustrine deltas can be
largely more variable than marine deltas, since the salinity
of lacustrine water bodies can range from freshwater to
hypersaline (brine lakes). Additionally, semi-closed epi-
continental seas affected by an important runoff often
have salinities that are substantially lower with respect to
those found in open seas. For example, the Baltic Sea has
surface salinities ranging between 7 and 8 PSU (Practical
Salinity Units) Westman et al. 1999), this is about five
times lower than the average of marine salinity (35 PSU).
This paper explores and expands the rational classification
of deltas proposed by Bates by considering different
scenarios of density contrast between the incoming flow
(river discharge) and the water in the reservoir.

2 Towards a rational classification of deltas and
their deposits
In his seminal paper, Bates (1953) defined three types of
deltas according to the density contrast between the
bulk density of the incoming river discharge (ρr) and the
density of the receiving water body (ρw): (i) marine
littoral deltas, (ii) lacustrine Gilbert littoral deltas, and
(iii) submarine deltas (Fig. 1). Conceptually, these three
situations correspond to the three different behaviors for
jet flows when the density of the incoming jet is similar
or differs from that of the standing body of water, defin-
ing pure jets (equal density), buoyant jets (lower density)
and stratified jets (higher density).
Marine littoral deltas (Fig. 1a) form when a river

discharges a fluid having a lower bulk density than the
density of ocean water (ρr < ρw), resulting in the devel-
opment of a hypopycnal flow. Once entering the sea,
coarse-grained sediments transported as bedload are
forced to accumulate at coastal areas forming a mouth
bar (or delta front). The incoming freshwater, together
with fine-grained materials transported in turbulent sus-
pension (mainly silt-clay and eventually plant remains)
commonly develop a buoyant jet with an associated
buoyant plume, from where sediment fallout contributes
to accumulate prodelta deposits.
Gilbert deltas (Fig. 1b) form when a river discharges a

fluid having a similar bulk density as the water in the
basin (ρr = ρw), corresponding to a homopycnal flow
generated by a pure jet flow. The typical situation occurs
when a clear-water bedload-dominated fluvial stream
enters in a freshwater lake. Because of their similar
density, the incoming flow is rapidly mixed with ambient
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water at the river mouth, resulting in a drastic drop in
flow velocity and related flow competence forming a
littoral delta. In bedload-dominated rivers, clasts are
forced to accumulate in the upper leeside of delta fore-
sets, from where inertia-dominated gravity avalanches
develop (Nemec 1990). The results are steep littoral
Gilbert deltas (Gilbert 1885), which are very common in
proglacial lakes. The development of homopycnal
Gilbert deltas in non-freshwater lakes is almost impos-
sible, since it will require to maintain a critical balance
of suspended sediment concentration in the fluvial dis-
charge to equal the density of the water in the receiving
basin. More recently, the concept of Gilbert deltas has
been wrongly extended to steep gravelly fan deltas in
marine settings (Postma and Roep 1985; Colella et al.
1987; Breda et al. 2007) which in fact represent coarse-
grained marine littoral deltas related to hypopycnal ra-
ther than homopycnal conditions.
Finally, submarine deltas form when a river discharges

a fluid with a bulk density higher than that of the water
in the reservoir (ρr > ρw), resulting in a hyperpycnal flow
generated by a stratified jet flow. When this happens,
the river flow plunges below the water surface in coastal
areas and travels basinward as a land-derived turbidity
current. Since river discharges are composed of fresh-
water, the flow bulk density can be only increased by the
excess of load provided by the fine-grained sediments
transported in turbulent suspension. According to Mulder

and Syvitski (1995), a minimal sediment concentration of
35–45 kg.m-3 of suspended sediment is required in a
fluvial discharge to produce a hyperpycnal plume in
normal-salinity marine settings. In the case of freshwater
lakes, the required sediment concentration is very low,
about 1 kg.m-3 (Mulder and Syvitski 1995). Hyperpycnal
flows have been proved to be also an important contribu-
tor to the flux of land-derived organic carbon towards dis-
tal, central basin areas (Zavala et al. 2012; Liu et al. 2013;
Baudin et al. 2017, 2020).
The three situations outlined by Bates represent just

three possible conditions within a continuum. The bulk
density of a river discharge can be very variable depending
on the size of the drainage network, volume of available
sediments, flood magnitude, flow duration and coastal
relief (Zavala 2020). Typically, the bulk density of river
waters (ρr) ranges from 998.20 kg.m-3 (for sediment-free
waters at 20 °C) up to more than 2153.20 kg.m-3 (for a
70% by volume cohesive debris flow with sediments hav-
ing a density of 2.65 g.cm-3, Zavala 2020). On the other
hand, the surface density of the receiving water body de-
pends on the water salinity and temperature, ranging from
less than 1 PSU (Practical Salinity Units) in freshwater
lakes up to more than 300 PSU for concentrated
brines. In consequence, the final scenario for deltaic
sedimentation will define multiple fields, allowing to
understand the origin of deltas and associated de-
posits from a large more rational point of view.

