
Frontiers in Marine Science

OPEN ACCESS

EDITED BY

Pengfei Lin,
Institute of Atmospheric Physics (CAS),
China

REVIEWED BY

Yang Zhou,
Beijing Normal University, Zhuhai, China
Jianjun Jia,
East China Normal University, China

*CORRESPONDENCE

Adriana Maria Constantinescu

adriana.c@geoecomar.ro

SPECIALTY SECTION

This article was submitted to
Global Change and the Future Ocean,
a section of the journal
Frontiers in Marine Science

RECEIVED 12 October 2022
ACCEPTED 20 March 2023

PUBLISHED 28 April 2023

CITATION

Constantinescu AM, Tyler AN, Stanica A,
Spyrakos E, Hunter PD, Catianis I and
Panin N (2023) A century of human
interventions on sediment flux variations in
the Danube-Black Sea transition zone.
Front. Mar. Sci. 10:1068065.
doi: 10.3389/fmars.2023.1068065

COPYRIGHT

© 2023 Constantinescu, Tyler, Stanica,
Spyrakos, Hunter, Catianis and Panin. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

TYPE Original Research

PUBLISHED 28 April 2023

DOI 10.3389/fmars.2023.1068065
A century of human
interventions on sediment flux
variations in the Danube-Black
Sea transition zone
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Adrian Stanica2, Evangelos Spyrakos1, Peter D. Hunter1,
Irina Catianis2 and Nicolae Panin2

1Biological and Environmental Sciences, School of Natural Sciences, University of Stirling,
Stirling, United Kingdom, 2National Institute of Marine Geology and GeoEcology - GeoEcoMar,
Bucharest, Romania
Many deltas around the world have recorded a decreasing sediment input,

mostly due to retention in dams constructed on the river or in the river basin.

The Danube River has recorded a significant decrease of its sediment supply to

the Danube Delta and the NW Black Sea. This study uses 210Pb and 137Cs dating,

to investigate the effects of the decreasing sediment flux in lakes, lagoons, delta

front and prodelta area. Both the effects of the Iron Gate I and II dams and other

local factors are discussed. These results define the period of 1960-1990 as the

‘major anthropic interventions period’ in the Danube Delta. Results show a

decrease in siliciclastic flux, especially in lakes, the Sahalin lagoon and the

prodelta area and a general increase in the Musura lagoon and the delta front

area. Sand content is also shown to decrease in most areas and is replaced by silt.

The changes in sediment accumulation rates depend mostly on the hydrological

connectivity of the area and the local hydrotechnical works. Overall, the local

anthropic interventions in the delta affect sediment flux in the subaerial delta and

the delta front, while the prodelta is affected by the overall decrease caused by

interventions in the river basin. This study can contribute to improving

management strategies in the area and to a better understanding of future

research needs in the Danube Delta-Black Sea system.
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1 Introduction

The change in sediment budget is one of the most important human impacts on river-

delta-sea systems (Syvitski and Kettner, 2011; Maselli and Trincardi, 2013; Day et al., 2016;

Tessler et al., 2018). The sediment load of rivers is a key component in river basin and

coastal management, for: stability and function of deltas and estuaries, navigation and
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harbour maintenance, coastal fisheries, benthic ecology, water

quality, and geomorphic and geochemical flux studies (Syvitski,

2011).The sediment load of rivers varies at different time scales:

short term (days to months) variations are related to catchment

influences (e.g. floods variability), whilst long term (years to

centuries) variations are related to river human activities

(decennial to secular time scale) and climate variability (Pont

et al., 2002). The suspended sediment budget of a river, especially

on long term, depends on the geomorphic/geological influences of

basin area (i.e. vertical lithospheric movements, sea level rise),

lithology and relief, geographical influences of basin temperature,

runoff and ice extent, and human activities that may accelerate or

mitigate soil erosion and/or trap sediment (Walling and Fang, 2003;

Syvitski and Milliman, 2007).

