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The Danube delta is one of the few large deltas in the world the evolution of which has involved numerous and
varied episodes within a complex framework of interactivity between river sediment supply, allochthonous
sediments supplied by longshore currents, marine dispersing forces, vertical movements (neotectonics, sediment
compaction) and sea level. The resulting complex morphology comprises diversiﬁed landscapes varying from
labyrinthic net of channels and lakes (ﬂuvial delta) to massive tracts of monotonous reed marshes, large lagoons
divided by barriers, or beach-ridge plains accommodating large transgressive duneﬁelds (maritime delta). Whilst
previous studies have focused on various sectors of the Danube delta, the current paper proposes for the ﬁrst
time an integral reconstruction of delta evolution based on existing and new sedimentological and morphological analyses and absolute ages (AMS 14C and OSL), enabling a comprehensive synthesis in terms of both
evolutionary phases and growth patterns. A chronological framework was established for all the deltaic lobes
and beach-ridge plains, highlighting the relationship between formation timespan, growth rates, and the
resultant morphology.
This work unveils the early stage of delta formation, including the reconstruction of delta front advancement
into Danube Bay (Old Danube lobe: prior to 7.5–5.5 ka) and initial spit/barrier development (6.7/6.5–5.8 ka).
Inception of the bayhead delta started > 1000 yr before the relative stabilization of sea level and of the initial
spit formation. The original ﬂuvial delta plain topography is now buried at a depth of 4–6 m depth below the
present topography (representing the current stage of ﬂuvial aggradation), as a result of subsidence and sea-level
rise.
Regarding the maritime delta, six large open-coast lobes developed in the last six millennia, of which four
were formed by the Sf. Gheorghe branch, attesting the long uninterrupted activity of this branch, whereas the
other two were created respectively by the Sulina and the Chilia branches. The evolution of each lobe is derived
from successive (chronological) shoreline positions and discussed in relation with changes in Danube discharge.
Special attention has been paid to their growth stages and progradation rates. For the southern delta, we bring in
new arguments for an active southern distributary (the Dunavăţ, derived from the Sf. Gheorghe branch) that
formed successive open-coast lobes between 2.6 and 1.3 ka. Additionally, we discuss the eﬀects of modern
anthropogenically-driven ﬂuvial sediment reduction on the morphology and morphodynamics of the active lobes
of the Danube.
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1. Introduction

longshore currents, under the inﬂuence of sea level, tectonics and
oceanographic conditions in the north-western Black Sea basin. The
Danube delta has the widest (about 200 km) continental shelf in the
entire basin resulted from the convergence of some of the biggest
European rivers (Danube, Dnieper and Dniester) ﬂowing into the
northwest Black Sea. The Danube River is the most important water
and sediment supplier of the Black Sea basin (and of the Mediterranean
Sea), having a length of 2870 km, a drainage basin of about
817.000 km2, an average water discharge of about 200 km3/yr
(6400 m3/s) and a sediment discharge of 25 to 35 Mt/yr, of which
4–6 Mt/yr is sandy material (Panin and Jipa, 2002). The river presently
ﬂows into the sea through three main distributaries: the Chilia, which
transports approximately 58% of the water and sediment discharge; the
Sulina, the major economic waterway, 19%; and the Sf. Gheorghe, 23%.
Interestingly, the ﬁrst measurements made by the European Commission on Danube at the mid-19th century (1857), before the regularisation works on Sulina, indicate a larger ﬂow than nowadays on the Chilia
(70%) to the detriment of Sulina (7%), whilst Sf. Gheorghe was roughly
the same (Gâştescu, 2009).
Geologically, the Danube delta overlaps the Pre-Dobrogean
Depression (mainly overlying the Scythian Platform), and comprises a
sequence of detrital deposits (tens to 220 m thick) formed mainly
during the Upper Pleistocene sea-level high-stands. Tectonically, the
delta is situated in a mobile area aﬀected by subsidence and important
sediment accumulations (Zugrăvescu et al., 1998; Bondar and Panin,
2001). By its position in SE Europe (45°N latitude crosses the central
delta), the climate is temperate and continental. The Danube delta is
the driest region in Romania and one of the driest around the Black Sea,
with mean annual rainfalls of 350–380 mm. The seasonal thermal
amplitudes are of 22 °C with summer temperatures of 21.8 °C (the mean
in July–August) and near 0 °C in wintertime.
The Danube delta coast is characterized by tideless (maximum
spring tide range of 0.12 m;) and medium-wave energy conditions.
Prevailing short and steep wind waves have average oﬀshore signiﬁcant
wave heights of 1–1.5 m with corresponding mean periods of 5–7 s.
Regular storm events generate waves 2 to 4 m high, especially during
winter, with maximum oﬀshore signiﬁcant heights of up to 7–8 m
during extreme storms. Northeasterly waves are dominant in terms of
both magnitude and frequency approaching the shoreline at oblique
angles and inducing strong southward oriented longshore drift which
can reach 1 million m3/yr (Vespremeanu et al., 2004; Dan et al., 2007).
The mean relative sea-level rise registered during the last 150 yr on the
Danube delta coast is 2.65 mm/yr at Sulina (Vespremeanu et al., 2004),
a mix of eustatic sea-level rise and natural subsidence.

Deltas are large-scale coastal accumulation features continuously
evolving to adapt to natural and anthropogenic-induced environmental
changes, and commonly evincing a large diversity of landscapes. Deltas
have been the subject of numerous studies that have generated
classiﬁcations (Wright and Coleman, 1973; Galloway, 1975; Wright,
1977, Boyd et al., 1992), set forth the global conditions of delta
formation (e.g. Stanley and Warne, 1994), proposed common evolutionary controlling factors (McManus, 2002; Ericson et al., 2006;
Syvitski and Saito, 2017; Anthony, 2015) and global responses
(Syvitski et al., 2009), and produced models of commonly shared
deltaic morphodynamic processes (Syvitsky et al., 2005; Jerolmack,
2007; Ashton and Giosan, 2011).
The Danube delta is a world heritage natural reserve, famous
worldwide for the numerous pristine ﬂuvial, marine and coastal landscapes, such as gallery-like natural channels, hundreds of lakes, ﬂuvial
levees, sand duneﬁelds, beach-ridge plains, barrier islands and spits,
and large lagoons, representing a preserved testimony of complex delta
evolution. This study is devoted to the genesis and evolution of the
Danube delta and tackles yet unsolved questions, taking advantage of
the knowledge gained from previous studies and corroborating it with
newly produced chronostratigraphical and morphological data.
Although diﬀering in their appreciation of the existence and chronology
of the maritime lobes of the Danube, the most inﬂuential theories
describing the evolution of the delta unanimously recognize that it
started to form within an ancient golf of the Black Sea isolated by a
bayhead barrier or an initial spit. This thesis was ﬁrstly advanced by
Spratt (1860) and subsequently supported by Murgoci (1912), Antipa
(1914), de Martonne (1931), Mihăilescu (1936–1947), Zenkovich
(1956), Panin (1989) and Giosan et al. (2006). Some authors conceived
this feature as a unitary barrier spit aligned from Jibrieni to Histria
(Antipa, 1914), to Caraorman (Panin, 2003), down to the Zmeica
barrier (Zenkovich, 1956; Giosan et al., 2005), or even from Odessa to
Razelm (Ștefănescu, 1982), subsequently becoming pierced as a result
of the advancement of the distributaries. The existence of such a barrier
is advocated as a necessary morphodynamic requirement for the
subsequent evolution of the upper Danube delta (Giosan et al., 2005).
The postulated initial spit is the common point of the most representative theories about the genesis and evolution of the Danube delta, but a
comprehensive explanation and description of its morphodynamics is
still missing. This is why a rather biased understanding of its role in
deltaic morphodynamics still persists, as expressed by the recently
published works on late Holocene deltaic changes (Carozza et al., 2013;
Bony et al., 2015).
Another sensible issue is related to the local sea-level inﬂuence in
building the Danube delta. Although it is commonly accepted that most
modern deltas started to form as the post-glacial sea-level rise slowed
down (Stanley and Warne, 1994), the complex and contradictory sealevel proxies in individual deltas around the world have led to the
increasing recognition of the role played by tectonics and subsidence in
deltaic morphodynamics and conﬁguration (Evans, 2012; Nageswara
Rao et al., 2013, 2015; Anthony, 2015).
This paper addresses the following persisting questions on: (i) the
initial spit chronology and morphodynamics, (ii) the chronology and
development of the western deltaic compartment (the “ﬂuvial delta”)
which is still poorly known, (iii) the evolution of the eastern and
southern compartment of the Danube delta (the “maritime delta”) in
relation with the major changes that triggered successive lobe switches,
and (iv) resolving the controversy on the origin of the southern delta.

3. Methodology
The Holocene development of the Danube Delta has been investigated by combining mapping of the surﬁcial morphology with description of the internal stratigraphy through core drilling and establishment
of a chronological framework supported by radiocarbon and OSL
dating.
3.1. Landform mapping
Mapping of beach ridges, levees, scroll bars and paleo-river
channels was carried out using ArcGIS 10.1 software and relied on a
2010 orthophoto (0.5 m resolution), Landsat 8 imagery (15 m resolution) and SRTM data (30 m resolution), the last two available at http://
earthexplorer.usgs.gov. For the ﬂuvial (western) delta, the mapping of
preserved scroll bars evidences the meandering activity of Danube
distributaries and secondary channels, whereas the diﬀerence in levee
widths indicates the maturity of distributaries; a levee index for each
interdistributary region was computed as a ratio between the levee
surface area and the interdistributary surface area. In the marine
(eastern) part of the delta, beach ridges are correlated with absolute

2. Regional setting
The Danube delta formed as a major coastal accumulation feature
(with a total surface of 5480 km2) under the combined deposition of
sediment discharged by the Danube River and sediment brought by
39
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Fig. 1. The map of Danube delta with the main geomorphological features of the delta plain (ﬂuvial levees, beach ridges, ridge plains). The key sites discussed in the text are referred as
speciﬁc toponyms and hydronyms indicated on the maps of the two subplots: A) Locations of cores, drills and stratigraphic transects on a 2013 Landsat image in the background.
Published cores and drills are from: Popp (1960, 1961), Panin (1972), Giosan et al. (2006), Carozza et al. (2013), Vespremeanu-Stroe et al. (2013), Filip and Giosan (2014), Bony et al.
(2015), Preoteasa et al. (2016). Mainland topography is from 30 m SRTM DEM. Boxes show the position of further detailed ﬁgures in which additional information is presented. B)
Location of all published and new absolute ages used in the paper obtained through OSL and 14C AMS. All values are expressed in ka.

3.3. Radiocarbon and OSL dating

dating to reconstruct the growth of open-coast lobes. In this regard,
progradation and surface growth rates were calculated and interpreted
with reference to avulsion dynamics and river ﬂux changes.

A total of 109 radiocarbon and OSL ages (of which 47 are new) have
been used in this study (Fig. 1B). Newly obtained accelerator mass
spectrometry (AMS) radiocarbon dates were obtained from peaty
organic material, and from foraminifera and ostracods assemblages
recovered from diﬀerent depths in the cores (Table 1). OSL samples
were recovered from the beach ridges and leveled relative to mean sea
level with a Leica VIVA GS08Plus RTK DGPS. The sand samples were
collected with PVC tubes (30 cm length and 5 cm diameter) from 1 to
1.5 m deep trenches cut in wave-deposited sediments. The OSL samples
were processed by applying the multi-grain SAR protocol (Murray and
Wintle, 2003) to sand-sized quartz (Table 2). A detailed description of
the OSL laboratory work and dating sequences can be found in
Preoteasa et al. (2016).

3.2. Stratigraphy
We analyzed a total of 35 cores and drills, 19 of which are derived
from previous publications (Popp, 1960, 1961; Liteanu and Pricăjan,
1963; Panin, 1972; Giosan et al., 2006; Carozza et al., 2013; Filip and
Giosan, 2014; Bony et al., 2015; Preoteasa et al., 2016) (Fig. 1A).
Previous deep drills from Panin (1972) were used for a west-east crosssection across the deltaic deposits whilst drills from Popp (1960, 1961)
were used for a north-south interpretation. The new cores, which attain
depths of up to 10 m were obtained from the delta plain in August–October 2013, using a Cobra TT percussion corer and coreheads of 8
and 5 cm. Core site elevations were obtained from a LiDAR digital
elevation model, courtesy of Danube Delta Institute of Research and
Development. The core locations cover the entire ﬂuvial delta. A
description of the cores was made in situ and probe sampling was
conducted at 5 cm spacing. Facies were characterized by grain size,
main mineralogical composition, color and biological content. Grain
size parameters were determined using the LS 13320 analyzer and the
LSDPA technique. Samples containing micro-fauna were inspected in
the laboratory following the indications of Boomer et al. (2003). The
main depositional environments were determined from interpretation
of foraminifera and ostracode assemblages based on Caraion (1967)
and Frenzel and Boomer (2005).

4. Results
4.1. Delta morphology
Morphologically, the delta plain is composed of two main units: i)
the ﬂuvial delta which occupies the western part (western delta) where
prominent morphology is represented by ﬂuvial levees, channels and
lakes shaped by ﬂuvial dynamics, and ii) the maritime delta in the east
and south composed either by large open-coast lobes (eastern delta) or
by abandoned lobes mostly aﬀected by subsidence, where large lagoons
subsequently developed (southern delta).
40
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Table 1
Summary of radiocarbon age results. AMS 14C dating was carried out by the Radiocarbon Laboratory of the Institute of Physics (Silesian University of Technology in Gliwice, Poland), the
Institute of Geology and Mineralogy (Koln University, Germany) and by ETH Zurich (Switzerland). For a unitary expression of all absolute ages used in the paper, the radiocarbon dates
were converted from calibrated years BP (with reference to 1950 CE) to calibrated ka with reference to 2016.
Sample

Site name

Depth in core (m)

Material

Coordinates (lat N/long S)

Conventional 14C age (years BP)

Cal. age (ka)

F1.19
F1.25
F2.6
F2.9
F4.3
F4.7
F5.3
F5.9
F7 P2
F7 P5
F8.3
F8.5
F8.8
F9.2
F9.4
F12.2
F12.6
F13.2
F13.7
F15.6
F16.3
F16.7
F16.9
F16.11
F17.4
F17.8
F18.2
F18.6
CHILIA
Letea10
KP1/1a
KP1/2.8a
KP1/3.1a
KP1/6a
KP1/6.4a
KP2/0.3a
KP2/1.9a
8b
9b
11b
14b
18b
29b
30b
31b
NE1/5.44c
D2/3.98c
Log 10d/1.58
Log 10d/1.90
Log 10d/2.23
Log 10d/2.44
Log 10d/2.67
Log 10d/2.94
IRO2 35e
O2 202e
IRO2 73e
O2 382e
O2 420-430e
O2 610-620e
O2 850-860e
R-2675f

Canalul Lung
Canalul Lung
Merhei
Merhei
Dovnica
Dovnica
Crasnicol
Crasnicol
Dranov
Dranov
Zmeica
Zmeica
Zmeica
Dunavat
Dunavat
Uzlina
Uzlina
Dranov
Dranov
Fortuna Sud
Hontu
Hontu
Hontu
Hontu
Litcov
Litcov
Pardina
Pardina
Chilia I
Letea
Chilia I
Chilia I
Chilia I
Chilia I
Chilia I
Chilia II
Chilia II
Puiu West
Puiu East
Pahane
Ivancea
Crasnicol
Dunavat
Dunavat
Dunavat
Nebunu
Dunavat
Taraschina
Taraschina
Taraschina
Taraschina
Taraschina
Taraschina
Orgame
Orgame
Orgame
Orgame
Orgame
Orgame
Orgame
Pahane

3.95
5.42
2.8
4.3
3.7
5.75
2.45
3.85
2.9
5.05
1.35
2.08
3.4
5.55
6.86
3.85
5.6
2.9
4.7
5.7–5.77
2.8
5.75
6.6
7.55
5.69
7.5
2.75
8.45
2.3
0.8
1
2.8
3.1
6
6.4
0.3
1.9
1.3
1.26
1.2
1.65
2.8
0.92
2.66
3.5
5.44
3.98
1.58–1.60
1.90–1.92
2.23
2.44–2.46
2.67
2.94
0.92
2.02
2.22
3.82
4.25
6.15
8.55
0.7

Ostracods
Cardium sp.
Cardium sp.
Ostracods
Ostracods
Cardium sp.
Ostracods
Peat
Peat
Peat
Ostracods
Ostracods
Ostracods
Ostracods
Ostracods
Peat
Peat
Peat
Peat
Ostracods
Peat
Peat
Ostracods
Ostracods
Peat
Ostracods
Dreissena sp.
Cardium sp.
Cardium sp.
Cardium sp.
Dreissena sp.
Wood
Dreissena sp.
Dreissena sp.
Dreissena sp.
Wood
Cardium edule
Abra sp.
Abra sp.
Abra sp.
Abra sp.
Abra sp.
Peat
Peat
Mytillus sp.
Peat
Peat
Charcoal
Charcoal
Charcoal
Charcoal
Charcoal
Charcoal
Charcoal
Melanopsis praemorsa
Charcoal
Wood
Organic matter
Abra alba
Abra alba
Cardium edule