Fig. 1 The three different delta types recognized by Bates (1953) according to the density contrast between the incoming fluid and the receiving
water body. a Marine littoral deltas, generated by hypopycnal flows (ρr < ρw). b Lacustrine littoral “Gilbert” deltas, generated by homopycnal flows
(ρr = ρw). c Submarine deltas, generated by hyperpycnal flows (ρr > ρw). Modified after Zavala and Pan (2018). ρr = Bulk density of the river
discharge. ρw = Density of the water in the reservoir
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Following Bates’s concepts and fundamental under-
standing of jet flows (Fischer et al. 1979; Kim 2001;
Hoyal et al. 2003), a new deltaic classification is here
proposed (Fig. 2). The X-axis (logarithmic scale) shows
the possible range of salinities (in PSU) for lacustrine
and marine basins (from freshwater lakes to brines close
to saturation) and the range of water densities (ρw) con-
sidering an averaged marine salt composition at 20 °C.
Water densities have been calculated using the Oceanlife
Water Salinity Converter (2017). The common range of
normal sea surface salinity is also indicated (from 30 to
40 PSU according to the Aquarius mission, NASA). The
Y-axis (logarithmic scale) shows the density flows pro-
duced by natural river discharges (Zavala 2020), their
corresponding sediment concentrations (in kg.m-3) and
the bulk density of the flow (ρr, considering a 20 °C
interstitial freshwater and a sediment density of 2.65
g.cm-3). The interaction of these two density parameters
defines three main fields for deltaic sedimentation
(hypopycnal, homopycnal and hyperpycnal delta fields)
and a total of seven different delta types. Some selected

examples of recent and ancient deltaic deposits classified
according to these categories are shown in Tables 1 and 2.

2.1 Hypopycnal delta field
The hypopycnal delta field represents the situation when
the bulk density of the incoming flow (ρr) is lower than
the density of the water in the reservoir (ρw). All hypo-
pycnal deltas constitute constructive littoral forms since
the incoming subaerial flow is forced to stop at coastal
areas. This results in the immediate accumulation at the
shoreline of all sediments transported by the river as
bedload, forming a mouth bar (also referred to as delta
front). The characteristics of these mouth bar deposits
will depend on the grain size of the sediments trans-
ported in bedload and on the interaction with coastal
diffusion processes (Galloway 1975). The forced accu-
mulation at the delta front often results in an unbal-
anced deposition and steep delta slopes, typically
affected by gravity avalanches (Rajchl et al. 2008). In
coarse-grained systems, these steep high-gradient deltas
(especially in fiords) have been wrongly termed as

Fig. 2 New proposed classification of deltas following Bates’s concepts of density contrast between the incoming flow and the water in the
receiving basin. Three main delta fields are recognized, corresponding to hypopycnal, homopycnal and hyperpycnal. The hypopycnal delta field
comprises brackish, marine and hypersaline littoral deltas. The homopycnal delta field includes homopycnal littoral deltas. Finally, the hyperpycnal
delta field is integrated by hyperpycnal littoral deltas, hyperpycnal subaqueous deltas, and hyperpycnal fan deltas. Δρb: Differential buoyancy. R =
non-dimensional density parameter. Rc = critical value for a non-dimensional density parameter. *Critical range of necessary sediment
concentration to produce a hyperpycnal flow in normal-salinity marine waters

Zavala et al. Journal of Palaeogeography           (2021) 10:23 Page 4 of 15



Table 1 Some selected examples of recent deltas classified according to the rational classification proposed in this paper. Note that
the same system can be characterized by relatively coeval different delta types

River Basin Delta types References

Hypopycnal deltas HOLD Hyperpycnal deltas

HSLD MLD BLD HLD HSD HFDL

Amu Darya Aral Sea (UZ) x Conrad et al. 2013

Jordan Dead Sea (JO) x Inbar 1987

Congo Atlantic Ocean (CD) x x Khripounoff et al. 2003; Zavala and
Arcuri 2016

Al Batha Oman Gulf (OM) x x Bourget et al. 2010

Amazon Atlantic Ocean (BR) x x x Nittrouer et al. 1986; Flood and Piper 1997

Orinoco Atlantic Ocean (VE) x x Zavala et al. 2012, Zavala and Arcuri 2016;
Deville et al. 2015