In the last two thousand years, the major world rivers showed

an increase in their sediment loads due mainly to deforestation and

increased soils erosion (Maselli and Trincardi, 2013), but have

strongly decreased since the 1950s, due to dams and diversions

within their drainage basins. Extensive scientific literature shows

the effect of dams, both in use and whilst under construction, on

diminishing sediment loads of rivers in several systems across the

world (e.g. Panin and Jipa, 2002; Syvitski and Kettner, 2007; Wang

et al., 2007; Xeidakis et al., 2010; Day et al., 2016; Latrubesse et al.,

2017). The main effects are seen notably in the terminal areas of

rivers, such as deltas or estuaries – coastal erosion, habitat loss and

groundwater salinisation, just to name the most obvious.

Deltas, estuaries and marshes are river-sea interaction zones,

and they concentrate an important part of the world resources,

being hot spots for ecosystem services, for example food and energy

production, touristic activities, shipping and navigation, and water

supply. The main pressures on these areas currently result from:

local hydrotechnical interventions, followed by local activities

(fishing and aquaculture, agriculture, etc.), climate change

(especially extreme events such as flood and storms) and changes

in water and sediment fluxes that feed these transitional

environments and support their ecosystems (Giosan et al., 2014;

Tessler et al., 2018).

Fewer channels decrease the rate of delta-plain aggradation,

whilst locally increasing the rate of sedimentation in the coastal

zone near the channel mouths. Fewer channels also increase the rate

of coastal erosion in areas that once received distributary sediment

flux (Giosan et al., 2006). This is the case for the Indus and the Nile

deltas (Overeem et Syvitski, 2009) as well as for the Danube (Stǎnicǎ
and Panin, 2009; Giosan et al., 2013). Climate change, evidenced

through changes in hydrological conditions (especially droughts)

increased storminess and sea level rise, is resulting in more frequent

storm surges that add to the loss of sediment in the coastal zone

(Syvitski et al., 2009; Giosan et al., 2014; Tessler et al., 2015a; Wu

et al., 2020).

The Danube River - Danube Delta - Black Sea is one of the

largest river-delta-sea systems of Europe. Although the complex

ecosystems in the Danube watershed provide resources and services

to over 83 million people, they are under increasing pressure from

multiple interacting human activities. The last century has been

marked by extensive anthropic interventions in the Danube basin

with the extent of agricultural lands, embankment for flood
Frontiers in Marine Science 02
protection (Constantinescu et al., 2015a; Hein et al., 2016),

construction of dams and reservoirs (Habersack et al., 2016) as

well as direct interventions in the delta complex (Stănică et al., 2011;

Panin and Overmars, 2012). Coastal erosion in the Danube Delta is

a direct impact of these interventions (Panin and Jipa, 2002; Stǎnicǎ
et al., 2007; Stǎnicǎ and Panin, 2009) however, the effect on the

delta, delta front and prodelta needs to be studied further.

This research aims to address this gap in knowledge between the

river, the delta and the delta front sedimentation. It builds, for the

first time, a century scale chronostratigraphic framework (1900-

2016) for sediment flux changes in the Danube-Black Sea transition

zone, assessing the effects of a reduction in sediment supply from

the sub-aerial delta to the Black Sea shelf.
2 Regional setting

2.1 The Danube-Black Sea System

The Danube has the largest drainage basin of the European

Union (801,463 km²), and second largest in Europe, after Volga,

comprising 19 countries, flowing 2857 km from Germany to the

Black Sea. The Danube River is the most important source of water

and sediment in the NW Black Sea, with a water discharge of about

205 km3/y (60% of the total water runoff in the Black Sea basin) and

a sediment discharge of 36.3 to 52.4 Mt/y respectively (48% of the

total sediment reaching the Black Sea) (Mikhailov et al., 2008;

Ludwig et al., 2009) (Figure 1A). Together with the Dnieper,

Dniester and Southern Bug, their basins comprise one third of

continental Europe. The influence of the Danube waters extends far

southwards, to the Bosphorous region, as well as to the deep-sea

zone (Panin and Jipa, 2002).

The Danube River basin landscape is very diverse, from

mountain ranges (the Alps, the Carpathians) to hills and

lowlands. The slope of the river valley decreases from 0.4‰ in

the upper valley to 0.004‰ in the final 250 km before it enters the

Black (Sommerwerk et al., 2009).

The Danube River basin covers several climatic zones, Atlantic

influence in the west to temperate continental climate in the east.