45°8′43.74″/29°19′28.99″
45°8′43.74″/29°19′28.99″
45°18′57.27″/29°23′58.58″
45°18′57.27″/29°23′58.58″
45°14′5.29″/29°24′57.60″
45°14′5.29″/29°24′57.60″
44°54′35.50″/29°20′18.40″
44°54′35.50″/29°20′18.40″
44°56′38.24″/29°17′17.88″
44°56′38.24″/29°17′17.88″
44°42′10.10″/28°53′21.90″
44°42′10.10″/28°53′21.90″
44°42′10.10″/28°53′21.90″
44°56′5.49″/29°7′32.54″
44°56′5.49″/29°7′32.54″
45°4′54.16″/29°15′1.14″
45°4′54.16″/29°15′1.14″
44°53′46.55″/29°15′58.03″
44°53′46.55″/29°15′58.03″
45°11′58.23″/29°6′37.10″
45°15′57.23″/28°55′52.13″
45°15′57.23″/28°55′52.13″
45°15′57.23″/28°55′52.13″
45°15′57.23″/28°55′52.13″
45°7′47.76″/29°8′28.49″
45°7′47.76″/29°8′28.49″
45°17′40.08″/29°10′23.33”
45°17′40.08″/29°10′23.33″
45°29′25″/29°11′13″
45°21′24″/29°32′58″
45°17′34″/29°0′12″
45°17′34″/29°0′12″
45°17′34″/29°0′12″
45°17′34″/29°0′12″
45°17′34″/29°0′12″
45°25′6.27″/29°21′37.03″
45°25′6.27″/29°21′37.03″
45°3′17.63″/29°27′19.57″
45°3′1.11″/29°29′53.02″
44°43′43.92″/29°0′38.30″
45°2′45.30″/29°37′47.33″
44°54′54.77″/29°26′25.46″
44°56′27.87″/29°12′23.25″
44°56′27.87″/29°12′23.25″
44°56′27.87″/29°12′23.25″
45°14′45.8540″/29°0′55.2225″
44°55′37.1255″/29°16′22.5829″
45°12′35.53″/29°10′14.78″
45°12′35.53″/29°10′14.78″
45°12′35.53″/29°10′14.78″
45°12′35.53″/29°10′14.78″
45°12′35.53″/29°10′14.78″
45°12′35.53″/29°10′14.78″
44°45′22.10″/28°56′31.79″
44°45′22.10″/28°56′31.79″
44°45′22.10″/28°56′31.79″
44°45′22.10″/28°56′31.79″
44°45′22.10″/28°56′31.79″
44°45′22.10″/28°56′31.79″
44°45′22.10″/28°56′31.79″
44°44′50″/29°03′30″

4925 ± 29
4916 ± 26
2514 ± 26
3677 ± 26
2597 ± 56
5377 ± 26
3171 ± 26
3288 ± 29
1979 ± 30
4459 ± 35
1.0932 ± 0.0032 F14C
2746 ± 41
5117 ± 41
5484 ± 53
5555 ± 70
3128 ± 30
4482 ± 32
2882 ± 27
3681 ± 30
6414 ± 201
700 ± 37
4360 ± 40
6224 ± 159
6997 ± 226
4447 ± 33
7155 ± 208
1784 ± 46
6892 ± 39
4720 ± 27
1695 ± 27
1564 ± 107
1580 ± 25
2590 ± 108
5090 ± 30
5566 ± 115
150 ± 30
1340 ± 30
3120 ± 30
2810 ± 30
3500 ± 40
2460 ± 45
1780 ± 45
265 ± 25
1540 ± 110
5010 ± 20
5190 ± 40
3620 ± 45
5390 ± 80
5600 ± 40
5470 ± 40
5610 ± 40
5580 ± 40
5660 ± 40
295 ± 30
2060 ± 60
2310 ± 30
2900 ± 30
3655 ± 30
5160 ± 35
5630 ± 40
–

5.72–5.66
5.77–5.75
2.66–2.55
4.15–3.98
2.48–2.15
6.16–6.05
3.51–3.42
3.64–3.51
2.05–1.93
5.35–5.02
Modern
2.64–2.37
5.62–5.38
5.65–5.94
6.16–5.80
3.47–3.38
5.34–5.22
3.14–2.99
4.15–3.98
7.39–6.50
0.76–0.69
5.10–5.05
7.07–6.34
7.87–7.05
5.34–5.22
8.11–7.11
1.66–1.88
7.72–7.89
5.64–5.57
1.34–1.16
1.35–1.75
1.47–1.59
2.42–2.91
5.29–5.62
6.06–6.56
0.06–0.34
0.73–0.99
2.76–3.05
2.37–2.73
3.16–3.53
1.89–2.30
1.14–1.46
0.34–0.38
1.34–1.76
5.11–5.50
5.77–6.17
3.89–4.15
6.38–6.01
6.51–6.36
6.45–6.25
6.53–6.37
6.50–6.36
6.61–6.38
0.35–0.52
1.94–2.35
2.24–2.42
3.01–3.22
3.95–4.14
5.36–5.64
5.80–6.06
3.63–2.53

Ages from previous studies are from:

a

Filip and Giosan (2014),

b

Giosan et al. (2006),

c

Giosan et al. (2013),

d

Carozza et al. (2013),

e

Bony et al. (2015), f Noakes and Herz (1983).

The distinct conﬁgurations of the three main distributaries call for
diﬀerent evolutionary patterns and environmental conditions. The Sf.
Gheorghe displays a pronounced meandering (sinuosity index, Si of
1.58), the Sulina follows a straighter route to the coast with only two
large meanders before crossing the ﬁrst beach ridge (Ceamurlia, part of
the initial-spit), whilst the Chilia develops two braided systems (Chilia
1 and Chilia 2 lobes) corresponding to the Pardina and Roşca – Merhei

4.1.1. Fluvial delta
Two main morphological structures are clearly represented in the
ﬂuvial delta: (i) the main distributaries of the Danube constrained by
high levees which width is largest (2–6 km) along the most dynamic
sectors (meanders or lateral adjustments), and (ii) large low-lying areas
(depressions) in-between the distributary levees occupied by extended
reed marshes and lacustrine areas.
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0.70
0.80
0.8
0.8
0.8
0.8
0.80
0.65
0.8
1.6
0.8
0.8
0.70
0.65
0.8
0.7
0.8
1.1
1.0
1.5
0.7
2.7
3.3
0.55
0.60
0.65
1.25
1.10
1.20
1.05
1.00
0.60
1.00
0.80
0.60
0.55
0.65
0.60
0.80
0.7
1.3
1.00
0.85
1.25
1.10
0.75
0.60
1.3

Jibrieni 1
Jibrieni 2
Letea 1
Letea 2
Letea 3
Letea 4
Letea 5
Letea 6
Ceamurlia
Cara 1
Cara 2
Cara 3
Cara 4
Cara 5
Pahane
Lupu 1
Lupu 2
L5a
L14a
LC5ab
LC4b
LC3b
LC2b
V1c
V2c
V3c
V4c
V5c
S1c
C2c
C3c
JMc
PS_2c
Belciugc
BHZ_1c
BHZ_2c
PIc
L1d
L2d
L3d
S1d
S2d
S5d
S6d
S8d
C1d
C2d
C3d

a

21 ± 5
7 ± 2
18 ± 4
29 ± 7
31 ± 8
25 ± 6
15 ± 4
24 ± 6
20 ± 5
22 ± 5
18 ± 5
23 ± 6
20 ± 5
21 ± 5
19 ± 5
25 ± 6
27 ± 7
20 ± 5
20 ± 5
30 ± 5
25 ± 5
25 ± 5
25 ± 5
25 ± 6
27 ± 7
25 ± 6
23 ± 6
23 ± 6
23 ± 6
23 ± 6
30 ± 7
24 ± 6
24 ± 6
23 ± 6
25 ± 2
26 ± 2
22 ± 6
15 ± 4
21 ± 5
18 ± 5
22 ± 5
27 ± 4
20 ± 4
15 ± 4
17 ± 4
20 ± 5
12 ± 3
18 ± 4
b

0.41
0.19
0.08
0.93
0.99
0.89
0.76
0.76
0.36
0.26
0.34
0.29
0.51
0.56
0.49
0.79
0.53
–
–
0.38
0.98
1.18
1.16
0.75
0.78
0.77
0.72
0.86
0.84
0.93
1.08
0.67
0.82
0.77
0.67
0.72
0.57
0.43
0.95
0.79
1.00
0.87
0.74
0.61
0.78
0.82
0.48
0.99

0.70 ± 0.1
0.54 ± 0.2
1.06 ± 0.12
2.96 ± 0.17
1.73 ± 0.17
2.19 ± 0.15
3.40 ± 0.1
1.68 ± 0.2
1.06 ± 0.07
1.06 ± 0.05
0.74 ± 0.07
1.06 ± 0.12
0.62 ± 0.3
5.52 ± 0.2
1.73 ± 0.10
2.81 ± 0.07
1.97 ± 0.07
–
–
0.55 ± 0.09
1.95 ± 0.22
3.06 ± 0.36
3.14 ± 0.35
4.26 ± 0.03
2.76 ± 0.03
2.34 ± 0.03
4.26 ± 0.03
2.42 ± 0.03
3.16 ± 0.07
2.02 ± 0.03
2.19 ± 0.03
6.06 ± 0.37
3.06 ± 0.20
2.44 ± 0.17
5.67 ± 0.22
3.33 ± 0.17
1.75 ± 0.10
2.95 ± 0.31
2.85 ± 0.31
2.08 ± 0.33
2.69 ± 0.42
2.59 ± 0.10
2.56 ± 0.10
1.45 ± 0.28
3.70 ± 0.35
3.68 ± 0.36
18.86 ± 0.93
2.69 ± 0.42

Th (ppm)
0.28
0.26
0.11
0.92
0.58
0.72
1.13
0.64
0.39
0.34
0.24
0.25
0.33
1.56
0.64
0.81
0.50
–
–
0.45
1.00
1.20
1.12
1.26
0.92
0.75
1.29
0.82
0.97
0.68
0.73
2.07
0.93
0.92
1.66
1.22
0.66
0.89
0.83
0.73
0.71
0.86
0.88
0.49
1.11
1.05
3.90
0.83
d

0.03
0.07
0.11
0.11
0.05
0.03
0.03
0.02
0.04
0.01
0.02
0.02
0.07
0.01
0.02
0.03
0.06
0.02
0.07
0.06
0.06
0.07
0.05
0.03
0.05
0.07
0.07
0.18
0.07

0.01
0.01
0.04
0.04
0.05
0.05
0.07
0.04
0.03
0.02
0.02
0.02
0.07
0.04
0.03
0.03
0.02

0.61
0.46
0.35
1.17
1.06
1.09
1.24
0.97
0.71
0.50
0.55
0.53
0.69
1.24
0.80
1.08
0.77
0.15
0.87
0.55
1.20
1.39
1.36
1.20
1.10
1.01
1.20
1.11
1.17
1.11
1.21
1.42
1.13
1.08
1.32
1.14
0.86
–
–
–
–
–
–
–
–
–
–
–

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.01
0.02
0.01
0.02
0.02
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.02
0.02
0.01
0.01
0.01
0.01
0.03
0.04
0.04
0.05
0.05
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.02
0.02
0.02
0.02

Total dose rate (Gy/ka)

Vespremeanu-Stroe et al. (2013).

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

U (ppm)

Preoteasa et al. (2016) and

0.01
0.03
0.03
0.03
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.01
0.02
0.02
0.02
0.02
0.01
0.03
0.05
0.04
0.05
0.03
0.02
0.04
0.04
0.04
0.03
0.05

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
c

0.01
0.01
0.01
0.02
0.02
0.03
0.01
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

K (%)

Ge γ-spectrometry (ex situ)

Giosan et al. (2006),

Moisture content (%)

Preoteasa et al. (2009),

125–180
180–250
180–250
125–180
125–180
125–180
125–180
125–180
125–180
180–250
125–180
125–180
125–180
125–180
125–180
125–180
125–180
90–350
90–350
150–180
150–180
150–180
150–180
125–80
90–125
125–180
125–180
125–180
125–180
125–180
90–125
125–180
125–180
125–180
125–180
125–180
125–180
125–180
125–180
125–180
125–180
125–180
125–180
125–180
125–180
125–180
180–250
180–250

Grain size (μm)

Ages from previous studies are from:

Overburden (m)

Sample

0.17
0.36
0.63
1.76
0.84
0.37
3.23
2.09
2.14
2.22
2.52
2.07
2.80
4.04
2.07
4.11
2.06
1.29
2.01
2.84
4.36
3.70
3.50
1.30
0.92
0.85
0.82
0.85
1.58
1.59
1.44
2.98
0.32
2.33
0.38
0.39
0.75
1.72
2.02
1.44
6.04
3.53
3.04
0.84
0.87
1.56
1.24
0.39

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

De (Gy)

0.01
0.01
0.02
0.06
0.06
0.02
0.15
0.03
0.05
0.09
0.06
0.06
0.04
0.18
0.07
0.25
0.13
0.12
0.36
0.05
0.08
0.14
0.12
0.05
0.02
0.03
0.01
0.02
0.05
0.05
0.03
0.09
0.02
0.10
0.01
0.02
0.05
0.10
0.14
0.07
0.33
0.12
0.08
0.06
0.07
0.07
0.07
0.02

6.0
4.4
4.7
3.7
7.3
5.8
4.8
2.3
2.7
4.3
2.7
3.4
3.1
4.7
3.7
6.2
6.4
–
–
–
–
–
–
4.0
2.4
3.7
1.5
2.6
5.1
3.3
2.3
3.5
6.6
4.6
3.1
6.3
6.8
–
–
–
–
–
–
–
–
–
–
–

Stat.Err. (%)

7.7
7.5
9.1
9.1
9.4
8.3
6.7
8.1
8.0
7.8
7.5
8.0
7.5
7.6
7.3
8.3
8.4
–
–
–
–
–
–
8.3
8.7
8.2
8.0
8.0
7.9
8.1
9.4
8.2
7.2
8.0
5.7
5.9
7.8
–
–
–
–
–
–
–
–
–
–
–

Sist.Err. (%)

0.28 ± 0.03
0.79 ± 0.07
1.80 ± 0.18
1.69 ± 0.16
0.81 ± 0.10
0.34 ± 0.03
2.61 ± 0.22
2.15 ± 0.18
3.45 ± 0.28
4.46 ± 0.40
4.46 ± 0.4
4.05 ± 0.35
4.03 ± 0.33
3.27 ± 0.29
2.58 ± 0.21
3.82 ± 0.40
2.66 ± 0.28
2.48 ± 0.24
2.3 ± 0.42
5.21 ± 0.28
3.64 ± 0.14
2.66 ± 0.14
2.58 ± 0.13
1.08 ± 0.10
0.85 ± 0.08
0.84 ± 0.08
0.68 ± 0.06
0.76 ± 0.06
1.35 ± 0.13
1.43 ± 0.13
1.19 ± 0.12
2.10 ± 0.19
0.30 ± 0.03
2.16 ± 0.20
0.31 ± 0.02
0.37 ± 0.03
0.88 ± 0.09
1.9 ± 0.2
1.7 ± 0.2
1.4 ± 0.1
5 ± 0.4
3.33 ± 0.28
2.73 ± 0.27
0.99 ± 0.10
0.72 ± 0.07
1.3 ± 0.1
0.78 ± 0.06
0.32 ± 0.03

Age (ka)

45°25'43″
45°25′20″
45°19′33″
45°17′1″
45°19′11″
45°17′58″
45°14′31″
45°15′49″
45°10′36″
45°8′43″
45°4′20.4″
45°4′24″
45°4′1″
45°3′25″
44°45′17″
44°37′10″
44°37′31″
45°18′37″
45°17′34″
45°01′
45°03′
45°03′
45°02′
44°52′58.5″
44°52′1.5″
44°51′56″
44°51′41″
44°54′34″
44°59′41″
44°54′58″
44°54′0.5″
45°1′37″
44°55′36.4″
44°56′49″
44°52′49″
44°52′51″
44°49′18″
44°41′22″
44°36′27″
44°34′38″
44°30′56″
44°31′50″
44°31′26″
44°32′3″
44°28′41″
44°33′26″
44°31′50″
44°26′12″

Lat.

Coordinates

29°34′40″
29°33′19″
29°32′18″
29°32′57″
29°33′39″
29°35′57″
29°30′45″
29°32′37″
29°23′12″
29°22′18″
29°22′20″
29°22′53″
29°24′2″
45°3′25″
29°5′25″
28°48′22″
28°49′3″
29°30′35″
29°30′34″
29°21′
29°24′
29°27′
29°29′
29°28′38″
29°29′29″
29°29′47″
29°30′5″
29°31′41″
29°37′21″
29°23′9.7″
29°21′11″
29°37′37″
29°36′31″
29°25′43″
29°34′34″
29°34′28″
29°12′28″
28°55′24″
28°48′22″
28°47′2.6″
28°43′29″
28°44′26″
28°44′56″
28°45′40″
28°45′1″
28°53′29″
28°51′25″
28°44′57″

Long.