Salado Pacific Ocean (CL) x x Wilcox et al. 2016

Bonea Tyrrhenian Sea (IT) x x Violante 2009

Dragone Tyrrhenian Sea (IT) x x Violante et al. 2016

Gaoping Northern South China
Sea (TW)

x x Liu et al. 2013

Parana Rio de la Plata (AR) x x Marcomini et al. 2018

Volga Caspian Sea (RU) x x Overeem et al. 2003

Danube Black Sea (RO) x x x Panin et al. 2016

Yangtze East China Sea (CN) x x Luo et al. 2017

Huanghe Bohai Sea (CN) x x Yang and Liu 2007; Gao et al. 2014, 2018

Ganges- Brahmaputra Bay of Bengal. Bengal
Fan (BD)

x x x Kuehl et al. 1997; Curray et al. 2002;
Lee et al. 2019

Las Dunas Gral. Carrera Lake (CL) x Bell 2009

Peyto Peyto Lake (CA) x Smith and Jol 1997

CD - Congo, OM - Oman, BR - Brazil, VE - Venezuela, CN - China, CL - Chile, IT - Italia, TW - Taiwan, China AR - Argentina, RU - Russia, RO - Romania, CA - Canada,
JO - Jordan, KR - Korea, BD - Bangladesh, UZ - Uzbekistan

Table 2 Some selected examples of ancient deltas classified according to the rational classification proposed in this paper. Note
that the same system can be characterized by relatively coeval different delta types

Unit Basin Delta types References

Hypopycnal deltas HOLD Hyperpycnal deltas

BLD MLD HSLD HLD HSD HFDL

Agrio Neuquén (AR) x x x Irastorza et al. 2018

Duvengan Western Canadian (CA) x x Bhattacharya and MacEachern 2009

Ferron SS. Cretaceous Seaway (US) x x Bhattacharya and MacEachern 2009

Yanchang Ordos (CN) x x x x Zavala et al. in press

Lajas - Los Molles Neuquén (AR) x x x x Paim et al. 2011

Mayaro Columbus (TT) x x Zavala and Arcuri 2016

Achimov West Siberia (RU) x Zavala 2020

Guarico Guarico (VE) x x x Zavala 2020

Rayoso Neuquén (AR) x x x Zavala et al. 2006

Coalmont North Park (US) x Flores 1990

Vikulovo West Siberia (RU) x Zavala et al. 2016

Leushinska West Siberia (RU) x Zavala et al. 2016

VE - Venezuela, CN - China, AR - Argentina, RU - Russia, CA - Canada, TT - Trinidad and Tobago, US - United States
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“Gilbert deltas” based on the existence of large-scale
foresets (Nemec 1990). In fact, the term Gilbert deltas
should be restricted to deltas originated by homopycnal
flows.
An important constituent of hypopycnal deltas is the

prodelta. The prodelta is mainly composed of fine-
grained materials carried as suspended load in the fluvial
discharge, which are transported basinward by buoyant
jets and related buoyant plumes. The capacity of sus-
pended load sediments to travel basinward in coastal
buoyant plumes will depend on the volume and grain-
size of the sediment, and on the differential buoyancy
(Δρb) provided by the negative density contrast between
the incoming river water (ρrw) and the water in the re-
ceiving basin (ρw). The differential buoyancy Δρb is an
indication of the suspended sediment load (in kg.m-3)
that the buoyant plume can sustain, and is calculated as
follows:

Δρb ¼ ρw−ρrw

where ρw is the density of water in the receiving basin,
and ρrw is the density of water (typically freshwater) in
the fluvial discharge. The Δρb is critical for the develop-
ment (or not) of extensive sediment-laden buoyant
plumes, which will effectively control the extension and
characteristics of the associated prodelta deposits. The
collapse of buoyant plume sediments has been recog-
nized as an alternative origin of intrabasinal turbidites
(Parsons et al. 2001; Zavala and Arcuri 2016; Hage et al.
2019).
A common characteristic of all hypopycnal littoral

delta deposits is the accumulation of progradational m-
thick coarsening- and thickening-upward successions
(Coleman and Prior 1982; Allen and Mercier 1987; Gani
and Bhattacharya 2005; Bhattacharya and MacEachern
2009). The characteristics and geometry (depositional
slope) of delta-front and prodelta deposits will depend
on the basin physiography, magnitude and duration of
the associated discharge, grain size of the river-supplied
sediments, basin diffusion processes, and Δρb. According
to the magnitude of the differential buoyancy, three cat-
egories of hypopycnal deltas are here recognized (Figs. 2
and 3): (i) Hypersaline littoral deltas (HSLD), (ii) Marine
littoral deltas (MLD) and (iii) Brackish littoral deltas
(BLD).
Hypersaline littoral deltas (HSLD) are commonly as-