The maximum average precipitation is 3,200 mm/y in the high

mountain range of the Alps and the most arid area is the lowland at

the Black Sea with an average of only 350 mm/y. Extreme events like

floods and droughts are common in the basin, with around 26

major floods and 15 extreme drought periods, recorded since the

beginning of the 20th century (Bondar and Panin, 2001; Bondar,

2003; Pekarova and Pekar, 2006; Mikhailov et al., 2008; Cioaca et al.,

2010; Bondar and Iordache, 2012; Mikhailova et al., 2012; Pekárová

et al., 2013; GeoEcoMar unpublished data).

Nowadays, the Danube Basin is home to 83 million people

(average density of 103 persons/km2), from which 20 million

depend on the river for their drinking water (ICPDR 2009). Land

use changes (expansion of agricultural land and deforestation)

occurred in Europe and thus all around the Danube basin as early

as 7500 y BP (Giosan et al., 2012). The last century, particularly its

second half, land use changed, especially the extent of wetlands. In

Romania (Lower Danube), in the last 60 years for example, the
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conversion of the Lower Danube wetlands and part of the Danube

Delta, decreased their area to 22% and to 80%, respectively, from the

initial surface (Vadineanu et al., 2003), leading to a decrease in flood

attenuation capacity of 4.5 km3 (Cristofor et al., 2003). Nowadays,

land in the basin is mainly used for agriculture (45%) and forest areas

(35%), grasslands and heathlands (15%), while urban areas only

occupy 5% and waterbodies less than 2% (Karabulut et al., 2016).
2.2 Danube-Black Sea transitional area

The Danube discharges into the NW Black Sea over a wide and

flat area, the Danube Delta (Figure 1B). It is the largest delta in the

European Union (second largest in Europe after the Volga). Its

present-day morphology is the results of the interaction between the

river and sea level changes in the last 10,000 years (Panin and Jipa,

2002). The total area of the sub-aerial Danube Delta is 5800 km2, of
Frontiers in Marine Science 03
which one fifth is located in Ukraine. The average altitude is of

about 0.52 m above the Black Sea mean level, with 93% of delta

territory under 2 m (Bondar and Panin, 2001). It has two distinct

regions, separated by the Jibrieni-Letea-Raducu-Ceamurlia-

Caraorman line: the fluvial delta, with a network of channel and

lakes, constructed in the former Danube Bay, and the marine delta,

developed in the Black Sea, characterised by alongshore oriented

beach ridges (Panin, 1996).

The present-day hydrological network consists of three main

branches i) Chilia, 111 km long, <50% of the total discharge, ii)

Sulina, the branch opened formaritime navigation, 83 km, 19-23% of

discharge and iii) Sfantu Gheorghe, 108 km long initially, and 70 km

aftermeander cutting, 24-30% of total discharge (Popa, 1997; Bondar

and Panin, 2001) and 500 km of channels and canals, connecting

around 500 lakes (Cioaca et al., 2009) (Figure 1B).

The cutting of Sulina and Sfantu Gheorghe (middle and

southernmost) branches meander loops altered the hydrologic
FIGURE 1

(A) Location of Danube Basin in Europe and of Danube Delta (Source image: Google Earth). (B) Danube Delta, with its three discharging arms, and
locations of Periprava village, port of Sulina and Sfantu Gheorghe village (RGB image - mosaic of 4 Sentinel 2 images). (C) Monthly averages of water
(blue line) and suspended sediment (brown line) discharge and general trend (red line) on Chilia Branch at Periprava (1965-2002) (GeoEcoMar;
unpublished data), in port of Sulina (1921-2010) (Constantinescu; 2020); and at Sfantu Gheorghe village (1965-2002) (Tiron, 2010). The blue and
yellow squares mark periods of major floods (1907, 1914, 1919, 1924, 1932, 1940-1941, 1944, 1947, 1954-1956, 1958, 1962, 1965, 1970, 1975, 1980-
1981, 1988, 1991, 2002, 2005-2006, 2010, 2013-2014) and hydrological drought (1902, 1904, 1908, 1918, 1921, 1929, 1946, 1949-1950, 1953-1954,
1972, 1990, 2003, 2007) in the Lower Danube.
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conditions locally, shifting the distribution of water and sediment