Table 2
Summary of luminescence age results. Age estimations are expressed relative to 2013, the year of measurement. Uncertainties in age calculation are based on analytical errors and reﬂect combined systematic and experimental variability. Quoted
errors represent 1σ. The OSL samples were processed at IRCBNS (Babeș-Bolyai University in Cluj-Napoca, Romania).
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muddy deltaic plain as narrow sandy ridges due to the prevalence of
ﬂuvial silting and bio-accumulation (Preoteasa et al., 2016).
The eastern delta comprises four large open-coast lobes (Old Sf.
Gheorghe: SG1, Modern Sf. Gheorghe: SG2, Sulina and Chilia: C3). In
each case the beach-ridge plains (b.r.p.) growth was favoured by the
trapping of longshore-transported sands, promoted by the morphologic
(Nienhuis et al., 2016) and hydrodynamic groin eﬀect (Todd, 1968;
Giosan, 2007) corresponding to interactions between longshore currents at one hand and the river-mouth bar and river currents at the
other (Preoteasa et al., 2016) and by the changing shoreline orientation
associated with the rapidly prograding river mouths. Therefore, the
four ridge plains corresponding to the updrift lobe sides developed in
relation with the three main branches - Sf. Gheorghe (Caraorman and
Sărăturile b.r.p.), Sulina (Letea b.r.p.) and Chilia (Jibrieni b.r.p.) which total surface (363 km2) makes up ca. 2/3 of the Danube delta
strandplains. Their evolution recorded stages of more or less rapid
progradation (depending on the distance to the downdrift distributary
mouth and shoreline orientation) resulting in distinct shore parallel
ridgesets with diﬀerent morphologies reﬂected in beach ridge density,
orientation and height. The latter is determined by the paleo-foredune
morphology which is responsible for the ridge shape within the beach
ridge plain (Tamura, 2012), whilst the initial higher foredunes exposed
to prevalent northern winds were shaped as parabolic dunes which
decorate the largest and highest ridges or into various duneﬁelds as is
the case of the Letea and Caraorman b.r.p. (Preoteasa et al., 2009;
Vespremeanu-Stroe et al., 2016).
As the vigorous southward longshore sediment transport (LST:
0.7–1.1 × 106 m3/yr) imposed in each case the formation of large
ridge plains on the updrift ﬂank, the downdrift morphology of the lobes
instead accurately reﬂected the ratio between wave and river inﬂuences
with large lagoons and only a few beach ridges for the rapid prograding
lobes (e.g. Sulina) or marshy plains crossed by numerous sandy ridges
for the moderate prograding lobes (SG1, SG2).
The southern delta formed as a succession of twin open-coast lobes
of the Dunavăț branch (Old and New Dunavăț: D1 and D2) but it had a
much more complicated evolution due to the locally active neotectonics
(see Section 5.3.4) which transformed the initial topography into a
puzzle of large lagoons, rocky promontories, smaller lakes, marshes,
isolated sandy ridges and beach ridge plains.
Most of the maritime delta beach ridges and the present beaches are
built from Danubian ﬁne sands (mean grain-size of 180–210 μm) rich in
feldspar and mica. However, a signiﬁcant part (ca. 1/3) of the beach
ridges is composed of quartzose allochthonous non-Danubian medium
sands (mean grain-size of 240–260 μm) carried by longshore currents
from northern coasts and accumulated in Caraorman, Letea and Jibrieni
ridge plains. The other two large ridge plains, Sǎrǎturile and Chituc,
were formed by wave reworking of the abandoned lobes of Sulina and
Dunavăț¸ respectively (Vespremeanu-Stroe et al., 2016).

depressions. The interdistributary depressions (ﬂoodplains) are on
average 2–3.5 m lower than the Danube levee systems and generally
comprise a scattered network of lakes (ca. 140) fringed by extensive
reed marshes. Two major interdistributary depressions are currently
developing in the ﬂuvial delta: Sulina – Sf. Gheorghe (older) and Sulina
– Chilia (younger), occupied by a network of anabranching channels,
swamps and lakes. The ﬁrst has a levee index of 0.36 and is crossed
eastward by the Litcov channel (a paleo-distributary) with massive
levees in the upstream part and narrower immediately downstream.
The western part of the depression is considerably higher, and is
characterized by only a few small lakes due to the wide levees, by scroll
bars, and by narrower interdistributary spacing. In contrast, the eastern
half is an extensive low-lying (depressed) area accommodating three of
the largest deltaic lakes: Gorgova, Isac and Obretin.
The Sulina – Chilia ﬂoodplain has a smaller levee index (0.16) than
the Sulina – Sf. Gheorghe ﬂoodplain, suggesting a comparatively
younger ﬂuvial landscape. It can be divided into a northern unit,
composed of two concatenated inner lobes of the Chilia, and a
homogenous southern unit (extended between Stipoc and Sulina). The
latter is similar to the Sulina – Sf. Gheorghe depression, with the
western compartment comprising numerous SW-NE aligned channels
and small lakes in-between (Fig. 2A), whilst the eastern side is made up
of interconnected large lakes (e.g. Fortuna, Trei Iezere, Bogdaproste,
Matiţa), and small and scattered lakes and channels. The two small
northern ﬂoodplains associated with the inner lobes of the Chilia arm
comprise a network of secondary branches diverging from the Chilia
which ﬂow subparallel towards the east (Pardina) and ESE (RoşcaMerhei) of inner deltas. Concluding, the big lakes found in the ﬂuvial
delta are grouped in very large lacustrine areas (inherited from former
giant lakes), this standing out as a common feature shared by all
interdistributary depressions in their central and especially eastern
parts; here, the larger spacing between main distributaries imposed a
lower density of channels (Fig. 2B).
4.1.2. Maritime delta
It is composed by six major open-coast lobes, placed eastward and
southward of the initial-spit/barrier. The prevalence of northeasterly
waves, especially during storms (Zăinescu et al., 2015), generates an
apparent unidirectional (i.e. southward) development of the coastal
features – islands, spits and beach barriers, subaqueous deltaic platforms – and ﬁnally ends up by conferring an asymmetric architecture to
each of the open-coast lobes. The resultant lobe morphology encompasses the main morpho-sedimentary units of the wave-asymmetric
deltaic lobes: beach ridge plain (on the updrift lobeside) and barriermarsh plain (downdrift), the former resulting from prograding beaches
usually capped by aeolian deposits, whilst the latter derives from
individual barrier islands and spits which enclose the lagoons immediately downdrift of river mouths and then become encased into the

Fig. 2. Orthophotos showing speciﬁc morphology of the western (A) and eastern (B) compartments of the ﬂuvial delta.
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Fig. 3. Chronostratigraphical description of the cores from the ﬂuvial delta plain. KP1 and KP2 cores are from Filip and Giosan, 2014, whilst Log 10 is from Carozza et al. (2013).

with ﬁne sands near the channels and comprising sandy silts inbetween, with basal ages of 1.76–1.5 ka (F18, KP1; Fig. 3). Into the
Roşca-Merhei area, the brackish sandy silts are underlying ﬂuvial sands
at depths of only 1.8–2.5 m (cores F2 and KP2 in Fig. 3).
The stratigraphy of the maritime delta is similarly replicated in each
open coast lobe with a marked asymmetry in sediment deposition
between the updrift and downdrift units of deltaic lobes. Favourable
conditions for massive sand accumulation are encountered updrift of
the river mouth where large beach ridge plains develop, fed by LST
negative gradient, fronted by wide, low gradient delta front and
prodelta with an abundant sediment supply. Drillings made through
the beach ridges of Letea and Sărăturile b.r.p. reveal up to 9–11 m thick
massive sands (backshore, foreshore and upper shoreface deposits)
which overlie the amalgamated sand and muds of the delta front
(Fig. 5A).
Most of the ﬂuvial load is redistributed downdrift of the Danube
mouths, resulting in rapid southward development of the subaqueous
deltaic platforms, where the particular interactions between sediment
supply, coastal hydrodynamics and the local topography control the
barrier-marsh plain morphology surﬁcially composed of shore parallel
alternations of sandy and marshy facies. Sandy facies correspond to
beach ridges encased between surﬁcial marsh plains; the latters resulted
from the siltation of back-barrier lagoons fed by bayhead deltas and
widespread bioaccumulation. The corings made in the marshy interridge plain show a common succession, typical for the downdrift units
of the asymmetric lobes, with 2–3 m of peat, organic soil or silts (with

4.2. Core description
The general stratigraphy of the southern and central compartments
of the ﬂuvial delta (Figs. 3, 4), inferred from our new cores and other
deep drills (Popp, 1960, 1961; Liteanu and Picăjan, 1963) is deﬁned by
a succession of ﬁve horizons (bottom-top) associated with the delta
front and ﬂoodplain: (i) silts (lower delta front), (ii) sands with
interstratiﬁed muds (shoreface), (iii) sands (foreshore/backshore), (iv)
peat, and (v) ﬂuvial silts, clays and sands (delta plain). The sandy layers
from the foreshore and upper shoreface (dated 7.5 and 7.6 ka in cores
F16 – Honţu and F17 – Litcov) are relatively thin (1.5–2.5 m) but of
considerably greater vertical extension eastward (e.g. F12 core). Freshwater peat (deposited starting from 5.5–5.2 ka) overlies these marine
deposits and, especially in the upstream delta, thin layers of ﬂuvial
sediments. Peat is commonly found at 5–6.5 m depth, excepting the
cases of ﬂuvial reworking (meanders, ox-bow lakes, abandoned water
courses), where the basal peat can occur down to 8–12 m depth. The
top age of peat deposits varies in the range of 4–3 ka, depending on the
local resumption of siliciclastic sedimentation. In the central part of the
ﬂuvial delta (Fortuna – Bogdaproste area), peat deposits are missing
and only ﬂuvial sediments (usually silts and sandy clays or, rarely, ﬁne
sands and silts) are present.
The major stratigraphy (bottom to top) of Pardina area is composed
of (i) basal marine sands or pre-deltaic clays, covered by (ii) very
uniform lacustrine ﬁne silts and clays (with mean size of 4–21 μm) and
(iii) ﬂuvial coarser sands (accommodating the upper 2–3 m), interposed
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Fig. 4. East – West stratigraphic cross-section over the Danube delta plain (A) and for the ﬂuvial delta plain (B); North-south reconstruction of the main deltaic stratigraphic units. Basal
clay deposits in F3-Pardina may come from pre-deltaic loess deposits (C).

5. Discussion

freshwater ostracods: Darwinula stevensoni, Candona sp. and gastropods:
Planorbis sp., Hydrobia sp.) covering the delta-front sands with interstratiﬁed muds (Fig. 5B). Below a depth of 7–8 m, the silts are dominant
with thin intercalations of very ﬁne sands and clays (Fig. 5B) whilst the
microfauna suggests a lower shoreface deposition in a brackish
environment: Leptocythere sp., Heterocythereis sp., Cardium sp. A notable
exception is the downdrift unit of the oldest open-coast lobe - Old Sf.
Gheorghe lobe (cores F5, F7, F9 and F13; Figs. 4C, 6) - where the
stratigraphy records a substantial thicker package of ﬁne sediments
(4–6 m depth: peat, silts and clays) overlying delta-front sands.

The Danube delta is composed of several types of deltaic lobes
(open-coast, bayhead and lacustrine) the expansion and chronology of
which are detailed in the next sections (Fig. 7A, B). Following the Black
Sea ﬂooding by Mediterranean waters and the reconnection to the
World Ocean ca. 9400 yr ago (Bahr et al., 2008; Soulet et al., 2011) the
lower Danube valley transformed into a large lake or into a chain of
large lakes (Nowacki and Wunderlich, 2012; Benecke et al., 2013)
whilst the territory corresponding to the current delta was submerged
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Fig. 5. The stratigraphy of the open coast deltaic lobes: A) F18 core (Letea b.r.p.) and CV core (Sărăturile b.r.p.) are representative for beach ridge plain sedimentary structure; B) the
structure of the barrier marsh plains of modern Sf. Gheorghe lobe (F6, F11) and Sulina lobe (F14).

boundary of Letea, showing that the northern sectors are younger and
migrated backwards through overwash over the back-lagoon (Fig. 8).
Such a north-south asymmetry in the long-term behavior of the sandy
barrier (in which the IS transformed following the connection of its
distal tip to the delta plain) was manifested by the two antagonistic
trends of barrier progradation in the south, usually resulting in beach
ridge plains formation (e.g. Caraorman) and of barrier retreat in the
north.
The long-term IS evolution renders impossible the dating of the
former spit roots (its original position) as they no longer exist.
Nevertheless, considering that the Black Sea experienced the same
eustatic oscillations as the Mediterranean Sea and Atlantic Ocean in the
Mid- and Late-Holocene (Brückner et al., 2010), it is reasonable to
assume that the spit started to form at about the same time as many
other old barrier spits (Curonian Spit, Cadiz Bay spit, Lisboa estuary)
initiated, following the post-glacial sea-level rise deceleration, about
6500 yr ago (Bitinas et al., 2001; Buynevich et al., 2015; Del Rio et al.,
2015).
Independently, we attempted to reconstruct the spit formation using
the stratigraphy of F4 core (Figs. 3, 8). An old horizon of ﬁne quartz
sands and silts intercepted at a depth of 5.8 m and dated 6.1 ka is
supposed to correspond to the southern tip of the subaqueous spit
platform; it underlies ﬁne to medium quartz sands (mean size of
246 μm) speciﬁc to the barriers composed of non-Danubian sands
transported by longshore currents from the northern coasts. Given the
distance of ca. 35 km between the current position of the Răducu beach
ridge (F4 core) and the alleged roots of the IS, we estimated the
timespan necessary for the spit to travel over this distance, taking into

and converted into a large bay (Danube Bay).
5.1. Initial spit (IS) formation
Since the ﬁrst evolutionary scenario (Spratt, 1860; Antipa, 1914) up
to present day (Panin, 2003; Giosan et al., 2006; Carozza et al., 2013),
the morphogenetic theories claimed the early Danube delta formation
into a lagoon (semi-)enclosed by “an initial spit/barrier”.
Our new ages derived for the modern delta front advancement into
Danube Bay, following the Black Sea reconnection to the World Ocean,
indicate that early stage of delta development into the bay started
8–7.5 ka (see Section 5.2.2), which seems to precede (by > 1000 yr)
the inception of the initial-spit as we shall argue below. Several samples
collected from the sandy barrier (derived directly from the IS) at the
present contact with the ﬂuvial delta (western delta plain) show ages
that are increasingly younger to the north, from older than 5.2 ka in the
southwest of Caraorman b.r.p. (or 4.5 ka in northern Caraorman) to
0.8 ka in the Jibrieni b.r.p. (Fig. 1B). This chronology is indicative of a
dynamic long-term behavior of the barrier (initial spit), characterized
by backward roll-over migration into the lagoon (Fig. 8), broadly
similar to the morphodynamic pattern of the present-day barrier spits
(Sacalin, Musura, Oceakov) of the Danube delta (Vespremeanu-Stroe
and Preoteasa, 2015).
The apparently rectilinear and uniform contour of the sandy barrier
representing the boundary between the ﬂuvial and marine delta (i.e.
the western limit of the Jibrieni, Letea and Caraorman b.r.p.) has misled
many authors to consider it as being the original IS (at least its initial
topography); yet, several inﬂection points are noticeable on the western
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Fig. 6. Chronostratigraphical description of cores from the downdrift ﬂank of the Old Sf. Gheorghe lobe (SG1).