sociated with underfilled hypersaline lakes and closed
hypersaline seas (Figs. 2 and 3a, Tables 1 and 2). These
deltas are rare, since one of the characteristics of hyper-
saline basins is a negative water balance (associated with
a low runoff) that favors salt concentration. These deltas
have a high Δρb (typically higher than 30.38 kg.m-3)
allowing the development of extensive buoyant jets and

plumes that can transport relatively coarse-grained sus-
pended materials (fine-grained sands). The ability to
transport these materials along the plume will depend
on how far the buoyant jet flow can be maintained.
Lower delta front and prodelta deposits are dominated
by sediments accumulated by fallout processes, resulting
in very gentle delta slopes (Fig. 3a).
Marine littoral deltas (MLD) (Fig. 1a, see also Figs. 2

and 3b, Tables 1 and 2) are the best-known type of
littoral deltas. These deltas have been classified by Gallo-
way (1975) according to the dominant marine diffusion
process recognized in coastal areas, including fluvial-
dominated, wave-dominated, and tide-dominated deltas.
This classification was later complemented by Orton
and Reading (1993), who added the overall grain-size of
the sediments. The high-density contrast between mar-
ine waters and incoming freshwater results in a Δρb ran-
ging between 22.75 and 30.38 kg.m-3. In consequence,
silt and clay materials (and even plant debris) trans-
ported as suspended load often form part of buoyant
plumes. The collapse of these sediments (through
flocculation and suspension fallout “rain”) results in the
accumulation of well-developed laminated and graded
prodelta deposits (Nemec 1995). Due to the small
volume and grain-size of the sediments carried in the
buoyant plume, the slope of the delta front-prodelta in
MLD tends to be steeper than in HSLD.
Brackish littoral deltas (BLD) are commonly devel-

oped in underfilled/balanced filled lakes and partially
closed (inland or epicontinental) marine basins with re-
duced salinity due to an important influx of freshwater
(Figs. 2 and 3c, see also Tables 1 and 2). In brackish
littoral deltas the Δρb is low (typically ranging between
0.3 and 22.75 kgm-3), resulting in weak and diluted
buoyant plumes. If fine-grained sand and silts cannot be
supported within the buoyant plume, prodelta deposits
will be poorly developed and dominantly composed of
clay and plant debris. In contrast, sandy suspended sedi-
ments can be forced to accumulate at the lower delta
front by an interaction of traction-plus-fallout processes
that typically generate massive, laminated or climbing
rippled sandstones. This unbalanced sedimentation often
results in steep delta front deposits subject to frequent
sediment avalanches. Brackish littoral deltas are very
sensitive to variations in the bulk density of the river dis-
charge. The incoming flow can easily go hyperpycnal if
the sediment concentration increases seasonally, thus
transforming BLD into hyperpycnal (ramp) littoral
deltas.

2.2 Homopycnal delta field
In the homopycnal delta field the bulk density of the in-
coming flow is similar respect to that of the water in the
receiving basin (Figs. 2 and 3d, see also Tables 1 and 2).
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This condition restricts the existence of homopycnal
littoral deltas (HOLD) to clear bedload-dominated rivers
entering freshwater lakes (Bates 1953). Bedload sedi-
ments are transported by shear forces at the base of the
streamflow until reaching the river mouth. At this point
the flow slows down and the bedload is forced to
accumulate at the upper delta front. This unbalanced
sedimentation results in the periodical collapse of

accumulated sediments in a series of gravitational ava-
lanches produced when the critical depositional slope
angle is exceeded at the upper delta front (Winsemann
et al. 2018). The characteristics of homopycnal deltas
will depend on the grain size of the associated bedload
and the critical slope to produce a gravity instability at
the depositional slope. Sediment avalanches in the delta
front are essentially inertia flows, where the coarsest-

Fig. 3 Diagram showing the seven different categories of deltas proposed in this paper, which are controlled by the interplay between the
density of basin waters and the bulk density of the incoming fluvial discharge
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grained sediments travel at the front of the flow (Nemec
1990). Consequently, homopycnal delta deposits are the
only littoral delta accumulations capable of building
fining-upward successions (Flores 1990). Fine-grained
fallout-generated prodelta deposits, very common in
hypopycnal deltas, are absent in HOLD, since these
deltas lack of buoyant plumes. The better-known exam-
ples of HOLD are Gilbert deltas (Gilbert 1885), which
are littoral gravelly deltas developed on proglacial lakes
(Tables 1 and 2). The progradation of Gilbert deltas over
poorly developed prodelta deposits can result in very
high and steep delta foresets.