discharge in all three distributaries (Jugaru Tiron et al., 2009; Panin

and Overmars, 2012), decreasing on Chilia and increasing on Sulina

and Sfantu Gheorghe (Figure 1C). This resulted in a change of grain

size and distribution of bottom sediments. Nowadays, along these

two branches the bottom sediments are dominated by fine sand and

silt, while on Chilia the bottom sediments are fine sand, silt and clay

(Oaie et al., 2005; Opreanu et al., 2007). Most of the lake sediments

of the delta plain consist of clay (20-30%), silts (>65%), fine sand (6-

15%), and shell fragments (2-4%) (Mihailescu et al., 1996) and are

significantly bioturbated (Mihailescu et al., 1982).

The entrance and circulation of the Danube waters in the delta

depends on the hydrologic regime of the river (Bondar, 1994),

brought by the main distributaries and conveyed laterally through

channels and canals, but also by overbank spilling when the water

discharge at the delta apex exceeds 9100 m3/s (Bondar, 1996).

Bondar (1994) calculated that the water discharge of the Danube

releases in the delta plain increased from 1858 to 1980s almost

four times.

The sediment transfer of the Danube onto the Black Sea shelf

and the formation and development of the delta front and prodelta,

as well as into the deep basin was mainly controlled by climate, the

hydrological regime of the Danube and sea level for the last 30,000

years (Popescu et al., 2004; Lericolais et al., 2009; Constantinescu

et al., 2015b). The recent sediment patterns are described by Panin

and Jipa (2002), as grouped into two main regions with different

depositional processes: the internal shelf, largely corresponding to

the delta front (1300 km2) and prodelta (6000 km2) (A and B in

Figure 2), fed by the Danube, and the sediment starved external

area. The external sediment starved shelf sedimentation is

dominated by relict sediments or shells and it rarely receives

direct inputs of the Danube siliciclastic sediments (Panin and

Jipa, 2002). The Danube-Black Sea interaction zone is thus largely

restricted mainly to the internal shelf.

The sediment input from the Danube branches is reworked by

waves and currents. The astronomic tide does not have an

important role, as the Black Sea has a microtidal regime (7-

11 cm; Bondar et al., 1973). The longshore sediment drift is

generated by the wind and wave longshore current system, which

transports up to 1.23 million m3/y of sediment (Giosan et al., 1997).

The wave climate in the NW part of the Black Sea is dominated by

three main directions (Dan et al., 2007; Dan et al., 2009). The

northern directions, from N to ENE, have an occurrence of 102

days/y, mostly in winter season. These waves have the largest

average heights and are produced by winds with the highest

speeds (34 and 40 m/s north). The eastern direction, E to SE,

have the lowest average wave heights and they only occur less than

30 days/y. The Southern directions, from SSE to WSW produce

medium average wave heights and occur around 90 days/year. The

maximum wind speed from these directions is 30 m/s (from south-

west direction) and they occur mostly in summer season (Dan et al.,

2009). Storms play an important role in the short-term dynamics of

the shoreline and increase the longshore sediment transport

(Vespremeanu-Stroe et al., 2007; Stănică et al., 2011). Recent

results of wind data analysis (Dan et al., 2009; Stănică et al, 2011)

for the time interval of 1991 to 2000, for the NW Black Sea, consider
Frontiers in Marine Science 04
extreme events to occur 1 or 2 times in ten years (wind speeds 28-

40 m/s) and milder storms which occur almost yearly (wind speeds

15-19 m/s).

The Danube plume forms from Chilia and Sulina in the N and

Sfantu Gheorghe in the S. Chilia’s waters and sediment prevail in

the northern plume, while the waters of Sfantu Gheorghe usually

follow the Sahalin sediment spit and remain confined to the shores

(Bajo et al., 2014). The plume extension is mainly restricted to the

coast and shelf (maximum offshore extension of 70 km; Güttler

et al., 2013), with a penetration depth of 15 m near the coast

(Karageorgis et al., 2009), while the influence of the Danube waters,

traced through simulated inorganic N/P molar ratios at the sea

surface, can extend to the Turkish coast (Tsiaras et al., 2008). The

main controlling factors for the formation and extension of the

plume are hydrological (solid and liquid river discharge that varies

seasonally), meteorological (wind speed and direction), topography

of the shoreline and the Coriolis force (Panin, 1999; Karageorgis

et al., 2009; Güttler et al., 2013). Wind seems to be the primary

factor for surface water direction of flow but the haline stratification

can limit its influence in the deeper layers, especially near the delta,

where the water is more stratified (Bajo et al., 2014).
2.3 Sediment fluxes in the Danube-Black
Sea System. From basin to local factors