Further southward, the spit encountered deeper waters, with mean
depths of 10–25 m, as shown by the isopachs of the marine ﬂooding
surface estimated by Ghenea and Mihăilescu (1991) and Giosan et al.
(2012), which slowed down the spit advance. This advance was
reinforced afterwards due to the shallow waters of the Old Sf. Gheorghe
lobe (SG1) delta front (estimated mean speeds of 35–55 m/yr, depending on the water depth); thus, the spit traveled a distance of 14–17 km
between F4 core and the Danube delta coast at the time of the SG1 lobe
during ca. 200–300 yr. Concluding, a time interval of 700–900 yr was
necessary for the IS to connect with the updrift side of the SG1 lobe
(from its inception ~6.7–6.5 ka until the attachment to the lobe around
5.8–5.7 ka), closing thus Danube Bay.
Normally, the distal part of a spit should be linear or, more often,
convex seaward (Zenkovich, 1956; Deigaard and Fredsøe, 2005; Dan
et al., 2011), but on the contrary, the IS achieved an abnormal concave
plan-shape in the southern part that suggests its connection with the
deltaic coast which forced it to take the former contour of the updrift

account average water depths of 8–12 m, as indicated by the pre-deltaic
loess deposits (Ghenea and Mihăilescu, 1991), and a longshore
sediment transport (LST) value of 0.9–1.1 × 106 m3/yr. The latter
was assessed based on Caraorman b.r.p. building rates of
6.2–6.5 km2/100 yr (Vespremeanu-Stroe et al., 2016) which are related
to the southward longshore transport of the non-Danubian sediments
from which the spit platform was previously built. A large part of these
sediments is deposited near the spit distal tip, fostering its elongation.
In order to compute the rate of deposition, we used a trapezoidal crosssection of the spit platform, as in Dan et al. (2009), conﬁned by the
depth of pre-deltaic deposits the mean surface area of which was
estimated at 15,500–17,600 m2. Relating the reconstructed LST volumes to the estimated cross-section, an average elongation rate of
61 m/yr ( ± 9 m/yr for the minimum and maximum estimated values)
was obtained, which corresponds to a timespan of 480–650 yr that was
necessary for the spit to reach the current position of the Răducu beach
ridge, which supports an age of spit inception of 6.7–6.5 ka.
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Fig. 7. (A) Delineation of the Danube delta lobes (including bayhead, lacustrine and open-coast lobes) at their maximum extension: SG1 – Old Sfântu Gheorghe; S – Sulina; D1 – Old
Dunavăţ; D2 – New Dunavăţ; SG2 – Modern Sfântu Gheorghe; C1 – Chilia 1; C2 – Chilia 2; C3 – Chilia 3. The numbers express their chronological succession. (B) Chronological framework
of the deltaic lobes. The colors indicate the main Danube branch that built the lobes: dark blue – Danube; blue (and cyan) – Sf. Gheorghe; green – Sulina; red (and magenta) – Chilia.
Dotted lines indicate time intervals with low river discharge. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

front advancement in the Danube Bay and a description of the delta
plain evolution are still missing.
In the absence of any chronological data or morphological analyses,
the initial-spit was unanimously supposed to have closed Danube Bay
before the start of delta plain formation. This interpretation was mostly
inspired by the marked river-dominated morphology of the western
delta plain (ﬂuvial delta). Nevertheless, our new data indicate that most
of the currently visible layouts are much younger than the earlier delta
construction, so that the evolutionary scenarios derived from the
present delta plain conﬁguration can lead to misinterpretations.
Nowadays, the ﬂuvial delta plain accommodates a labyrinthic
network of lakes and channels. Most lakes found in the western parts
of ﬂuvial delta look like small puzzle-pieces with an irregular contour
which seem to be remnants of former vast (giant) lakes which have
been transformed into several basins through ﬂuvial accumulation
(mainly through secondary channels advancing, bifurcations, crevasse
splays) and bioaccumulation (Fig. 2A). By contrast, the largest delta
lakes are situated in the eastern parts of the two inter-distributary
depressions and are surrounded by other smaller lakes that appear to

lobeside and to rework it. As depicted in Fig. 8, the oldest (western)
ridges of Caraorman show a marked southeastward curvature corresponding to a total rotation of 62° (the angle between the northern and
southern sectors of the same ridges). The maximum shift in beach ridge
orientation (5–7°/km), encountered in the central sector of the western
Caraorman (for ca. 10 km length), points to the IS connection with the
deltaic coastline occurred behind Lakes Taranova and Gorgoştel, as
indicated by both the curvature of old beach ridges and the reconstructed chronologies of the IS and of SG1 lobe advancement (see
Section 5.3.2).
5.2. Evolution of the ﬂuvial delta (western delta)
5.2.1. Background
Compared with the maritime delta, where the succession of the
main open-coast lobes was established in the early-mid 20th century
(de Martonne, 1931; Zenkovich, 1956) and the ﬁrst absolute ages dated
since the 1980s (Panin et al., 1983), the evolution of the ﬂuvial delta
remained almost unknown. A chronological scale for the early delta
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Fig. 8. Reconstruction of the advance of the Old Danube lobe into Danube Bay and of the initial spit formation. Inﬂection points mark signiﬁcant changes in the orientation of the barrier
that indicate shoreline retreat updrift. 2013 Landsat image in the background.

have been detached from them mainly through ﬂuvial accumulation
(Fig. 2B). The west-east asymmetry in ﬂuvial delta landscape is a
consequence of a diﬀerent spacing between the main distributaries
(larger in the east) which imposed diﬀerent densities of inner channels
(lower in the east).
Within Sf. Gheorghe-Sulina depression, Litcov channel shows a
contrasting aspect between the upper and lower courses indicating a
diﬀerent evolution of the two sectors (details in Section 5.2.3). For
Sulina-Chilia depression, excepting the Chilia inner lobes, no major
palaeo-distributary channels can be identiﬁed. The main W-E aligned
channels that are currently open-water courses (Şontea, Păpădia,
Eracle) have a sinuous conﬁguration lacking robust levees, which
indicates that they are young features formed in lacustrine conditions.
Most of them feed numerous secondary channels which further connect
with the surrounding lakes. Otherwise, the visible distributary networks
from the two inner lobes of Chilia, most lacking large levees, suggest a
young ﬂuvial landscape in comparison with the rest of ﬂuvial delta
plain.
Henceforth, we propose an evolutionary model of the current ﬂuvial
delta based on a total of 11 cores (8 new cores with 26 new absolute
ages and three recently published in Carozza et al., 2013 and Filip and
Giosan, 2014), and the descriptions of the old drills (Popp, 1961;
Liteanu and Picăjan, 1963). This evolutionary model comprises two
major phases of ﬂuvial delta construction: (i) the early delta front
advancement into Danube Bay, and (ii) the late delta stage of ﬂuvial
aggradation.

5.2.2. Early delta front advancement into Danube Bay (Old Danube lobe)
The early stage of delta growth was reconstructed based on the ages
obtained from shoreface or foreshore/backshore deposits. To track the
early delta front advancement into Danube Bay, three successive
coastlines have been reconstructed, every 1000 yr starting from
7500 yr ago. The ages of 7.4 and 7.5 ka obtained on upper shoreface
sands of cores F16 (Honţu) and F17 (Litcov) support a 7.5 ka coastline
located nearby when the ﬁrst delta plains expanded beyond the current
delta apex, but preferentially along the southern Danube distributary of
Sf. Gheorghe (Figs. 8, 9A), indicating that the earliest delta shape was
skewed southeastward. This suggests that Sf. Gheorghe is the oldest
Danube branch and, as we present further, the only one that remained
continuously active during this long timespan (> 7500 yr), despite
numerous avulsions in the delta or climatic and anthropogenicallyinduced changes in the Danube watershed (Kaplan et al., 2009;
Nowacki and Wunderlich, 2012), which triggered dramatic discharge
ﬂuctuations. At the early stage of delta formation the river ﬂowed over
the deepest part of Danube Bay, as indicated by isopachs of the predeltaic sediments, along a major tectonic fault which delineates the
delta from the surroundings southern hills (Tulcei Hills) precluding
river wandering and imposing an overall stable position of the upstream
Sf. Gheorghe branch down to the Dunavăţ Promontory. A similar
pattern of spatial development (with Sf. Gheorghe being the oldest
Danube branch) was earlier envisaged by Murgoci (1912), Antipa
(1914), de Martonne (1931) or Ghenea and Mihăilescu (1991).
The reconstructed 6.5 ka coastline (Fig. 9B) indicates a rapid
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Fig. 9. Successive stages of the evolution of the Danube delta: (A) 7.5 ka: early delta front advancement into Danube Bay; (B) 5.5 ka: extension of the SG1 lobe and spit elongation; (C) 3.5 ka: maximum extension of the SG1 lobe and partial sinking
of the ﬂuvial delta plain; (D) 2 ka: maximum extension of the Sulina and Old Dunavăţ (D1) lobes; (E) 1.35 ka: maximum extension of the New Dunavăţ (D2) lobe and (F) present shoreline.
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extensive parts of the delta plain into large shallow lakes and marshes.
Therefore, a second stage of delta plain construction, deﬁned by ﬂuvial
and peat aggradation, developed in the course of the last 5500 yr. In its
early phase (prior to 3.5 ka), peat deposition was very intense due to
extensive reed marshes in both the ﬂuvial delta (Old Danube lobe) and
the Old Sf. Gheorghe lobe. In most cases the freshwater peat overlies
the marine deposits. Peat is found at diﬀerent depths as a function of
the sea level and of delta-plain elevation at the time of peat formation.
Except the cases of ﬂuvial reworking (meanders, ox-bow lakes,
abandoned water courses), where the basal peat can occur at depths
down to 8–12 m, peat is commonly found at 5–6.5 m depth. It is
noteworthy that the largest peat deposits (> 1 m thick), with a
ﬁlamentous structure, started to form at the same time: 5.3–5.2 ka.
However, some exceptions of older peats have been reported (5.97 ka
near Lake Nebunu, Giosan et al., 2013). The age and depth similarities
of the basal peats indicate a drastic reduction in siliciclastic ﬂuxes
towards the delta plain and relative stabilization of sea level as the main
triggering factors for peat spread. Otherwise, the absolute elevation of
4–5.5 m below the current Black Sea sea level points to a generalized
rise of the local water level of ca. 3–5 m during the last 5200 yr, taking
into account subtraction of the maximum water depth required for reed
survival (1 m according to Hanganu et al., 1999).
Although most basal peat deposits started to form almost at the
same time, their top age varies between 4–3 ka, depending on the local
resumption of siliciclastic sedimentation. The high density of the
present-day channel network suggests that, following the early deltaplain formation (Old Danube lobe), the local water level rise transformed large parts of the delta plain into shallow but large lakes, which
recalls peat formation and new episodes of ﬂuvial aggradation through
numerous avulsions of the secondary channels, bifurcations, overbank
ﬂooding, crevasse splays, and the maintenance of a dense and dynamic
channel network.
In the absence of appropriate proxies, it is diﬃcult to reconstruct the
ﬂuvial history of the delta plain during the last 5000 yr; this is largely
due to the dynamic nature of the ﬂuvial morphology in subsiding areas
in which only the largest or the latest features are preserved subaerially. But the problem may also be the lack of a dense network of
cores.
Within the Sulina – Sf. Gheorghe depression, besides the wide
ﬂuvial levee systems of the Sf. Gheorghe branch, the Litcov channel also
shows massive levees, but only in the upstream part, as they become
considerably narrower immediately downstream. The switch between
the two sectors corresponds to a turning point where for a long period,
the palaeo-distributary course directed its ﬂow to the north, towards
the current course of the Sulina, as shown by the geomorphological
mapping. Judging from the palaeo-course trails and levee widths, we
presume that the Litcov channel is probably the oldest and largest
distributary derived from the Sf. Gheorghe arm which seems to have
changed later its course towards an eastward location (the present
lower channel), following an avulsion. The former Litcov course
corresponded to most of the modern Sulina, excepting the uppermost
Sulina channel (15 km) which probably reconﬁgured to a northward
position following an avulsion. Thus, the current Litcov channel
maintains the initial course of Sulina in the (older) upper sector, whilst
the (younger) central and lower courses formed signiﬁcantly later,
splitting the large lacustrine areas into several lakes including Gorgova
and Isac. It is therefore reasonable to assume that the Litcov channel
played a key role in shaping the current landscape of the Sf. Gheorghe –
Sulina depression, which, together with the Sf. Gheorghe branch,
developed a dynamic network of small channels feeding the lakes with
water and sediments and enabling the current generation of aggradation features.
In the southern part of the Sulina-Chilia interdistributary depression, as already mentioned, a proto-Sulina (here we refer to a ﬂuvial
system rather than to a distinct branch) built the northern unit of the
Old Danube lobe during 7.5–5.5 ka. The only testimonies of a quasi-

advancement of the delta front even though sea-level rise was moderate
(of 1.5–2 m during 7.5–6.5 ka interval). The delta plain occupied during
this period almost half of the initial Danube Bay, following the
activation of one or more distributaries (proto-Sulina) in the central
part of Danube Bay, roughly at the current location of the Sulina –
Şontea channels, where the shallower depths inherited from the predeltaic topography fostered rapid progradation. At that moment, the IS
was at its early stage of formation and started to close the northern half
of Danube Bay. This northernmost unit (ca. 1/3 of Danube Bay)
continued to remain an open-water space (lagoons) for several millennia, respectively until the modern Chilia activation (2.0–1.7 ka) and as
long as the Danube ﬂowed only south of the present Stipoc ridge,
preserving a distinct north-south asymmetry in the inﬁlling template of
the bay.
Between 6.5 and 5.5 ka, important transformations occurred in the
Danube delta, amongst which the initiation of the open-coast deltaic
lobes highlights a new phase of delta development. Until this time, the
Sf. Gheorghe and Proto-Sulina channels built their delta fronts into a
low-energy bay where wave processes had a moderate inﬂuence;
consequently, the sandy layers from the foreshore and upper shoreface
are relatively thin (with mean widths of 1.5–2.5 m) but of considerably
greater vertical extension eastward (e.g. F12 core), where wave energy
was higher. Thereafter, once the mouth of the Sf. Gheorghe arm
extended beyond the Dunavăţ Promontory and started to build its ﬁrst
open-coast lobe (SG1), the wave-induced processes started to play a
major role in shaping the delta.
Following the welding of the IS (its distal tip) to the incipient Sf.
Gheorghe open-coast lobe which completely closed the Danube Bay
(5.8–5.7 ka), the proto-Sulina discharge diminished and a few centuries
later was abandoned after the ﬁlling up of the central bay (the southern
bay had at that time already been transformed into a delta plain by the
Sf. Gheorghe branch).One of the last coastal features created by the
proto-Sulina was the lagoon lobe coastline (5.6 ka), which had advanced up to the F1 core location at ca. 5 km behind the sandy barrier
(Figs. 3, 8). These major transformations – (i) the initiation of the ﬁrst
open-coast lobes, (ii) proto-Sulina abandonment (or very weak activity), and (iii) the slowdown in sea-level rise (at about 5.5 ka) which no
longer sustained the rapid aggradation as before – marked a turning
point in the evolution of the ﬂuvial delta, because after that, the
Danube fed mainly the Old Sf. Gheorghe lobe (SG1) construction into
the open sea and drastically diminished the supply of sediments to the
delta plain (of the ﬂuvial delta) which gradually became transformed
into a sediment-starved environment (Antipa, 1914; Giosan et al.,
2013). Consequently, for a long period, only scarce siliciclastic (silt
and clay) sediments were delivered to the delta plain which, in turn,
favoured the accumulation of more organic matter, resulting in widespread peat deposition starting around 5.5–5.2 ka (Fig. 3).
Basically, the reconstructed coastlines indicate that a large delta
plain (which we call Old Danube lobe; Fig. 7A, B), occupying almost
two-thirds of the current ﬂuvial delta, was built relatively early
(7.5–5.5 ka), with a temporal lag between the southern (Sf. Gheorghe)
and central unit (proto-Sulina), whilst the northern part remained as
large open-water bodies: lagoonal for most of Pardina, and marine or
lagoonal (after 6.5 ka) for Roşca – Merhei. Contrary to the commonly
held view, the initial-spit had no inﬂuence on the very early delta
formation (as it was not yet formed), but, since 6.7–6.5 ka, it gradually
started closing the northern Bay, aﬀecting the sediment deposition into
the newly formed lagoon.
5.2.3. Late delta stage of ﬂuvial aggradation
Most of the ﬂuvial features created in the early delta stage have
been obliterated by the landscape transformations induced by sea-level
rise, subsidence and avulsions. The combined action of a continuous
sea-level rise until 3.5 ka, albeit of small amplitude (~ 1 m: 5.5–3.5 ka;
Vespremeanu-Stroe et al., 2013), and the low-to-moderate subsidence
(0.4–0.6 mm/yr; Vespremeanu-Stroe et al., in prep.) transformed
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continuous yet weak ﬂuvial activity post-5.5 ka are in the northern part
of the Old Danube lobe (Fortuna – Bogdaproste area), where peat
deposits are missing, and where only ﬂuvial sediments (silts and rarely
ﬁne sands) are present. These northern palaeo-channels probably fed
not only the local ﬂoodplains but also the lacustrine system of Pardina
which, for a very long timespan, existed as an open-water area.

study, from the modern Chilia open-coast lobe both in the updrift and
downdrift sectors (Jibrieni and Letea b.r.p) indicate a diﬀerent, older
moment of the Chilia open-sea mouth (Chilia 3 lobe) formation, at
about 900 yr ago (Section 5.3.6), supporting an earlier inception of the
Chilia 2 and Chilia 3 lobes than was previously estimated (Giosan et al.,
2012; Filip and Giosan, 2014).
The Roşca-Merhei depression has an alongshore extension (N-S:
30 km) twice that of its cross-shore extension (W-E: 15 km) which is
conformably with the direction of Danube ﬂow. This morphometric
aspect suggests that the Chilia branch very rapidly built its W-E main
course towards Jibrieni-Letea barrier, forming an open-sea mouth
(close to Periprava), and afterwards built its southern and northern
secondary distributaries which ﬁlled the remnants of the lagoon. Core
KP2 described by Filip and Giosan (2014) seems to have been sampled
in a younger crevasse splay of the southern Chilia branch at a distance
of ca. 400 m from the river bank. Moreover, the ﬂuvial levee system
indicates that the northern and central branches are the main watercourses of the Chilia arm during the early stage, whilst the southern
branch seems to have been formed later. An inception age of the Chilia
2 lobe 150–300 yr before the appearance of the Chilia open-sea mouth
seems more realistic but, in the absence of direct evidence, this age
estimation (ca. 1.2–1.05 ka) for the initiation of the Chilia 2 remains
tentative.