2.3 Hyperpycnal delta field
The hyperpycnal delta field corresponds to the situation
when the bulk density of the incoming river flow (ρr) is
higher than the density of the water in the receiving
basin (ρw). The excess of density provided by the sus-
pended load results in a differential sink density (Δρs)
that allows the flow to sink below basin waters at coastal
areas (Mulder and Syvitski 1995; Mulder et al. 2003).
This Δρs is equivalent to the fractional density difference
(Rt or Δρ/ρ) used in the analysis of jet flows (Cantelli
et al. 2008). The value of this differential density de-
pends on the contrast between the sediment concentra-
tion of the incoming flow (typically ranging from
sediment laden turbulent flows to cohesive debris flows,
Zavala 2020) and the density of the water in the reser-
voir (Fig. 2). It can be calculated as follows:

Δρs ¼ ρr−ρw

where ρr is the bulk density of the fluvial discharge,
and ρw is the density of water in the receiving basin. The
Δρs represents the relative load of the incoming flow,
and potentially controls the effectiveness of shear forces
and finally the erosional capacity of stratified jet flows
associated with hyperpycnal discharges. In stratified jets
(with a high bulk density respect to the ambient water),
composed of a light interstitial fluid with an excess of
load provided by suspended particles, the settling of the
suspended load can result in a flow density reversal or
“lofting” (Simpson 1982; Sparks et al. 1993; Zavala et al.
2008; Pritchard and Gladstone 2009). The density con-
trast between the incoming jet flow and the receiving
water body was discussed by Turner and Huppert (1992)
and Kim (2001), who introduced a non-dimensional
density parameter R. The rheological significance of this
parameter is similar respect to the Δρs since it provides
an indication of the relative load of the incoming flow.
The main difference resides in that the R parameter is
non-dimensional and takes into consideration the buoy-
ant effect of the incoming freshwater contained in the

fluvial discharge. The density parameter R is expressed
as:

R ¼ ρw−ρr
ρw−ρrw

where ρw is the density of water in the receiving basin,
ρr is the bulk density of the fluvial discharge, and ρrw is
the density of the water in the fluvial discharge. In
sediment-laden jets R < 0. In this situation, a critical
value Rc was proposed, which separates weak plunging
jets (Rc < R < 0) from strong plunging jets (R < Rc < 0). In
weak plunging jets, the flow originally plunges, but the
density difference between the incoming flow and the
reservoir water is not enough to produce a substantial
shear and erosion at the flow bottom. This small density
contrast makes the suspended cloud easy to be main-
tained by normal marine diffusion processes (like tides,
waves, and ocean currents). On the contrary, strong
plunging jets are heavier and interact with the flow bot-
tom as a land-generated density current (or extrabasinal
turbidite), capable of eroding the basin floor and transfer
the sediments farther basinward with a system of
subaqueous channels and lobes. The critical value Rc

was estimated to be − 2.0 after a series of flume experi-
ments performed by Kim (2001).
According to the non-dimensional density parameter

R (above or below the critical value Rc), basin physiog-
raphy, and incoming flow rheology, three types of hyper-
pycnal deltas are recognized (Figs. 2 and 3): (i)
hyperpycnal littoral deltas (HLD), (ii) hyperpycnal sub-
aqueous deltas (HSD) and (iii) hyperpycnal fan-deltas
(HFD).
Hyperpycnal littoral deltas (HLD) are very low-

gradient littoral deltas (Fig. 3e). HLD are partially
equivalent to ramp deltas (Overeem et al. 2003), prodel-
taic shelves (Bhattacharya and MacEachern 2009),
muddy prodeltaic hyperpycnites (Wilson and Schieber
2014) and storm-flood-dominated deltas (Lin and Bhat-
tacharya 2020). These deltas form when sediment laden
(dirty) rivers enter in brackish (lacustrine or marine) or
normal-salinity marine basins. HLD are formed by weak
plunging jets (Kim 2001) resulting in light hyperpycnal
plumes. These weak plunging jets form when the non-
dimensional density parameter R is in between 0 and −
2. Flume experiments (Kim 2001) show that in these
conditions the flow does not have enough weight to
interact with the basin bottom (erode), and sediments
can be easily maintained in suspension by adding some
additional energy, like that provided by tides, waves, or
ocean currents. This interaction between weak hyper-
pycnal flows and the basin dynamic allows fine-grained
(sand-silt-clay) sediments to be transported and accumu-
lated very far (typically 100’s of km) from the river
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mouth (Fig. 4). An example of the interaction between
hyperpycnal flows and wave diffusion processes (Fig. 3e)
are wave-enhanced hyperpycnal flows (Lamb et al. 2008;
Macquaker et al. 2010; Plint 2013; Schieber 2016;
Wilson and Schieber 2017). Many HLD form when the
discharges of moderate dirty rivers enter in brackish
(lacustrine or marine) basins. As pointed out by Mulder
and Syvitski (1995), a number of dirty rivers have an
average of suspended sediment load between 1 and 40
kg.m-3 during normal (average) annual discharges. In
normal-salinity marine waters these “dirty” river dis-
charges commonly result in classical hypopycnal marine
littoral deltas (MLD), since the bulk density of the river
discharge is commonly below the required threshold to
go hyperpycnal. Nevertheless, in brackish basins (Fig. 2)
these incoming sediment-laden flows could have enough
density to plunge in coastal areas, thus generating a
weak hyperpycnal plume. HLD can also develop in
normal-salinity marine basins. According to Mulder and
Syvitski (1995), it is assumed that a minimal sediment
concentration of 35–45 kg.m-3 of suspended sediment is
required in a fluvial discharge to produce a hyperpycnal
plume in marine settings. Nevertheless, this minimal
concentration is largely below the necessary critical
concentration Rc required to produce a hyperpycnal