The history of human occupation in the Danube Basin starts in

the Palaeolithic but it is the last 150 years which brought important

changes in water and sediment flux due to anthropic pressure. Both

anthropic and climatic factors have acted over time to the change in

sediment and water flux, but it is very difficult to separate

their effects.

The sediment flux was altered by land use changes

(deforestation and intensification of agriculture), embankment

and loss of wetlands (Constantinescu et al., 2015a; Habersack

et al., 2016), sediment extraction for construction material and

dredging for navigation (Schwarz, 2008), and construction of dams

and reservoirs. Nowadays, there are hundreds of dams in the

Danube Basin, 187 dams in Romania alone (Rãdoane and

Rãdoane, 2005) and 78 along the Danube (Habersack et al.,

2016). Among these, Iron Gate I and II, built between 1964 and

1984, are the largest. Since their construction, they trap more than

20 Mt of sediment per year, decreasing the sediment budget

downstream the dam by 50-70% (Panin and Jipa, 2002;

McCarney-Castle et al., 2011) and hence, the suspended sediment

discharge on the main Danube branches (Figure 1C) (GeoEcoMar,

unpublished data; Constantinescu, 2020; Tiron, 2010). Presently,

341 dams are planned for or are under construction in the Danube

basin, mainly in the Upper Danube and the Balkans (Zarfl

et al., 2014).

The sediment transported by the upper and middle Danube is

mainly represented by fine fractions (silt), most of the sand stopping

in the Iron Gates dams (Iron Gates I - about 950 kilometres

upstream of the river mouths, Oaie et al., 2005) while the sand

material reaching the Danube Delta originates from erosion and

scouring of the riverbed downstream the Iron Gates II Dam (about
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800 kilometres upstream of the river mouths, Bondar, 2008). The

sediment supply reaching the delta is 25–35 million t/y, out of

which 4–6 million t/y of sand, which are the only sediments

supplying the inner shelf and littoral zone (Panin and Jipa, 2002).

The period of major anthropic interventions in the Danube

Delta (canal cutting, creation offish-ponds and agricultural polders)

was between 1960 and 1990 (Stănică et al., 2011). The cutting and

dredging of shallow canals were a constant and extensive action in

the Danube Delta, since the beginning of the 20th century (Antipa,

1941), and it accelerated after the WWII (the total length of the

canals doubled; Gâstes ̧cu et al., 1983). They were dug to improve

access for fishing and reed harvesting (Oosterberg et al., 2000). This

network of channels is considered to play an important role in the

present-day sediment transport and accumulation in the sub-aerial

delta, by increasing water and sediment delivery and overbank

sediment transfer and keeping the sedimentation rates above the

contemporary relative sea level rise rate in the Black Sea, i.e., 3-4

mm/y (Panin, 1999; Giosan et al., 2013).

The formation and transformation of the Danube Delta coastal

zone, including the three mouth areas of the main branches, has

been under the influence of both natural and anthropic factors over

the last 150 years (Giosan et al., 1999; Ungureanu and Stanica, 2000;

Stǎnicǎ et al., 2007; Stǎnicǎ and Panin, 2009; Stănică et al., 2011).

This period is marked by the cutting of the Sulina distributary and

changes in water and sediment load (from 9% in 1860 to 20%

presently; Figure 1C) on the distributary as well as the gradual

construction of the Sulina jetties, which reached a length of 8 km

(Panin, 1999). This pair of jetties acts like a barrage, blocking most

of the alongshore drift from the secondary delta of Chilia branch

towards S. This resulted in the clogging of Musura Bay (updrift of

the jetties), sediment starvation for the littoral areas downdrift,

increased erosion in the Sulina - Sfantu Gheorghe sector (downdrift

of the jetties), and a dramatic decrease or even cessation of sediment

supply to the southern shores of the Danube Delta (the sand bar

closing the Razelm-Sinoe lagoon) (Stănică et al, 2007; Stǎnicǎ and

Panin, 2009; Stănică et al., 2011). A sand bar forms periodically in

front of Sulina mouth, originating from bed-load accumulation,

which is dredged to maintain the water depth for navigation (8 m).