5.2.4. Inner lobes of the Chilia branch
The oldest Chilia lobe (Chilia 1) ﬁlled in the Pardina basin, which,
at that time, was a shallow lake surrounded by loess deposits (Filip and
Giosan, 2014) forming the Bugeac Plateau to the north and west, the
Chilia Promontory to the east, and the Stipoc strandplain to the south.
The latest feature (Stipoc) is considered a lacustrine strandplain (Panin,
1972; Filip and Giosan, 2014) composed of ﬁne sands overlying a
submerged loess platform (Ghenea and Mihăilescu, 1991).
The topography of the Pardina basin during the last Black Sea
lowstand was mainly shaped by two Danube tributaries (Catlapug and
Chitai) over the loess plateau, both of which incised deeper into the
western half of the basin, preserving larger depths after the sea ﬂooding
(Ghenea and Mihăilescu, 1991). As a consequence of the deeper
accommodation space speciﬁc to western Pardina, its modern morphology (pre-1960, before being converted into an agricultural polder) still
preserved well-deﬁned traces that suggest the prevalence of lacustrine
areas with numerous medium and large-size lakes which contrast with
the smaller lakes in the east.
The dominant stratigraphy of Pardina, which, below the ﬂuvial
sands and silts (the upper 2–3 m), is composed of very uniform ﬁne silts
and clays (with mean size of 4–21 μm; Fig. 3), that cover the basal
marine sands or pre-deltaic clays shows that this deltaic lobe of the
Chilia is very thin (< 3 m), overlying the lacustrine or lagoonal
sediments. The abundance of marine bivalves (including an articulated
bivalve of Cardium dated 5.6 ka) that we found in the foreshore deposits
located on the northern edge of the Pardina basin indicates the latter
may have been a lagoon connected to the sea. Since at that time the Old
Danube lobe already ﬂanked the Pardina basin southward, this
connection was probably through a passage between the Chilia
Promontory (in the north) and the Stipoc strandplain and delta plain
(in the south).
The presence of coarser sediments of ﬂuvial origin in the upper
1.5–3 m at distinct locations (north, west, south) within the Pardina
basin, with basal ages of 1.76–1.5 ka, overlying lacustrine ﬁne sediments (F18, KP1; Fig. 3), is associated with the reactivation of the
Chilia distributary. As indicated by the peat layers intercepted in the
F16 core, the Pardina basin seems to have experienced several episodes
of intermittent ﬂuvial input (with probably small-sized inner deltas
developing on its southern ﬂanks) likely related to diﬀerent active
secondary channels diverging from the main branches of the Old
Danube lobe (especially the Sulina). Most probably, the modern Chilia
branch became activate only recently and has rapidly built its present
course following a major avulsion that occurred 2–1.6 ka. This time
interval is deﬁned by the main period of Danube delta avulsions
(2.1–1.9 ka; Vespremeanu-Stroe et al., in prep) which aﬀected the ﬂow
distribution on Danube branches and by the age of the inception of the
Chilia 1 deltaic lobe into Lake Pardina (1.8–1.5 ka) as supported by
both cores F18 and KP1 (Fig. 3; Filip and Giosan, 2014).
The most recently constructed inner deltaic lobe (Chilia 2) relates to
Chilia arm advancement into the Roşca-Merhei depression (Chilia East
basin). This lobe has formed in a shallow lagoon as supported by cores
F2 and KP2 in which brackish sandy silts underlying ﬂuvial sands are
found at depths of 1.8–2.5 m only. The current Chilia 2 lobe exhibits a
typical bayhead delta morphology with multiple distributaries bifurcating primarily at its apex, near the Chilia loess plateau, which was
considered by Filip and Giosan (2014) to have started growing 800 yr
ago and continued until at least 300 yr ago, when the Chilia pierced the
sandy coastal barrier. However, the three ages (Jibrieni 2: 0.79 ka;
Letea 3: 0.81 ka; Letea 10: 1.2 ka; Fig. 1B) we obtained in the current

5.3. Evolution of the maritime delta (eastern and southern delta)
5.3.1. Background
After about 2000 yr of bayhead delta advancement into Danube Bay
(7.5-5.7 ka) - favoured by the limited fetch conditions speciﬁc to an
open bay (before 6.5 ka) or to a lagoon (semi-) closed by the initial-spit
(6.5–5.7 ka) – the Danube began a long maritime odyssey for the
following six millennia, when six large open-coast deltaic lobes were
built. Four of them belong to Sf. Gheorghe, attesting its long history,
whereas the other two have been created by the Sulina and Chilia
distributaries.
The spatial growth pattern of the maritime delta reﬂects successive
advances of wave- and ﬂuvial-inﬂuenced lobes triggered by avulsions of
the Danube distributaries. The open-coast lobes are the fundamental
structural units of the maritime delta created at a centennial to
millennial scale by the continuous encroachment of a branch into the
sea, which gathers river borne sediments and traps allochthonous sands
supplied by longshore currents. The maritime delta occupies about half
of the Danube delta, fronting the ﬂuvial delta to the east, southeast and
south. Its evolutionary model (i.e. the chronological order of the lobes)
has been roughly established since the mid-20th century (de Martonne,
1931; Zenkovich, 1956; Panin, 1983) although, recently, new investigations have enabled more detailed and accurate reconstructions of the
diﬀerent deltaic units (Vespremeanu-Stroe et al., 2013; Filip and
Giosan, 2014; Preoteasa et al., 2016; Vespremeanu-Stroe et al., 2016).
5.3.2. Old Sf. Gheorghe lobe (6/5.7–3.5 ka)
The Old Sf. Gheorghe (SG1) is the ﬁrst lobe formed outside Danube
Bay (Fig. 7A, B). Its updrift side corresponds to Caraorman b.r.p.
(5.5–3.2 ka), the foremost beach-ridge plain built in the Danube delta in
association with the Sf. Gheorghe river mouth which blocked the
longshore currents acting within the largest littoral cell (over 150 km
long) of the western Black Sea at that time. Caraorman b.r.p. was
constructed from the accumulation of quartz sands derived mainly from
cliﬀ and shoreface erosion of the Bugeac plateau and, secondarily, from
the sediment discharge of the Dniester and Bug rivers (Panin, 1983). It
has a triangular, fan-like aspect with the beach ridges diverging to the S
and SE in relation with the position of the river mouth. Distal beach
ridges are truncated both southward by ﬂuvial erosion (meandering of
the Sf. Gheorghe channel) and eastward by wave reworking which
followed the lobe switching in favour of the Sulina channel. Although
mean shoreline progradation rates varied signiﬁcantly with each of the
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deposited in a semi-closed lagoon (Unit B), and ﬂuvial oligo-haline
lagoon muds (Unit C; Bony et al., 2015). Based on AMS dating, the
authors propose chronological ranges for the transitions between the
three units: 3.5 ka (marine to lagoon) and 2.2–2 ka (meso-haline to
oligo-haline lagoon). Within the upper 2 m of Unit A (from 6.2–4.5 m of
O2; Fig. 6), the particle size signiﬁcantly increases (from 90 to 150 μm),
indicating a gradually stronger inﬂuence of wave processes speciﬁc to a
prograding coast. Further up the core (~ 4.2 m), the particle size drops
to 25–40 μm. Unit B, at a depth of 2.2 to 4.1 m in core O2, is
characterized by silts and clays that contrast with the sandy texture
of the underlying unit, whilst the sediment is poorly sorted, conﬁrming
a low-energy context (Bony et al., 2015). The transition between unit A
and unit B is relatively abrupt, indicating a rapid switch from a dynamic
open-coast environment to a sheltered lagoon.
Additionally, within the top of Unit A (4.7–4.1 m), subtidal marine
species gradually decline in favour of oligo-haline lagoon species
(Theodoxus ﬂuviatilis and Cerastoderma glaucum). Thus, the sharp
change in sediment texture together with the smooth transition from
saline to fresher water conditions reﬂected in the faunal assemblages
may suggest that, long before a barrier extended up to this point, there
was a gradual increase in freshwater ﬂow (from the Danube) associated
with the gradual southward expansion of the SG1 lobe. This sector
changed from a sandy barrier at that time to a lagoon composed of silts,
reed or other marshy vegetation species as the stratigraphy suggests
that the entire area was rapidly fronted (decades) by an elongating spitbarrier from the northeast. In other words, the northern part of Lake
Goloviţa evolved directly from open coast to a lagoon environment
behind a barrier spit cut by inlets.
The latest unit of the SG1 corresponds to the southern extremity of
the lobe, where several beach ridges, aligned NE-SW, are hardly
identiﬁable in the delta plain. The Pahane ridgeset exhibits the only
visible sandy ridges of the downdrift part of the SG1, these being the
youngest features of the SG1 lobe and therefore less aﬀected by
subsidence. For an overall age estimation of this last stage of the SG1
lobe, we used the previous published ages of 3.35 ka (appendix in
Giosan et al., 2006; sample no. 11) and 3.15 ka (Noakes and Herz,
1983; sample no. R-2675) the geographical positions (Fig. 1B; Table 1)
of which coincide with the newest (last) ridgeset (3.5–3.1 ka), which is
unlikely to stand out as an individual coastal barrier (Giosan et al.,
2006) or as part of the Dunavăţ lobe (Noakes and Herz, 1983). The
inter-ridge spacing (40–200 m) and the general architecture of this
ridge set (parallel linear ridges) in this unit are peculiar features for a
relict beach-ridge plain (however, they also show some similarities with
barrier-marsh plains) composed of SG1 sediments eroded updrift. This
last stage corresponds to SG1 abandonment with a ridge plain also
encompassing several widely-spaced ridges that may suggest the past
existence of a secondary channel with low discharge.

four distinct beach-ridge sets (from 2.8 to 4.4 m/yr), the surface growth
rates remained at a constant value of 6.2–6.5 km2/100 yr, which
suggests constant LST ﬂuxes that were spatially redistributed in relation
with the various lengths of the Caraorman coastline during its
progradation (Vespremeanu-Stroe et al., 2016).
The downdrift lobe side is nowadays composed of: (i) a marshy
delta plain to the north, (ii) a large lagoon system (Razelm-Goloviţa) to
the west, and (iii) a bunch of NE-SW beach ridges with intercalated thin
lagoons in the south; the latest are sandy ridges partly drowned and
eroded, but they compose the only distinguishable ridge set (Pahane) of
the downdrift side of the SG1. The marshy delta plain between Sf.
Gheorghe branch and Razelm lake currently displays a monotonous
aspect in the north, with only a few very small lakes and frail secondary
channels ﬂanked by poorly developed levees, whilst the southwest area
comprises a chaotic network of irregular contour lakes besides Dranov
Lake, which is the largest. The stratigraphy of this area (F5, F7, F9 and
F13; Fig. 6) displays the common characteristics of a subsided barriermarsh plain with surﬁcial layers of peat, silts and clays (≤ 5.5 m depth)
overlying delta-front sands with interstratiﬁed muds; below the depth
of 10 m, the silts become dominant with thin intercalations of very ﬁne
sands and clays (F34 Dranov in Fig. 4C) suggesting shoreface deposition
within the same brackish environment inﬂuenced by a high river
sediment discharge. Therefore, the initial downdrift lobe topography
(speciﬁc to barrier-marsh plains) is currently lying 3–5.5 m under the
topographic surface due to the combined action of continuous subsidence (0.4–1 mm/yr; Vespremeanu-Stroe et al., in prep.) and episodic
sea-level rise.
Due to the lack of subaerial features indicative of shoreline position
(i.e. beach ridges) along the downdrift side, we reconstructed the
evolution of the SG1 on the basis of the absolute ages of Caraorman
beach ridges and of their presumed downdrift coastline prolongations
(now subsided and buried under 3-5 m of ﬂuvial deposits) from the
depth ages intercepted in several cores (Fig. 6); additionally, we used
the morphologic, geochronologic and stratigraphic information from
Pahane ridge set partly identiﬁable in the southern lobe extremity.
The SG1 lobe started to form around 6000–5700 yr ago when the Sf.
Gheorghe distributary advanced beyond the Dunavăţ Promontory
reaching the open sea. Meanwhile (ca. 5.7 ka), the initial-spit completed the closure of the bay and connected to the updrift side of the
SG1 lobe where it started to prograde as a series of sub-parallel beach
ridges, building the Caraorman b.r.p. The lobe subsequently evolved
through rapid advancement to the east, south and southwest. About
1000 km2 of delta plain were built in ca. 2500 yr of which 1/3 updrift
and 2/3 downdrift, denoting a high sedimentation rate.
The mean progradation rates increase radially around the lobe from
2.5–5 m/yr on the updrift coast, to 7–9 m/yr both in front and downdrift. The maximum expansion of the SG1 lobe was achieved around
3.5 ka (Figs. 7A, 9C) as inferred from the age of the latest Caraorman
ridges (C4 and C5 OSL samples). At that time, the SG1 overlapped >
30% of the modern lobe (SG2), but these deposits were ultimately
removed together with the southeastern part of Caraorman due to the
lobe front retreat initiated after the abandonment of the Sf. Gheorghe
main course (~ 3.5 ka) that was synchronous with the Sulina avulsion
and its new lobe development. The overall eroded surface amounts to
ca. 123 km2. The next phase of progradation in front of the old lobe
started ca. 1500 yr later (~ 2.1–2 ka; Preoteasa et al., 2016), triggered
by major avulsions of the Danube branches that led to gradual reactivation of the main (northern) course of the Sf. Gheorghe, of the
southern distributary of the Sulina (Împuţita) and, probably, of the
modern Chilia.
For the reconstruction of the distal southwestern part of the SG1
lobe, data have been provided by three 5–9 m-deep cores from the
northern marshy shore of Lake Goloviţa published in Bony et al. (2015),
which describe in detail the local stratigraphy and the macro- and
micro-fauna assemblages. The three cores depict a similar stratigraphy
of marine ﬁne sands and silts (Unit A) overlain by a silty facies

5.3.3. Sulina lobe (3.5–2/1.35 ka)
The Sulina lobe currently occupies a central position in the eastern
Danube delta, covering over 12% of the total Danube delta area, but in
the past, around 2000 yr ago when it reached the maximum lobe
extension, it occupied up to 20% of the delta plain (Figs. 7A, 9D). Like
SG1 and the other open-coast lobes, it displays an asymmetric
morphological structure reﬂecting the interaction of a high southward
LST with strong river ﬂow. This convergence created a complex lobe in
terms of both stratigraphy and morphodynamics, where beach-ridge
plains and barrier-marsh plains with diﬀerent morphologies depending
on Sulina sediment discharge ﬂuctuations coexist. The updrift unit
hosts the Letea b.r.p., which is the largest ridge plain in the delta, that
developed continuously over a long time span (3.5–0.3/0.1 ka). It is
composed of closely spaced beach ridges that tend to be more tightly
spaced updrift and ﬂared downdrift, conferring a fan-like aspect. The
beach ridges are grouped into multiple sets with diﬀerent progradation
rates, which give rise to diﬀerent heights and morphological characteristics. Four large parabolic complexes (totaling 15 km2), each compris53
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Fig. 10. Reconstructed evolution of the Sulina lobe (3.5–2/1.35 ka). 2013 Landsat image in the background.

barriers and spits. Despite the long timespan (between 3300 and
2000 yr, depending on location) over which lagoon silting has occurred, the lakes still occupy ca. 1/3 of the downdrift lobeside surface,
with the most clustering in the south. Their spatial distribution
indicates a slow silting mainly from north to south by secondary
branches derived from the Sulina. Moreover, some of the lakes appear
as twin pairs (e.g. Lumina-Puiu and Roşuleţ-Roşu) that have been
separated by the formation of east-west oriented lacustrine barriers
under the inﬂuence of strong northern winds, which can remobilize
bottom and marginal sediments, and of accumulation aided by biological processes (e.g. reed growth).
Corroborating the beach ridge chronology with morphological
proxies (i.e. sandy barriers in the downdrift b.m.p.), six paleo-shorelines have been reconstructed for the entire lobe (Fig. 10) which
advocate for three diﬀerent stages of Sulina lobe development: (i) an
initial moderate expansion (3.5–3.3 ka: 15 m/yr), followed by (ii) a
long-lasting fast expansion (3.3–2 ka: 20–27 m/yr), and (iii) the lobe
decay phase with progradation restricted only to the southernmost
secondary branch (Împuţita: 2–1.35 ka), followed by a generalized