subaqueous delta (characterized by channel-lobe com-
plexes) in marine settings. For example, the Yellow River
(Huanghe) (Wang et al. 2006; Gao et al. 2014) is consid-
ered a hyperpycnal-dominated delta (Gao et al. 2014),
but its low average sediment concentration results in a
low gradient and progradational HLD. These low density
hyperpycnal plumes can be easily deflected by littoral
currents (like in the Yangtze delta, Luo et al. 2017). This
situation is common to other large river deltas like the
Amazon (Nittrouer et al. 1986), Ganges-Brahmaputra
(Kuehl et al. 1997), and Han (Cummings et al. 2015)
deltas, all characterized by extended (100’s of km) low-
gradient HLD’s. The Han river is considered a moder-
ately dirty river (Mulder and Syvitski 1995), and the
interaction between weak hyperpycnal flows and tidal
action can explain the very low gradient (< 0.2 degrees)
delta foresets (Cummings et al. 2015), which is typical of
HLD’s.
Modern and ancient HLD’s (see examples in Tables 1

and 2) build up progradational shallow clastic ramps
that can extend for 100’s of kilometers basinward in
brackish lakes, partially closed epicontinental seas, and
marine shelves (Gao et al. 2018). In partially closed seas,
like the Western Interior Seaway (USA) during the Late
Cretaceous, the salinity was substantially lowered due to

Fig. 4 Conceptual model showing the depositional framework and sediment distribution of Hyperpycnal Fan Deltas (HFD), Marine Littoral Deltas
(MLD), Hyperpycnal Littoral Deltas (HLD) and Hyperpycnal Subaqueous Deltas (HSD). Note that a single system can work at different levels of
efficiency depending on the volume, concentration, and duration of the incoming fluvial discharge. HSD’s can be accumulated in the shelf as
shelfal sandstone lobes (with associated subaqueous channels), or at inner basin positions as basin-floor fans. Of these deltas, HLD’s have the
more extended distribution, since the motion of these weak hyperpycnal flows are aided by waves, tides, and ocean currents. MTC: Mass-
transport complex; TSF: Transient fan; ssl: Shelfal sandstone lobes
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an increasing contribution of riverine runoff. Petersen
et al. (2016) estimated a salinity lower than 11 PSU for
coastal environments, being lesser than one-third of the
average salinity of open seas. In the Lower Cretaceous
Agrio Formation (Neuquén Basin, Argentina) HLD
deposits conform m-thick wave-dominated coarsening-
and thickening-upward successions (Irastorza et al.
2018). These packages commonly end up with a region-
ally extended bioclastic limestone bed. It is interpreted
that these changes between progradational cycles and
limestones are related to salinity fluctuations. In contrast
to hyperpycnal subaqueous deltas (HSD), which are
commonly characterized by bedload and suspended load
deposits detached from the river mouth (Zavala and Pan
2018), HLD are attached to the shoreline forming littoral
deposits accumulated by the collapse of the suspended
load (bedload deposits are uncommon). The slope of
these littoral deltas is extremely low, typically between
0.2–0.003 degrees (Overeem et al. 2003; Bhattacharya
and MacEachern 2009; Wilson and Schieber 2014;
Cummings et al. 2015; Gao et al. 2018). The common
reworking by wave diffusion processes, the low gradient
of the delta front, and the overall progradation shown by
HLD’s make it possible to wrongly interpret these deltaic
deposits as storm-dominated shoreface deposits/strand
plains, or either wave-dominated parasequences. If the
sediment load of river discharges substantially increases
during floods, a R below the critical number of − 2 can
make these deltas to seasonally evolve into detached
hyperpycnal subaqueous deltas.
Hyperpycnal subaqueous deltas (HSD) constitute the