The sediments are discharged offshore, so they are not part of the

near-shore transport system (Giosan et al., 1999; Stǎnicǎ
et al., 2007).

The Chilia secondary delta (Chilia III) developed and grew

strongly beginning with the 19th century, prograding N, E and S,

with a shallow platform towards E and S (Panin and Overmars,

2012). The decrease in sediment delivery in the 20th century, due to

the extent of the lobe in deeper water, has slowed accretion, leading

even to a general erosion trend that can still be observed today (Filip

and Giosan, 2014).

Sfantu Gheorghe branch developed a secondary delta, with a

shallow delta front platform (Sfantu Gheorghe II). This is a wave-

controlled delta, formed with the sediment brought by the river and

then distributed in beach ridges by the coastal current (Panin, 1996;

Panin and Overmars, 2012). This delta is still prograding today and

is protected by the Sahalin sediment spit in the south. Sahalin grew

from 1897 (Antipa, 1941), lengthening by 200 m/y on average, and

migrating by overwash towards the shore (30-70 m/y), with a
Frontiers in Marine Science 05
tendency of closing the Sahalin lagoon in the next two centuries

(Dan et al., 2011; Panin and Overmars, 2012). Between 1984 and

1989, the naturally meandered Sfantu Gheorghe branch was cut to

improve navigation conditions. This shortened the branch and

increased the hydraulic slope, which resulted in an increase in the

water and sediment flow, changing the dynamics of the cut

meanders (Jugaru Tiron et al., 2009; Figure 1C).

The fate of the Danube sediments, fine sand, silt and clay (Oaie

et al., 1999), discharged through its three mouths, depends on the

wave regime, wind speed and direction and fluvial discharge (Bondar,

1998; Karageorgis et al., 2009; Güttler et al., 2013; Constantin et al.,

2017). The coarser fraction settles near the mouths, and forms

sediment spits – Musura, Sahalin, and part of it feeds beach

sectors, while the finer fraction is transported in suspension and

disperse on the shelf (Bondar, 1998; Oaie et al., 1999; Panin, 1999;

Panin and Jipa, 2002). These studies (Panin and Jipa, 2002; Oaie et al.,

2004), however, don’t provide a quantification of sedimentary rates

on the delta front. Oaie et al. (2004) gives an average sedimentation

rate of 4 cm/y for the prodelta, characterising sedimentation as

dominated by the terrigenous input of the Danube, represented by

well sorted silt and silty clay. The difference in sedimentation between

the internal shelf and the external shelf is considerable. In a core

retrieved from the shelf edge, Ayçik et al. (2004) found a sedimentary

rate of 0.20 ± 0.01 cm/y (210Pb) to 0.15 ± 0.03 cm/y (137Cs).

Numerical simulations showed that fine sediments could cross the

continental slope propagating into the deep ocean, while coarser

fraction has a very limited penetration into the deeper areas (Stanev

and Kandilarov, 2012).

Understanding the effect of both basin and local factors and

quantifications of sediment flux are essential for an effective

management of river-sea transitional zones, such as deltas and

wetlands. However, very often, studies are restricted to sub-aerial

deltas which are of main economic interest. This study will evaluate

the effects of a reduced sediment flux on the entire delta complex,

for ca. 100 years (1900-2015), discussing both basin and local

influencing factors.
3 Materials and methods

3.1 Sedimentary cores

This study is based on twelve cores retrieved from the Danube

subaerial delta, delta front and prodelta area. Seven sediment cores

were retrieved from various environments in the Danube Delta in

August 2015, on Board R/V Istros (Figure 2, Table 1), from areas with

different sedimentary patterns and connectivity to the hydrological

network: one core was collected from the fluvial delta, one from the

marine delta, both in lakes connected to the main branches through

channels; two cores from active channels in the active delta of Sfantu

Gheorghe; three in the terminal lagoons Musura and Sahalin,

representing the active deltas of Chilia and Sfantu Gheorghe.