ing elongated parabolic dunes with maximum heights of 14 m, developed in the northern extremity of the ridge plain, favoured by a low
shoreline advance (2–3 m/yr; Vespremeanu-Stroe et al., 2016).
At least three secondary branches (Magearu, Cocora, Cardon),
which later became successively abandoned, were active north of the
Sulina channel (Fig. 10), trapping most of the LST and developing the
Letea b.r.p. through juxtaposition of successive ridgesets on their
updrift sides. The Letea plain is composed of allochthonous (nonDanubian) quartz-rich sands down to a depth of 20 m (Liteanu and
Picăjan, 1963), whereas, on the downdrift side of the lobe, barriermarsh plains developed as a result of the cyclic development of barrier
islands and spits, which trapped river-borne sands and silts, and a lesser
proportion of allochthonous sediments that bypassed the river mouths.
At least 6 barrier complexes are present between Magearu and Cardon,
composed of multiple adjoining beach ridges and well-deﬁned higher
truncation ridges, which suggest episodes of transgression.
One of the particular features of the downdrift side of the Sulina
lobe is the presence of about 25 scattered lakes with surfaces ranging
from 1 to 20 km2 that are remnants of former large lagoons enclosed by
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built by LST in the absence of deltaic lobes (Giosan et al., 2005, 2006,
2012; Romanescu, 2009, 2013; Bony et al., 2015). In our recent studies
dealing with the paleogeographical reconstruction of the Histria region,
we found that most of the southern delta (namely southern and central
units) was initially built by the Dunavăţ branch even more recent than
previously proposed by Panin (1983, 2003), and explained the current
puzzle-like morphology as resulting from the combined eﬀect of
neotectonics and wave reworking following lobe switching
(Vespremeanu-Stroe et al., 2013; Preoteasa et al., 2013). Otherwise,
as already discussed (see Section 5.3.2), the northern part of the
southern delta was ﬁrstly built as downdrift barrier-marsh plain of
the Sf. Old Sf. Gheorghe lobe, which at its climax covered the current
Lakes Razelm and Golovița.
Reconstructing the early evolutionary phase of the Dunavăţ distributary needs tracking the transformations of the Old Sf. Gheorghe
(SG1) lobe delta plain following its abandonment at ca. 3.5 ka. Besides
the wave-eroded lobe front, the downdrift plain of the SG1 shows clear
signs of subsidence, which has led to the burial of most of the initial
topography. At present, the upper stratigraphy of the delta plain,
respectively the surﬁcial layers overlying marine sands, is similar to
that in the ﬂuvial delta, namely the Old Danube Lobe (Fig. 6),
indicating a common evolutionary pattern speciﬁc to a late stage of
ﬂuvial aggradation that followed the early delta front advance.
Excepting core F9, which intercepted the levees of the Dunavăţ branch,
all the other cores in the marshy delta plain (constrained between the
Sf. Gheorghe branch and Lake Razelm) contain a massive peat layer.
This is usually accommodated on the foreshore sands, indicating the
long absence of ﬂuvial sediment ﬂux towards the inner delta. Basal peat
elevation diﬀers from one location to another mainly due to local
variations in subsidence rates, whereas the peat areal extension proves
that the initial downdrift lobe topography (speciﬁc to b.m.p.) is
presently buried at 3–5.5 m due to the combined action of continuous
subsidence and sequential sea-level rise (Fig. 6). The reconstructed
subsidence shows similar low rates of 0.4–0.6 mm/yr in the north for
the ﬂuvial delta (Old Danube Lobe), whilst the southwestern part
presents higher rates of 0.7–1 mm/yr (Vespremeanu-Stroe et al., in
prep.) suggesting that the puzzle-like morphology of this unit and Lake
Dranov (the largest deltaic lake, excluding the Razelm-Sinoe lagoon
system) are the consequences of locally intensiﬁed subsidence.
The age of the peat layer and the presence of the siliciclastic
sediments overlying the peat in cores F13 and F5 indicates the
resumption of ﬂuvial aggradation at 3.3–3 ka. At other locations with
massive peat layers (e.g. cores F7 or F31) several episodes of siliciclastic
sediment deposition took place later, at 2–1.7 ka. This chronostratigraphic evidence may suggest that since 3.3 ka, simultaneously with the
sinking of the downdrift part of the SG1 lobe multiple phases of local
ﬂuvial aggradation occurred. Orthophotos show numerous secondary
channels that fed with sediments the newly-created (by subsidence)
shallow lakes and lagoons with reed marshes. These processes lasted
until recently as conﬁrmed by the upper stratigraphy and the current
morphology of the delta plain. For instance, the recurved tips of the
older ridges of the Periteaşca b.r.p. (PI: 0.88 ka) indicate the presence of
two palaeo-channels (recognizable on the orthophotos) derived from a
late course of the Dunavăț that fed the lagoon/marshes conﬁned
between successive sandy barriers.
The sedimentation rates assessed by Bony et al. (2015) from core
O2, located 150 m from the cliﬀ edge of Lake Goloviţa show mean
values of 1.8 mm/yr for the 5.5–4.1 ka interval (Fig. 6) that are in
accordance with the low rising sea-level rate from that period. After a
period lacking aggradation (4.1–3.1 ka), the sedimentation restarts
during the 3.1–2.4 ka interval when the highest sedimentation rate
(of 2.4 mm/yr) occurs during a stable sea level which should be
interpreted as a response to an active internal (intra-lagoonal) distributary discharging sediments not far from Cape Doloşman
(< 10 km); this is in agreement with cores F5 and F13 which show
that the ﬁrst phase of ﬂuvial aggradation started around 3 ka. After

erosion afterwards (post 1.35 ka).
The ﬁrst stage (3.5–3.3 ka) followed the major avulsion of Sulina
which breached the initial spit 3.5 ka ago and determined the abandonment of the Old Sf. Gheorghe lobe. It is characterized by a slower initial
advance as indicated by the 6–7 closely spaced (300–600 m) downdrift
barriers, which sometimes border narrow elongated lakes (former
lagoons). The southern sectors of these barriers join the Caraorman
b.r.p. (updrift unit of the SG1 lobe) where some of them are distally
decorated by parabolic dunes and others truncated indicating a
progressive abandonment of the SG1 lobe. The lower discharge during
this period suggests that a progressive redistribution of the river ﬂow
from Sf. Gheorghe to Sulina occurred over a period of about two
centuries. The surface growth rates of the lobe are about 15 km2/100 yr
and the average progradation rate is 15 m/yr close to the river mouth,
but rapidly decreases away from it. The low growth rates of the updrift
side (2.5 km2/100 yr), registered during the ﬁrst stage, indicate that a
signiﬁcant part of the allochthonous sediments carried by longshore
currents bypassed the river mouth, accumulating downdrift.
During the second stage (3.3–2 ka), the Sulina lobe experienced a
fast expansion with the surface growth rates exhibiting a three to four
times increase up to 42 km2/100 yr (3.3–2.6 ka) and later even more 68 km2/100 yr (2.6–2 ka) -, reﬂecting the strengthening of the solid and
liquid discharge through the Sulina branch. Interestingly, the progradation rates in front of the river mouth remained quasi-constant during
this period at 23 to 21 m/yr. During this phase of rapid development,
the lobe planimetric asymmetry (the ratio of downdrift versus updrift
surface) ranged from 1.4 to 2, implying a signiﬁcantly higher sediment
accumulation on the downdrift side. The hypothetical extension of the
updrift and downdrift beach ridges reconstructs an eccentric position of
the Sulina mouth, up to 6 km oﬀshore from the present location, during
its maximum expansion as was evidenced earlier by Brătescu (1921).
The last stage marks a cessation in the long-term advance of the lobe
at its main river mouth. The new evolution pattern exhibits massive
erosion of the lobe front and slow progradation only along its ﬂanks.
Accumulation is promoted, along the eastern Letea plain, by the
northern LST-born allochthonous sediments and, on the southern distal
sector, by the reworking of the lobe protuberance and through the weak
discharge of the Împuţita, the only remaining active distributary of the
Sulina (Preoteasa et al., 2016) having an inﬂuence strong enough to
promote the downdrift development of a barrier-marsh plain that
prograded at a mean rate of 7 m/yr from 2 to 1.35 ka.
5.3.4. Dunavăţ lobes (Old Dunavăţ (D1): 2.6–2 ka; New Dunavăţ (D2):
2–1.3 ka)
The present-day aspect of the southern delta evokes a mosaic of
beach-ridge plains (Saele, Chituc and Lupilor), sandy barriers (derived
seaward from the Lupilor b.r.p.), marshy delta plains, all traped in a
network of shallow but vast lakes (including Razelm, Golovița, Sinoe,
Zmeica, Histria and Nuntaşi), as well as three rocky promontories
(present or former islands): Popina, Bisericuţa and Histria. The latter is
a green schist outcrop that was chosen by the early Greek colonists to
found the political and religious center of one of the most important
Greek colonies in the Black Sea (Histria: 2.66 ka; Pârvan, 1915).
The presence of former Danube mouths in the southern delta was
ﬁrst proposed by Antipa (1914), whereas the next relevant studies
(Brătescu, 1921; de Martonne, 1931; Vâlsan, 1934; Mihăilescu,
1936–1947; Zenkovich, 1956; Coteţ, 1960) overlooked this perspective,
most probably due to the current complicated morphology dominated
by giant lagoons which does not resemble that of classic river- or waveinﬂuenced deltaic lobes. An alternative scenario endorsed the formation
of barrier spits enclosing diﬀerent lagoons (Zenkovich, 1956;
Ștefănescu, 1982). Panin (1983, 2003) was the next to proclaim the
existence of Danube southern distributary (Dunavăţ) lobes, namely
Coşna and Sinoe, with estimated ages of 3.5–1.5 ka. But recent studies
denied again the existence of the former Danube branches, considering
the southern delta as a lacustrine system conﬁned by successive barriers
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that, the sedimentation rates decreased three to four times – 0.8 mm/yr
(2.38–2.15 ka), respectively 0.6 mm/yr (2.15–0.44 ka) – suggesting the
disappearance or the relocation of the distributary channel. Sedimentation rates reconstructed from the marshy delta plain and sedimentation
rates in core O2 do not support the former theory of a lacustrine lobe
sourced since 2–1.8 ka by the Dunavăţ and prograding into Lakes
Razelm-Goloviţa (Giosan et al., 2006; Bony et al., 2015), but plead
instead for a nearly continuous, but weak to moderate, ﬂuvial
aggradation, occurring in several local phases, and at least for the last
3000 yr.
Despite the long-term records of ﬂuvial activity (aggradation)
associated with the Dunavăţ, a new open-coast lobe (Old Dunavăţ:
D1) started to build up in front of the current Periteaşca b.r.p. (Figs. 7A,
9D) at about 2.6 ka as indicated by the OSL ages of Pahane (2.58 ka)
and Lupu1 (2.66 ka). Nowadays, only a part of the downdrift unit is still
visible, rendering tricky the assessment of the former size of the lobe or
its chronology. However, the abrupt restart of progradation in front of
the Lupilor barrier, around 2.0–1.9 ka (Vespremeanu-Stroe et al.,
2013), reﬂects a switch of the Dunavăţ to a new southern course and
the inception of a new open-coast lobe (New Dunavăţ: D2) at ca.
16–20 km south of lobe D1 (Fig. 9E). These were the conditions in
which the Old Dunavăţ lobe developed between 2.6 and 2 ka and
became abandoned synchronously with the Sulina lobe during the
period of major avulsions in the Danube delta (2.1–1.9 ka). Taking into
account the signiﬁcantly faster progradation of the New Dunavăţ lobe
(in comparison with D1), it seems that the new course of the Dunavăţ
beneﬁted from a larger sediment discharge after lobe switching.
During the same timespan (2.2–2 ka), all the three cores (O1–O3)
reported by Bony et al. (2015) present a short stratigraphic unit
containing distinct fauna, recording a changing environment marked
by the transition from a marine protected semi-enclosed lagoon to a
ﬂuvial oligo-haline lagoon; in core O2, the transition is visible at
2.5–2.2 m depth (Fig. 6). Molluscan taxa are abundant, indicating an
oligo-haline lagoon disconnected from the marine environment. The
appearance of species common to the Danube river (e.g. Planorbis
corneus, a gastropod living in vegetated areas with < 4‰ salinity)
attests the reduction of the salinity (Bony et al., 2015). These welldocumented transitions of fauna induced by lagoon water freshening
are coincident with the Dunavăţ branch avulsion around 2.0 ka to a
southerly position, triggering the rapid growth of the New Dunavăţ lobe
(D2: 2.0–1.3 ka, Vespremeanu-Stroe et al., 2013). Its downdrift side is
composed of a barrier-marsh plain that fronted the older barrier of
Lupilor West (Lupu2: 2.6 ka), closing the former inlets that previously
allowed water exchanges between the Black Sea and the RazelmGoloviţa lagoon. Moreover, the increased salinity speciﬁc to the Black
Sea in the 3–2.5 ka interval (van der Meer et al., 2008) and the presence
of inlets favoured a meso-haline regime in the lagoon at that time.
A detailed bathymetric survey of the Razelm-Sinoe lagoon complex
has led to the mapping of ﬁve submerged fossil sandy ridges representing the extensions of the most consolidated beach ridges of the Lupilor
barrier (Dimitriu et al., 2004). Their recurved aspect indicates that the
present-day Lupilor East barrier belongs to a speciﬁc morphogenetic
type of ridge plains (shared with Crasnicol, Cardon and Old Periteaşca
b.r.p.) that are created in the downdrift shoreline convergence zone of
rapid prograding lobes through the juxtaposition of the distal parts of
the sandy ridges; here, the moderate and constant progradation rates
(of 2–8 m/yr) follow a rotational clockwise pattern, building fan-like
beach-ridge plains oriented towards the northeast as a result of the local
reversal of LST (Vespremeanu-Stroe et al., 2016).
The new OSL ages derived from early (L1, L2 samples) to late (I1, C1
samples) stages of the New Dunavăţ lobe have set its age at 2.0–1.3 ka,
and indicate that it was younger and advanced more rapidly than was
previously suggested Panin (1983, 2003). The supposed shoreline
position associated with its maximum extension at 1.3 ka reﬂects mean
progradation rates of 14–20 m/yr in the downdrift unit, with the
maximum near the Dunavăţ branch.

After the abandonment of lobe D2, a large ridge-plain system
(composed of the two twin ridge plains - Young Saele and Chituc:
1.3–0.3 ka - separated by the southernmost outlet of the Dunavăţ) was
built immediately downdrift through LST from wave-reworking of lobe
D2. The progradation rates of the Young Saele – Chituc plain, as
reﬂected by the OSL ages, were about 10–15 m/yr, with larger values
recorded downdrift, in the south.
A southward oriented channel (Buhaz) crossing the southern Chituc
plain, which presently connects Lake Sinoe to the Black Sea, can be
easily traced on old maps (1888, 1911). Its aspect, together with some
junction unconformities of the beach ridges from the west (Young
Saele) and east (Chituc) units suggest that the Buhaz channel is the
southernmost sector of a palaeo-course derived from the Old Dunavăţ
branch, which had a low discharge after abandonment of lobe D2. Thus,
the Young Saele - Chituc ridge plains developed synchronously with the
Buhaz distributary on each side of the river mouth the low ﬂow of
which did not signiﬁcantly impede the alongshore bypass of sediments.
During the last stage, the local tectonics induced the drowning of the
central part of the ridge plain that ended up with the formation of Sinoe
Lake which split the former unitary ridge plain in two distinct plains
(Saele and Chituc b.r.p). As the youngest beach ridges currently lying
under the waters of Lake Sinoe are 0.78–0.72 ka old, the maximum age
of lake inception is assessed at ca. 700 yr ago, contemporaneous with
Lakes Nuntaşi and Istria (all having mean depths of 1–1.2 m), and the
formation of which was dated at 0.76 ka based on an articulated shell
retrieved from lacustrine muds near the marine - lacustrine interface
(Vespremeanu-Stroe et al., 2013).
In conclusion, the D1 and D2 open-coast lobes are the product of the
southernmost Danube distributary, named Dunavăţ (or Peuce in
Antiquity; Pârvan, 1915), a derivation of the old Sf. Gheorghe branch,
the initial topography of which was substantially modiﬁed by wave
reworking and neotectonics (sinking processes) that aﬀected the delta
plain.
5.3.5. Modern Sf. Gheorghe lobe (2.1/1.35 ka – present)
The modern Sf. Gheorghe lobe (SG2) developed in the course of the
last 2100 yr through the cyclic formation of shore parallel elongated
barrier islands and spits associated with river-mouth bar morphodynamics. These features speciﬁc to the downdrift area evolved into
successive ridgesets encased in marshy deposits, resulting in a barriermarsh plain. The lobe SG2 inception coincided with the declining phase
of the Sulina lobe triggered by the switching of the main ﬂuvial
sediment discharge from the Sulina to the Sf. Gheorghe branch. At that
time, the main ﬂuvial discharge of the Sf. Gheorghe was channelized in
the Dunavăţ distributary ﬂowing southward and quickly developing a
new lobe (2.0–1.3 ka), whilst just about 12–15% of the main branch
discharge was ﬂowing southeastward through the modern Sf. Gheorghe
arm (Preoteasa et al., 2016). Therefore, the Sf. Gheorghe fed two main
branches: the Dunavăţ which captured most of discharge and the
northern old mouth which restarted a new lobe (SG2) at a low rate
whilst Dunavăţ was the main distributary (prior to 1.35 ka) but much
faster afterwards.
Almost synchronous with the formation of the New Dunavăţ lobe,
the Împuţita channel became the main distributary of the Sulina lobe
during 2.0–1.35 ka interval, even with a moderate ﬂow, fostering a
progradation of 7 m/yr for the southern ﬂank (of the lobe) and building
a barrier-marsh plain downdrift, partly fed by sediments released from
the wave-reworking of the Sulina lobe front. Roughly at over the same
period with the New Dunavăţ and Împuţita lobes, the moderate
increase in sediment supply at the Sf. Gheorghe open mouth, coming
both from the eroding Sulina lobe via longshore currents (updrift) and
from ﬂuvial discharge (downdrift), imposed the restart of progradation,
respectively the initiation of the modern lobe (SG2), following a
counterclockwise pattern at the updrift and reversed at the downdrift.
The counterclockwise rotation of the updrift coast changed the
exposure of the shoreline to the prevalent waves, inducing a gradual
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Fig. 11. The evolution of the modern Sf. Gheorghe (SG2) lobe. (A) Map of beach ridges and of ridge sets (S1-S10) within the barrier-marsh plain (downdrift) and beach-ridge plains
(updrift) (from Preoteasa et al., 2016). (B) Reconstruction of the successive coastlines. 2013 Landsat image in the background.