most commonly recognized type of hyperpycnal delta
(Mutti et al. 1996; Mulder et al. 2003; Mutti et al. 2003;
Nakajima 2006; Zavala et al. 2006; Zavala and Arcuri
2016; Zavala and Pan 2018) generated by relatively high-
density flood river discharges in marine and lacustrine
basins. To generate a HSD, the incoming fluvial dis-
charge should have a R density parameter below the crit-
ical Rc of − 2 (Figs. 2 and 3f), corresponding to the field
of long-lived sediment-laden turbulent flows (SLTF,
Zavala 2020). SLTF are pure turbulent flows with a sus-
pended sediment concentration ranging from 1 to 238.5
kg.m-3 (Fig. 2; Zavala 2020), this is below the Bagnold’s
limit (9% vol) (Bagnold 1962). Due to its relative high
bulk density, the river discharge plunges and bypass
coastal areas generating a coastal-detached subaqueous
channel-lobe system (Zavala and Pan 2018). The associ-
ated deposits show the characteristics of extrabasinal
turbidites (Zavala and Arcuri 2016). In brackish (lacus-
trine or marine) settings, the density threshold to gener-
ate HSD is easily achieved by most dirty rivers (Fig. 2).
In contrast, in normal-salinity seas, the generation of
hyperpycnal subaqueous deltas requires a density con-
trast produced by a suspended sediment concentration

much higher than the minimum of 35–45 kg.m-3 pro-
posed by Mulder and Syvitski (1995). Theoretical con-
cepts and flume experiments (Kim 2001) suggest that
the required suspended sediment concentration in the
incoming flow to produce a HSD in the ocean should be
over 100 kg.m-3 (Fig. 2). In consequence, hyperpycnal
flows produced by dilute hyperpycnal discharges (< 100
kg.m-3) in normal salinity seas (related to some dirty riv-
ers often affected by coastal diffusion processes, Shan-
mugam 2018) result in HLD, and cannot be considered
as analogs of HSD’s. These high-density hyperpycnal dis-
charges are commonly composed of suspended load and
can also include a bedload component. Bedload deposits
are common in proximal settings, typically characterized
by either extrabasinal and/or intrabasinal conglomerates
embedded within massive sandstone deposits (Griggs
et al. 1970; Zavala et al. 2011). Suspended load deposits
are dominantly composed of massive sandstones
followed by laminated and ripple-drift cross-laminated
sandstones (Zavala et al. 2011). In marine and saline ba-
sins, the density reversal induced by the interstitial fresh-
water of parent flows result in the origin of lofting
plumes that lead to the accumulation of lofting rhyth-
mites (Zavala et al. 2008; Zavala and Arcuri 2016). These
deposits commonly show abundant plant remains, mi-
crofossils and fossil debris eroded from the basin bottom
at different water depths (Griggs et al. 1970). HSD are
typically associated with medium to large size rivers
characterized by long-lived and quasi-steady fluvial
discharges (Khripounoff et al. 2003). The continuous
pumping of the fluvial discharge allows these flows to
travel considerable distances also along near-flat basin
bottoms (Bourget et al. 2010). Depending on the dur-
ation of the incoming flow and the basin physiography,
HSD’s can develop on the shelf as channel fills and shel-
fal sandstone lobes (Mutti et al. 1996), or at inner basin
areas as basin-floor fan complexes (Fig. 4). One of the
most spectacular examples of a recent HSD corresponds
to the Bengal Fan, which is the largest submarine fan on
Earth (Table 1). The Bengal Fan (also known as the
Ganges Fan) is about 3000 km long, 1430 km wide, and
have a maximum accumulated thickness of 16.5 km
(Curray et al. 2002). Recently, the International Ocean
Discovery Program Expedition 354 (Lee et al. 2019) dis-
covered abundant woody debris in recent extrabasinal
turbidites recovered at 3700-m water depth, ca. 2000 km
away from the river mouth. These deposits enhanced
the importance of hyperpycnal flows in building very
thick subaqueous delta successions as basin-floor fans.
Hyperpycnal fan deltas (HFD) are a special kind of

hyperpycnal deltas generated in high gradient settings by
small mountainous rivers (Fig. 4). During high-peak
floods, these rivers produce short-lived high-density
flows (typically concentrated flows, hyperconcentrated
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flows and exceptionally, cohesive debris flows). The high
sediment concentration of these flows results in a very
low non-dimensional density parameter R (Figs. 2 and
3g) that forces the flow to plunge in coastal areas and to
travel basinward as a high-density inertia-dominated
flow (Liu et al. 2013). These inertial flows require a slope
to maintain their complex internal sediment support
mechanism (Zavala 2020), and eventually to transform
into more dilute density flows. Due to their short
duration, main deposits associated with these flows
constitute residual conglomerates and fan-shape lobes
accumulated close to the depositional slope break (Prior
and Bornhold 1990; Liu et al. 2013). These flows are
often affected by multiple flow transformations and hy-
draulic jumps, losing all original lightweight extrabasinal
components. In consequence, the final deposit can re-
semble those typical of intrabasinal turbidites (Zavala
and Arcuri 2016; Zavala 2020).