in present-day ridgeset formation cycle, expressed by the cessation of
the updrift coastal progradation and the prevalence of slight erosion in
front of the river mouth. These changes are associated with the switch
of the balance between wave- and river-borne sediments (deﬁned by
the sedimentary index, Si) which registered a more than threefold
increase (Si evolved from 0.1 to 0.37 in the present) and seem to control
the recent (1930s – present) river-mouth dynamic switch to downdrift
migration at the expense of seaward progradation (Preoteasa et al.,
2016). These changes mark the present transition of the Sf. Gheorghe
mouth from an asymmetric to a deﬂected wave-inﬂuenced delta
morphology.

increase in the LST during the lifespan of the modern Sf. Gheorghe lobe,
from 0.21 to 1 × 106 m3/yr (Preoteasa et al., 2016). The prevalent
northeastern waves and associated longshore currents interacting with
the ongoing development of the downdrift skewed subaqueous deltaic
platform at the river-mouth bar are the factors that promoted the
asymmetric development of this deltaic lobe.
Ten cycles of ridgeset formation have been recently identiﬁed
within the barrier-marsh plain of the modern Sf. Gheorghe lobe
(Fig. 11A) and analyzed in terms of speciﬁc forming conditions:
sediment supply, accommodation space and related morphometric
characteristics. Crasnicol was the ﬁrst ridgeset to form which, despite
its downdrift position, displays a classical beach-ridge plain morphology. It formed in conditions of low sediment ﬂux, of about
0.41 × 106 m3/yr, resulting in low progradation rates of 2.5–3 m/yr
which lasted ca. 700 yr. Another phase of Sf. Gheorghe lobe development started about 1.4 ka in relation with the gradual abandonment of
the Împuţita branch that triggered the rapid increase in Sf. Gheorghe
sediment discharge and the rapid building of the next two ridge sets
(S2–S3) over a small area (Fig. 11B). This development trend was
further favoured by Dunavăţ arm abandonment (about 1.3 ka ago;
Vespremeanu-Stroe et al., 2013) which fostered an increase in sediment
supply from 3 to 8 × 106 m3/yr (Preoteasa et al., 2016). Despite this,
the larger accommodation space associated with increasingly longer
coastlines and greater inﬁlling depths engendered a progressive rise in
the lifespan of each distinct ridgeset. Thus, from S5/S6 to S9 ridgeset,
the lifespan increased from 70/80 to 440 yr. The development of the
latest complete ridgeset (S9) occurred over 440 yr (0.68–0.24 ka) under
conditions of an abundant sediment supply of ~9 × 106 m3/yr. Despite
quantitative changes in various factors involved in lobe development,
each ridgeset followed a common evolutionary pattern expressed as a
cyclic succession of the following recurring stages: (i) subaqueous
mouth bar expansion, (ii) barrier island emergence, and (iii) transformation into a barrier spit with several secondary spits (Preoteasa et al.,
2016). As a result, a large barrier-marsh plain formed at the downdrift
part of the river mouth as discrete, shore-parallel beach ridges (former
sandy spits) encased in the muddy deltaic plain.
The last ridgeset (S10), which is still under construction, started to
form at about 1750/1800 CE when intense subaqueous sedimentation
and subsequent deltaic platform expansion across an area sheltered by
the updrift coast (positioned 1–2 km seaward relative to the downdrift
shoreline) prepared the conditions for the emergence of a new barrier
island. In 1897, Sacalin Island emerged at the seaward edge of the
mouth bar platform following a historical river ﬂood. Lately, the
dramatic anthropogenic-driven sediment depletion of the Danube
discharge (since the early 20th century) precipitated major changes

5.3.6. Modern Chilia lobe (0.9 ka – present)
Following an avulsion at ca. 2–1.7 ka, Chilia started to build
successive lacustrine lobes in the northern sheltered lagoons (see
Section 5.2.4) and then the youngest open-coast deltaic lobe (8% of
the delta plain area) in an embayment backed by a sandy barrier that
evolved from the initial spit enclosing and separating Roşca - Merhei
lagoon from the sea. As shown by the 1771 Russian map, most of this
lobe was built over the last 250 yr indicating a very rapid expansion.
Although it recently exhibited signs of increased wave inﬂuence mainly
due to reduction in sediment supply, the Chilia lobe morphology is for
the most part an example of a classic river-dominated lobe with a treelike distributary network and a rapidly progradational delta front. Our
reconstruction identiﬁes three distinct stages in the evolution of the
Chilia lobe that reﬂect long-term hydrodynamic changes with lasting
eﬀects on the degree of wave and river inﬂuence.
5.3.6.1. Wave-dominated river mouth (0.9–0.25 ka). Previous studies set
the inception of the Chilia open-coast lobe around 1700 CE (Mikhailova
and Levashova, 2001; Filip and Giosan, 2014). Nevertheless, three of
our new absolute ages (Jibrieni 2: 0.79 ka; Letea 3: 0.81 ka; Letea 10:
1.2 ka) along with sedimentological and morphological analyses - the
occurence of Danubian sands in the eastern part of Letea b.r.p. as low
beach ridges prograding faster than the previous ridges composed of
allochthonous (non-Danubian)sediments (Vespremeanu-Stroe et al.,
2016) - show that a wave-dominated outlet has existed since 0.9 ka,
implying that, for the ﬁrst 650 yr (0.9–0.25 ka), the development of the
Chilia 2 inner (lacustrine) lobe continued concomitantly with the slow
expansion of the open-coast Chilia lobe (Chilia 3).
The low sediment supplied to the sea by the Chilia contributed to a
lesser extent than the northern LST to lobe advance into the sea as
indicated by the lobe growth rates. Therefore, the surface growth rates
of the Jibrieni ridge plain (2.3 km2/100 yr) and of the entire lobe
(7 km2/100 yr) are relatively low, reﬂecting the moderate contribution
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Fig. 12. The evolution of the Chilia lobe reconstructed on the basis of numerical ages of paleao-shoreline (0.9 ka) and historical maps: 1771 (Old Russian map), 1856 (British admiralty
chart, 1861) and 1897 (Ionescu-Johnson, 1956) and 1972 Landsat image. 2013 Landsat image in the background.

of ﬂuvial-borne sediment and the bypass of the mouth for more than
half of the allochthonous sediments from the north.
The shoreline conﬁguration at circa 1750 CE (Fig. 12) is supported
by the OSL age (Jibrieni 1: 0.28 ka) from the Jibrieni b.r.p. which was
sampled from a ridge built immediately after Chilia sediment supply
increase, triggering the rapid rise in lobe progradation rates as
suggested by the onset of formation of widely spaced low beach ridges,
in contrast with the former beach ridges which are dense and high.
Moreover, this conﬁguration is in agreement with the Russian map of
1771 which shows that the Jibrieni plain developed updrift with a
slightly protruding morphology hinged on the northern side of the
Chilia mouth. The downdrift accumulation zone built during this stage
is composed of low beach ridges capped by very thin (< 0.5 m) aeolian

deposits. Their northward divergent fan-like morphology marks a
reversal in the pattern of evolution (in comparison with older Letea
ridge sets) and indicates the presence of an updrift river mouth that
prograded at a rate of ca. 6–8 m/yr during this interval. Interestingly,
immediately south of the open outlet, the presence of an elongated lake
(Nebunu), parallel with the coastline, as well as that of a nearby silted
lake, both seeming to be abandoned, deﬂected courses of the Chilia, is
indicative of a wave-deﬂected river mouth during that period. One of
the main processes that contributed to the shaping of the Chilia mouth
during this stage was the successive construction of sandy spits
anchored on their northern side, temporary causing southward deﬂection of the mouth which slightly eroded the northern tip of the Letea
ridge plain. When the spit breached due to narrowing, it caused an
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evolutionary paradigms:

updrift avulsion, and the former deﬂected channels became transformed into elongated lakes and swamps (e.g. Lake Nebunu) which
remained preserved downdrift. This is somewhat similar to processes
now occurring at deﬂected river mouths under high wave asymmetry
(e.g. Senegal delta; Anthony, 2015).

1) The ﬂuvial delta developed during two successive main phases: (i)
an early bayhead delta advancement into an open Danube Bay, and
(ii) a late stage of ﬂuvial and peat aggradation (5.5 ka - present)
which conﬁgured the present expressive ﬂuvial morphology. The
ﬁrst phase initiated ca. 8 ka, with > 1000 yr before the relative
stabilization of sea level and of the initial spit formation, building
the oldest deltaic lobe (Old Danube lobe: 8–5.5 ka) which is now
4–6 m below the delta plain due to sea level rise and subsidence.
2) For the southern (maritime) delta we argue that it was initially built
by the deltaic lobes of Sf. Gheorghe arm (and its southern derivation
Dunavăt, called Peuce in the Antiquity) – downdrift unit of Old Sf.
Gheorghe lobe in the north: 6–3.5 ka; Old and New Dunavăț lobes in
the south: 2.6–2 ka/2–1.3 ka – whilst the current puzzle-like morphology was generated by the combined action of subsidence,
neotectonics and wave reworking following lobe switching.
3) For the eastern (maritime) delta, we reconstructed in detail the
open-coast lobes evolution highlighting the main characteristics of
each evolutionary stage: rates of progradation, surface growth,
resultant morphology. Referring to conceptual progress, the main
new ﬁndings are:

5.3.6.2. Fluvial-dominated development: 1750–1950 CE. The overall
morphology of the Chilia lobe during this second stage lacks wavederived features excepting a small barrier-marsh plain created north of
the Jibrieni b.r.p. and comprising the small (< 3 km long), widely
spaced sandy ridges that disappear into the muddy delta plain. The lobe
basically displays a fractal branching distributary network created by
bifurcation caused by river-mouth bar development characteristic of
strongly river-dominated deltas (Edmonds and Slingerland, 2007). The
shoreline in the course of its evolution is highly indented due to the
numerous secondary distributary mouths which increased from 12 in
1856 to 20 in 1898 and up to 30 in 1935–1944, as indicated by the
historical maps (Fig. 12). Despite this large number of river outlets, the
lobe advanced especially through the three stable main branches:
Oceakov, Bistroe and Stambul, occupying the north, central-south and
south positions. Intense progradation started around 1750 CE triggered
by: (i) the inﬁlling of the previous Chilia 2 lobe (Roşca-Merhei and
Lisky-Prymorske basins) and the redirection of the sediment supply to
the sea, (ii) an increased proportion of Danube ﬂow through the Chilia
channel (~ 70% cf. Gâştescu, 2009), and (iii) anthropogenic
deforestation in the lower Danube watershed which reactivated
erosion processes in the lower Danube watershed and signiﬁcantly
increased the sediment supply (Kaplan et al., 2009; Giosan et al., 2012;
Filip and Giosan, 2014).
Average progradation rates of the Chilia lobe remained almost
constant at 100 m/yr even when the shoreline length of the deltaic lobe
more than doubled compared with the initial length (1750/1771)
mainly through radial expansion. It is worth noting that the lobe
expansion rate increased linearly during the 200 yr of intense development, from 134 km2/100 yr (mid 19th century) to 196 km2/100 yr (the
1900s) and then to 306 km2/100 yr (the 1950s). Furthermore, the
Chilia exhibits a south/north lobe asymmetry of 1.5, signifying a
predisposition of sediment deposition southward.

i) SG1 lobe created a much larger downdrift ﬂank than was previously
estimated (Panin, 1983; Giosan et al., 2006, 2013), covering most
of the Razelm and Golovița Lakes. It presents the characteristics of a
subsided barrier-marsh plain currently lying at 3–5.5 m under the
topographic surface, due to active neotectonics southward of the Sf.
Gheorghe fault;
ii) Sulina (3.5–2/1.35 ka) and modern Sf. Gheorghe (SG2: 2.1/1.35 ka
- present) lobes, which are the best preserved large open-coast
lobes, developed barrier-marsh plains on the downdrift ﬂanks, with
a multiple ridgeset structure, following a cyclic pattern which seems
to be speciﬁc for all asymmetrical wave-dominated lobes of the
Danube, reﬂected by the cyclic succession of the following recurring
stages: (a) subaqueous mouth-bar building, (b) barrier-island
emergence, and (c) downdrift elongation and backward migration
with frequent transformation into a barrier spit;
iii) Chilia branch reaches the open sea around 0.9 ka, much earlier than
the previous estimations (Giosan et al., 2006; Filip and Giosan,
2014). After a longer phase of wave-dominated river mouth
(0.9–0.25 ka) the increase in Chilia discharge imposed a ﬂuvialdominated morphology of the lobe with mean progradation rates up
to 100 m/yr during the 19th and the beginning of the 20th
centuries;
iv) Abrupt changes occurred during the 20th century for the active
open-coast lobes, as a consequence of human-induced depletion of
sediment supplied by the Danube. These changes are indicative of
the current transition from ﬂuvial to wave-dominated morphology
(Chilia lobe) or from an asymmetric to a deﬂected wave-inﬂuenced
delta morphology (modern Sf. Gheorghe lobe) which marks a
signiﬁcant change in their long-term evolutionary pattern.

5.3.6.3. The restart of wave inﬂuence during the anthropogenic period
(1950 – present). Since the middle of the 20th century, there has been a
major shift in the long-term evolution of the Chilia lobe in response to
reductions in both water and sediment discharge. From 30 open river
mouths in 1944, only 10 river mouths remain active at present, with the
ﬂow mainly channelized in the three aforementioned main
distributaries. The other river mouths were very small outlets
susceptible to change that have been either eroded or closed and/or
blocked by longshore advancing spits. Barriers and spits have enclosed
so far 5 small lagoons, contributing to the transition from a highly
indented to a quasi-linear shoreline. The high retreating rates (of up to
50 m/yr in the last decades) aﬀecting the northern Oceakov mouth may
suggest that the Chilia is in a process of ﬂow redistribution to southern
branches. This is also supported by the narrowing and lateral accretion
of the Oceakov channel by up to 50% since the 1970s which possibly
indicates a longer-term trend of abandonment redistribution. Presently,
progradation is conﬁned only to the southern half of the lobe, where
beach ridges form at rates close to 10 m/yr, and to the Jibrieni spits in
the north.

Further work will be needed to balance the gap of information
between the maritime and ﬂuvial compartments of the delta and, in
particular, a reﬁned assessment of the Old Delta lobe advance into
Danube Bay is required. Insight into the evolution of the northern tract
of the former Danube Bay in association with the modern Chilia
distributary will further clarify the sensitive question of the time of
the modern distributary avulsions and formation of the related deltaic
complexes (e.g. Sireasa, Pardina). Many more cores and accurate dating
are also required to document in depth delta inception and adaptation
to the postglacial sea-level deceleration.

6. Conclusions
The present paper proposes the ﬁrst integral reconstruction of the
modern Danube delta evolution, considering its entire surface and
lifetime. For each of the three main units of the delta plain - western
(ﬂuvial) delta; eastern and southern (which together form the maritime)
delta - the paper brings new evidence and progress which supports new
59

Marine Geology 388 (2017) 38–61

A. Vespremeanu-Stroe et al.

Eﬀective sea-level rise and deltas: causes of change and human dimension
implications. Glob. Planet. Chang. 50 (1–2), 63–82.
Evans, G., 2012. Deltas: the fertile dustbins of the world. Proc. Geol. Assoc. 123, 397–418.
Filip, F., Giosan, L., 2014. Evolution of Chilia lobes of the Danube Delta: reorganization of
deltaic processes under cultural pressure. Anthropocene 5, 65–70.
Frenzel, P., Boomer, I., 2005. The use of ostracods from marginal marine, brackish waters
as bioindicators of modern and quaternary environmental change. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 225 (1), 68–92.
Galloway, W.D., 1975. Process framework for describing the morphologic and
stratigraphic evolution of deltaic depositional systems. In: Broussard, M.L. (Ed.),
Deltas, Models for Exploration. Houston Geological Society, pp. 86–98.
Gâştescu, P., 2009. The Danube Delta biosphere reserve. Geography, biodiversity,
protection, management. Rev. Roum. Géogr./Rom. J. Geogr. 53 (2), 139–152.
Ghenea, C., Mihăilescu, N., 1991. Palaeogeography of the lower Danube Valley and
Danube Delta during the last 15000 years. In: Starkel, L., Gregory, K.J., Thornes, J.B.
(Eds.), Temperate Palaeohydrology; Fluvial Processes in the Temperate Zone During
the Last 15000 years. Wiley, New York.
Giosan, L., 2007. Morphodynamic feedbacks on deltaic coasts: lessons from the wavedominated Danube delta. In: Proceedings of Coastal Sediments 2007. ASCE, New
Orleans, U.S.A, pp. 828–841.
Giosan, L., Vespremeanu, E., Donnelly, J.P., Bhattacharya, J., Buonaiuto, F., 2005. River
delta morphodynamics: examples from the Danube delta. In: Giosan, L.,
Bhattacharya, J. (Eds.), River Deltas: Concepts, Models, Case Studies. SEPM Special
Publication. 83. pp. 391–410.
Giosan, L., Donnelly, J.P., Constantinescu, Ş., Filip, F., Ovejanu, I., Vespremeanu-Stroe,
A., Vespremeanu, E., Duller, G.A.T., 2006. Young Danube delta documents stable
Black Sea level since the middle Holocene: Morphodynamic, paleogeographic, and
archaeological implications. Geology 34 (9), 757–760.
Giosan, L., Coolen, M., Kaplan, J.O., Constantinescu, S., Filip, F., Filipova-Marinova, M.,
Kettner, A.J., Thom, N., 2012. Early anthropogenic transformation of the DanubeBlack Sea system. Sci. Rep. 2, 1–6.
Giosan, L., Constantinescu, Ș., Filip, F., Deng, B., 2013. Maintenance of large deltas
through channelization: nature vs. humans in the Danube delta. Anthropocene 1,
35–45.
Hanganu, J., Gridin, M., Coops, H., 1999. Responses of ecotypes of Phragmites australis to
increased sea water inﬂuence: a ﬁeld study in the Danube Delta, Romania. Aquat.
Bot. 64, 351–358.
Ionescu-Johnson, N., 1956. Însemnările unui marinar, Editura de Stat pentru Literatură și
Artă. București.
Jerolmack, D., 2007. Conditions for branching in depositional rivers. Geol. Soc. Am. Bull.
35, 463–466.
Kaplan, J.O., Krumhardt, K.M., Zimmerman, N.E., 2009. The prehistoric and preindustrial
deforestation of Europe. Quat. Sci. Rev. 28, 3016–3034.
Liteanu, E., Picăjan, A., 1963. Alcătuirea geologică a Deltei Dunării. Hidrobiologia 4,
57–82.
McManus, J., 2002. Deltaic responses to changes in river regimes. Mar. Chem. 79 (34),
155–170.
Mihăilescu, V., 1936–1947. Geograﬁa României. Facultatea de Ştiinţe, Bucharest.
Mikhailova, M.V., Levashova, E.A., 2001. Sediment balance in the Danube river mouth.
Water Resour. 28, 180–184.
Murgoci, G., 1912. Etudes geologiques dans la Dobrogea de Nord. Inst. Geol. Rom. An. 6.
Murray, A.S., Wintle, A.G., 2003. The single aliquot regenerative dose protocol: potential
for improvements in reliability. Radiat. Meas. 37 (4), 377–381.
Nageswara Rao, K., Subraelu, P., Nagakumar, K.C.V., Demudu, G., Malini, B.H., Rajawat,
A.S., 2013. Geomorphological implications of the basement structure in the KrishnaGodavari deltas, India. Z. Geomorphol. 57 (1), 25–44.
Nageswara Rao, K., Saito, Y., Nagakumar, K.C.V., Demudu, G., Rajawat, A.S., Kubo, S., Li,
Z., 2015. Palaeogeography and evolution of the Godavari delta, east coast of India
during the Holocene: an example of wave-dominated and fan-delta settings.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 440, 213–233.
Nienhuis, J.H., Ashton, A.D., Nardin, W., Fagherazzi, S., Giosan, L., 2016. Alongshore
sediment bypassing as a control on river mouth morphodynamics. J. Geophys. Res.
Earth Surf. 121 (4), 664–683.
Noakes, J.E., Herz, N., 1983. University of Georgia radiocarbon dates VII. Radiocarbon
25, 919–929.
Nowacki, D., Wunderlich, J., 2012. The Lower Danube Valley through the Holocene:
environmental changes and their geoarchaeological implications. In: Bebermeier, W.,
Hebenstreit, R., Kaiser, E., Krause, J. (Eds.), Landscape Archaeology. Proceedings of
the International Conference Held in Berlin, 6th – 8th June 2012. eTopoi Journal for
Ancient Studies, Special Volume 3, pp. 323–329.
Panin, N., 1972. Histoire Quaternaire du Delta du Danube. Essai d'interpretation des
facies des depots deltaiques. In: Cercetări Marine. 4. pp. 5–15.
Panin, N., 1983. Black Sea coast line changes in the last 10,000 years. A new attempt at
identifying the Danube mouth as described by the ancients. Dacia 27, 175–184.
Panin, N., 1989. Danube Delta. Genesis, Evolution and Sedimentology. Revue Roumaine
de Geographie, Geologie, Geophysique. 33. pp. 25–36.
Panin, N., 2003. The Danube delta geomorphology and Holocene evolution: a synthesis.
Géomorphologie 4, 247–262.
Panin, N., Jipa, D., 2002. Danube River sediment input and its interaction with the northwestern Black Sea. Estuar. Coast. Shelf Sci. 54 (3), 551–562.
Panin, N., Panin, S., Herz, N., Noakes, J.E., 1983. Radiocarbon dating of the Danube delta
deposits. Quat. Res. 19, 249–255.
Pârvan, V., 1915. Rumanien (Archaologische Funde im Jahre 1914). Archaologischer
Anzeiger 4, 253–270.
Popp, N., 1960. Foraje la Razelm. Interpretare geomorfologica si hidrogeologica.
Meteorologia, hidrologia şi gospodărirea apelor, 5-3 .

Acknowledgements
We are grateful to Dr. Liviu Giosan for previous collaboration which
introduced us in the delta evolution issues and to our colleagues Liliana
Croitoru and Cristian Ţepurică who kindly accompanied us during the
ﬁeldwork. Dr. Ştefan Constantinescu is acknowledged for providing
historical maps and useful information concerning delta coast evolution. Special thanks are dedicated to Prof. Edward Anthony for inspiring
discussions on this topic and for improving the early version of the
manuscript together with an anonymous reviewer to whom we are
grateful as well. This work has been carried out with the ﬁnancial
support of the Project PNII-RU-TE-2011-3-0293 and Era.NetRus-Plus BS
STEMA 42/2016 Grant awarded to AVS and PN-II-RU-TE-2014-4-2527
awarded to LP, funded by the Romanian National Authority for
Scientiﬁc Research (CNCS-UEFISCDI) and European Union, and of the
GEOMED A*MIDEX project (ANR-11-IDEX-0001-02) awarded to CM,
funded by the French National Research Agency (ANR).
References
Anthony, E.J., 2015. Wave inﬂuence in the construction, shaping and destruction of river
deltas: a review. Mar. Geol. 361, 53–78.
Antipa, G., 1914. Câteva probleme Ştiinţiﬁce şi economice privitoare la Delta Dunării. An.
Acad. Rom., Mem. Sect. St. 2 (36), 61–135.
Ashton, A.D., Giosan, L., 2011. Wave-angle control of delta evolution. Geophys. Res. Lett.
38, L13405. http://dx.doi.org/10.1029/2011GL047630.
Bahr, A., Lamy, F., Arz, H.W., Major, C., Kwiecien, O., Wefer, G., 2008. Abrupt changes of
temperature and water chemistry in the late Pleistocene and early Holocene Black
Sea. Geochem. Geophys. Geosyst. 9 (1).
Benecke, N., Hansen, S., Nowacki, D., Reingruber, A., Ritchie, K., Wunderlich, J., 2013.
Pietrele in the Lower Danube region: integrating archaeological, faunal and
environmental investigations. Documenta Praehistorica 40, 175–193.
Bitinas, A., Damušytė, A., Hütt, G., Jaek, I., Kabailienė, M., 2001. Application of the OSL
dating for stratigraphic correlation of Late Weichselian and Holocene sediments in
the Lithuanian maritime region. Quat. Sci. Rev. 20, 767–772.
Bony, G., Morhange, C., Marriner, N., Baralis, A., Kaniewski, D., Rossignol, I., Lungu, V.,
2015. History and inﬂuence of the Danube Delta lobes on the evolution of the ancient
harbour of Orgame (Dobrogea, Romania). J. Archaeol. Sci. 61, 186–203.
Boomer, I., Horne, D.J., Slipper, I.J., 2003. The Use of Ostracods in Palaeoenvironmental
Studies, or What Can You Do With an Ostracod Shell? Bridging the Gap: Trends in
Ostracode Biological and Geological Sciences. pp. 153–179.
Boyd, R., Dalrymple, R., Zaitlin, B.A., 1992. Classiﬁcation of Clastic Coastal Depositional
Environments. 80(3–4). pp. 139–150.
Brătescu, C., 1921. Contribuţii la studiul deltei dunărene. Evoluţia morfologică şi
cronologică a ei. BSRG. 30. pp. 35–56.
Brückner, H., Kelterbaum, D., Marunchak, O., Porotov, A., Vött, A., 2010. The Holocene
sea level story since 7500 BP – lessons from the Eastern Mediterranean, the Black and
the Azov Seas. Quat. Int. 225 (2), 16–179.
Buynevich, I.V., Bitinas, A., Pupienis, D., 2015. Aeolian sand invasion: georadar
signatures from the Curonian Spit Dunes, Lithuania. In: Randazzo, G., Jackson, D.,
Cooper, J.A.G. (Eds.), Sand and Gravel Spits, pp. 67–78.
Caraion, F.E., 1967. Familia Cytheridae (Ostracode Marine şi Salmastricole). Fauna RSR
Crustac. (Ostracoda). 4(10). pp. 1–164.
Carozza, J.M., Carozza, L., Radu, V., Leveque, F., Micu, M., Burens-Carozza, A., Opreanu,
G., Haită, C., Danu, D., 2013. Apres le deluge: evolution geomorphologique du delta
du Danube après la reconnexion Mer Noire–Mer Mediterannee et ses implications sur
le peuplement eneolitique-chalcolitique. Quaternaire. 24(4). Centre National de la
Recherche Scientiﬁquepp. 503–512.
Coteţ, P.V., 1960. Evoluţia morfohidrograﬁcă a deltei Dunării. Probleme de geograﬁe VII .
Dan, S., Stive, M.J.F., Walstra, D.J.R., Sabatier, F., 2007. Sediment budget of the Danube
delta coastal zone. In: Coastal Sediments '07, pp. 207–220.
Dan, S., Stive, M.J., Walstra, D.J.R., Panin, N., 2009. Wave climate, coastal sediment
budget and shoreline changes for the Danube Delta. Mar. Geol. 262 (1–4), 39–49.
Dan, S., Walstra, D.J.R., Stive, M.J.F., Panin, N., 2011. Processes controlling the
development of a river mouth spit. Mar. Geol. 280, 116–129.
De Martonne, E., 1931. Europe Centrale, II, Paris .
Deigaard, R., Fredsøe, J., 2005. In: The shape of equilibrium coastlines. Proceedings of
International Coastal Symposium. Innovation Center of East-Iceland, Höfn, Iceland,
pp. 134–149.
Del Rio, L., Benavente, J., Gracia, F.J., Alonso, C., Rodriguez-Polo, S., 2015.
Anthropogenic inﬂuence on spit dynamics at various timescales: case study in the Bay
of Cadiz (Spain). In: Randazzo, G., Jackson, D., Cooper, J.A.G. (Eds.), Sand and
Gravel Spits, pp. 123–138.
Dimitriu, R.G., Oaie, Gh., Szobotka, S., Gomoiu, M.T., Sava, C.S., Secrieru, D., Fulga, C.,
Sosnovschi, E., Anghel, S., 2004. Cartograﬁerea geologică şi geoﬁzică a sectorului
Sinoe. CERES Scientiﬁc Report, Bucharest .
Edmonds, D.A., Slingerland, R.L., 2007. Mechanics of river mouth bar formation:
implications for the morphodynamics of delta distributary networks. J. Geophys. Res.
112, F02034. http://dx.doi.org/10.1029/2006JF000574.
Ericson, J.P., Vorosmarty, C.J., Lawrence Dingman, S., Ward, L.G., Meybeck, M., 2006.

60

Marine Geology 388 (2017) 38–61

A. Vespremeanu-Stroe et al.

Todd, T.W., 1968. Dynamic diversion: inﬂuence of longshore current-tidal ﬂow
interaction on chenier and barrier island plains. J. Sed. Petrol 38, 734–746.
van der Meer, M.T.J., Sangiorgi, F., Baas, M., Brinkhuis, H., Sinninghe Damste, J.S.,
Schouten, S., 2008. Molecular isotopic and dinoﬂagellate evidence for Late Holocene
freshening of the Black Sea. Earth Planet. Sci. Lett. 267, 426–434.
Vâlsan, G., 1934. Nouvelle hypothèse sur le Delta du Danube. Congrès International de
Géographie (Warsaw), Comptes Rendus II. pp. 342–355.
Vespremeanu, E., Vespremeanu-Stroe, A., Constantinescu, Ş., 2004. The Black Sea level
oscillations in in the last 150 years. Analele Universităţii Bucureşti - seria Geograﬁe LIII.
pp. 69–76.
Vespremeanu-Stroe, A., Preoteasa, L., Hanganu, D., Brown, T., Bîrzescu, I., Toms, P.,
Timar-Gabor, A., 2013. The impact of the Late Holocene coastal changes on the rise
and decay of the ancient city of Historia (Southern Danube Delta). Quat. Int. 293,
245–256.
Vespremeanu-Stroe, A., Preoteasa, L., 2015. Mophology and the cyclic evolution of
Danube delta spits. In: Randazzo, G., Jackson, D., Cooper, J.A.G. (Eds.), Sand and
Gravel Spits, pp. 327–339.
Vespremeanu-Stroe, A., Preoteasa, L., Zăinescu, F., Rotaru, S., Croitoru, L., Timar-Gabor,
A., 2016. Formation of Danube delta beach ridge plains and signatures in
morphology. Quat. Int. 415, 268–285.
Vespremeanu-Stroe, A., Anthony, E., Zăinescu, F., Preoteasa, L., 2017. Holocene
Evolution of the Danube Delta: Growth Patterns and Morphodynamic Feedbacks. (in
prep.).
Wright, L.D., Coleman, J.M., 1973. Variations in morphology of major river deltas as
functions of ocean wave and river discharge regimes. AAPG Bull. 57, 370–398.
Wright, L.D., 1977. Sediment transport and deposition at river mouths – synthesis. Geol.
Soc. Am. Bull. 88 (6), 857–868.
Zăinescu, F., Tătui, F., Valchev, N., Vespremeanu-Stroe, A., 2015. Storm climate on the
Danube Delta coast: evidence of recent storminess change and links with large-scale
teleconnection patterns. Nat. Hazards 1–23.
Zenkovich, V.P., 1956. Zagadka Dunaiskoi Delty. Priroda 45, 86–90.
Zugrăvescu, D., Polonic, G., Horomnea, M., Dragomir, V., 1998. Recent vertical crustal
movements on the Romanian territory, major tectonic compartments and their
relative dynamics. In: Revue Roumaine Géol Géophys Géogr, série Géographie. 42.
pp. 3–14.

Popp, N., 1961. Caracterizarea litologică a pământurilor Deltei Dunării pe baza datelor de
foraj. Meteorologia, hidrologia şi gospodărirea apelor. 4. pp. 126–139.
Preoteasa, L., Roberts, H.M., Duller, G.A.T., Vespremeanu-Stroe, A., 2009. Late-Holocene
coastal dune system evolution in the Danube Delta, NW Black Sea Basin. J. Coast.
Res. SI56, 347–351.
Preoteasa, L., Vespremeanu-Stroe, A., Hanganu, D., Katona, O., Timar-Gabor, A., 2013.
Coastal changes from open coast to present lagoon system in Histria region (Danube
delta). In: Conley, D.C., Masselink, G., Russell, P.E., O'Hare, T.J. (Eds.), Proceedings
12th International Coastal Symposium (Plymouth, England), Journal of Coastal
Research. SI65. pp. 564–569.
Preoteasa, L., Vespremeanu-Stroe, A., Tătui, F., Zăinescu, F., Timar-Gabor, A., Cîrdan, I.,
2016. The evolution of an asymmetric deltaic lobe (Sf. Gheorghe, Danube) in
association with cyclic development of the river-mouth bar: long-term pattern and
present adaptations to human-induced sediment depletion. Geomorphology 253,
59–73.
Romanescu, G., 2009. The geomorphological evolution of the Razim-Sinoie barrier spit
during the historical periods. Pontiac 42, 493–517.
Romanescu, G., 2013. Geoarchaeology of the ancient and medieval Danube delta:
modeling environmental and historical changes. A review. Quat. Int. 293, 231–244.
Soulet, G., Ménot, G., Lericolais, G., Bard, E., 2011. A revised calendar age for the last
reconnection of the Black Sea to the global ocean. Quat. Sci. Rev. 30, 1019–1026.
Spratt, T.R.N., 1860. On the freshwater deposits of Bessarabia. Q. J. Geol. Soc. Lond. 16,
281–294.
Stanley, D.J., Warne, A., 1994. Worldwide initiation of Holocene marine deltas by
deceleration of sea-level rise. Science 265 (5169), 228–231.
Syvitski, J.P., Saito, Y., 2017. Morphodynamics of deltas under the inﬂuence of humans.
Glob. Planet. Chang. 57 (3), 261–282.
Ștefănescu, C.M., 1982. La formation et l'evolution du delta du Danube, Comite des
Traveaux Historiques et Scientiﬁques. Biblioteque Nationale, Paris.
Syvitsky, J.P.M., Kettner, A.J., Correggiari, A., Nelson, B.W., 2005. Distributary channels
and their impact on sediment dispersal. Mar. Geol. 223, 75–94.
Syvitski, J.P.M., Kettner, A.J., Overeem, I., Hutton, E.W.H., Hannon, M.T., Brakenridge,
G.R., Day, J., Vorosmarty, C., Saito, Y., Giosan, L., Nicholls, R.J., 2009. Sinking deltas
due to human activities. Nat. Geosci. 2, 681–686.
Tamura, T., 2012. Beach ridges and prograded beach deposits as palaeoenvironment
records. Earth Sci. Rev. 114 (3–4), 279–297.

61