3 Deltas and sequence stratigraphy
The rational analysis of deltaic deposition introduced in
this paper demonstrates that deltas are largely more
complex than previously considered. The variability ob-
served in the characteristics (concentration, volume, and
duration) of incoming fluvial discharges and the location
of depositional areas deeply contrasts with the simplified
depositional models proposed by the eustasy-driven
sequence stratigraphy (Catuneanu et al. 2009). Such
sequence-stratigraphic models are oversimplified, as
they consider a near constant sediment supply (Jervey
1988) and a primary accumulation of coarse-grained
sediments close to the shoreline in littoral deltas and as-
sociated coastal systems.
Growing evidence indicate that climatically controlled

allocyclic variations along the geological time result in
deltas having different efficiency (Fig. 4). The last allows
to potentially explain most depositional elements in-
cluded in sequence stratigraphic models without the
need of incorporating long- and short-term sea-level
variations.
During highly-efficient periods sediment supply from

rivers can be directly transferred to inner basin areas
(shelf or base-of-slope) as extrabasinal (hyperpycnal) tur-
bidites, forming HSD’s with subaqueous channels and
stacked sandstone lobes (Fig. 4) even during Highstand
Systems Tract (HST). If this situation is not properly
considered, these deposits could be wrongly interpreted
as accumulated during a Falling Stage Systems Tract
(FSST) or a Lowstand Systems Tract (LST), both related
to a forced regression (relative sea-level fall). Addition-
ally, weak hyperpycnal flows generated by dirty rivers
combined with basin diffusion processes (waves, tides
and ocean currents) can build HSD’s, characterized by
small-scale progradational sequences that can extend

100’s of km offshore in shallow shelfal areas (Fig. 4).
Due to the apparent shallowing upward trend and the
common occurrence of wave reworking, these low-
gradient delta-front deposits could be misinterpreted as
beach of shoreface deposits composing parasequences
driven by high-frequency sea level changes accumulated
during HST’s.
Understanding this climatically-driven sequence stra-

tigraphy is very important also for the study of lacustrine
basins, since it provides a new interesting paradigm to
give a rational explanation to some unsolved task of
eustasy-driven sequence stratigraphy like (1) the origin
of third order cycles and depositional sequences, (2) the
origin of eustatic sea level falls during hyperthermals,
and (3) stratigraphic controls in non-marine sequence
stratigraphy.

4 Conclusions
The delta classification early proposed by Bates (1953)
deeply changed the geological paradigm about the origin of
deltaic deposits, from a pure descriptive-geomorphological
standpoint towards a rational framework. This novel point
of view allows to explain the origin of poorly known
river-sourced clastic deposits recognized in shallow to
deep-water settings. Understanding the interaction be-
tween the bulk density of the river discharge and the
density of the receiving body of water is fundamental
for defining the different possible scenarios for deltaic
deposition. The delta classification here proposed ex-
pands the original concept taking into consideration
the main depositional controls on deltaic sedimenta-
tion. The new proposed classification recognizes seven
delta types distributed within three fields of deltaic sedi-
mentation. Although the limits between the different fields
and delta types here proposed are well defined, the con-
trolling parameters can be highly variable. As an example,
the salinity of the receiving water body can be substan-
tially lowered at the river mouth due to the continuous
supply of freshwater (Parsons et al. 2001; Zavala and
Arcuri 2016; Hage et al. 2019). The last can aid the flow to
overcome the coastal density threshold to go hyperpycnal,
or can decrease the power of the buoyant plume to carry
suspended sediments basinward. On the other hand, the
sediment concentration of river discharges can vary sig-
nificantly between different floods and along time within
the same flood. Continuous changes in the properties of
the receiving water body and incoming flow parameters
could result in different delta types coexisting within a
given depositional system (Fig. 4, Tables 1 and 2).
A very common (and at present poorly considered)

type of delta in the rock record corresponds to HLD’s
generated when dirty rivers enter a brackish or a normal
salinity marine basin. Due to their extreme low deposi-
tional gradient, the resultant deposits typically define
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coarsening-upward successions that are often simply
interpreted as “parasequences” (Van Wagoner et al.
1988). Nevertheless, these progradational cycles are con-
trolled by sediment supply (allocycles) and eventually
delta shift (autocyclic) instead of only high-frequency
sea-level changes. Probably, a number of ancient HLD
deposits have been wrongly interpreted as simple shore-
face deposits related to the progradation of strandplains.
The distinction between weak and strong plunging jets
(and associated hyperpycnal plumes) is fundamental to
properly understand the characteristics and variability of
hyperpycnal deposits in lacustrine and marine settings.
Our understanding of these deposits and their associated
sequence stratigraphic framework is still very poor and
will require further studies.
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