Five cores were retrieved from the NWBlack Sea shelf, in the delta

front and prodelta of the Danube in May 2016, during the EuroFleets

2 ReCoReD research cruise on board R/V Mare Nigrum (Figure 2,

Table 1). Sampling locations were chosen to capture the depositional
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FIGURE 2

The Danube Delta and the NW Black Sea shelf, with the locations all cores used for this study (false colour Landsat images). The dotted lines
represent the depositional limits of the delta front (A) and prodelta (B) (modified, after Panin and Jipa, 2002). The exact location of all cores is
presented in Table 1. Detailed locations of the cores retrieved in the Danube Delta are: (a) Lake Matita, (b) Lake Rosu, (c) Musura Lagoon, (d) Garla
Turcului and Canal Ciotica, (e) Sahalin Lagoon (note Sahalin sand bar position in 2000 and 2016; GeoEcoMar, unpublished data).
TABLE 1 Key parameters of the sedimentary cores analysed in this study, including name, geographical position, geographic location, physiography,
water depth and length.

Core Latitude N Longitude E Location Environment Water depth m Length cm

DNMA15 45.29436 29.36458 Lake Matita Lake 2 65.5

DNRO15 45.06025 29.59846 Lake Rosu Lake 2.3 55

DNGT15 44.89033 29.58383 Garla Turcului Channel 2.1 60

DNCC15 44.88683 29.57631 Ciotica Canal Canal 1.4 46.5

DNMU15 45.17319 29.71394 Musura Lagoon Lagoon 2 119

DNSN15 44.82558 29.57214 Sahalin Lagoon Lagoon 1 59

DNSC15 44.81747 29.53747 Sahalin Lagoon Lagoon 1 99

S007 45.1194 29.78937 Sulina mouth Delta front 18.9 35

S002 44.74274 29.57613 Sfantu Gheorghe mouth Delta front 24.6 39

S008 45.06834 29.99259 Offshore Sulina Prodelta 33.7 18

S003 44.6195 29.7006 Offshore Sfantu Gheorghe Prodelta 44.8 27

S001 44.57236 29.23605 Offshore Razelm-Sinoe lagoon Prodelta 30 100
F
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areas of the Danube plume, and the direction of the southern drift.

The cores were collected with a Mark II OctopusMulticorer, equipped

with 8 perspex tubes of 60 cm in length and 10 cm in diameter, and a

gravity corer (S001), available on board the RV.
3.2 Sediment analysis

All cores were photographed and described visually. Sub-

samples of 1 to 3 cm were split for both grain size analysis and
137Cs and 210Pb radiometric dating. For each sample, wet and dry

weight and water content were determined (samples were dried in

ovens at 55°C for 48h). In addition, the shell content was measured

for each sample.

The grain size analysis was done using a Coulter Counter LS

230. The instrument measures the size distributions of particles

with a size range of 0.04 to 2000 μm. Control samples were used at

the beginning of each working day, to check distribution of particle

sizes. Measurements were repeated for those samples where the

distribution curves were noisy.
3.3 Chronostratigraphic framework

All sediment samples were ground after drying and made into

pellets of known volume and mass. Samples were analysed in the

ISO 17025 accredited ERL (Environmental Radioactivity

Laboratory) of the University of Stirling, with two high purity-

Germanium, low 210Pb background GEM HPGe detectors. All

efficiency calibrations were performed including 210Pb and 137Cs

within a mix of gamma emitting radionuclides and are traceable to

international standard reference materials for a range of

environmental media and account for variations in self-

absorption as result of changes in sediment composition and

sample density. All cores were analysed for 210Pb and 137Cs, and

excess 210Pb calculated following the subtraction of intrinsic 210Pb

estimated from 214Bi and 214Bi daughters of 226Ra following a

minimum of 21 days of 222Rn equilibration. This provided a
137Cs and an excess 210Pb depth profile (Figures 4 and 5) from

which a ca. 100 years chronology of the sedimentary processes and

their magnitude across the delta and the shelf could be estimated.

The CRS (Constant Rate of Supply) model (Appleby and Oldfield,

1978; Swarzenski, 2014) was considered to be appropriate for obtaining

an estimate of the age profiles for all cores, because it was proven to be

more reliable, coupled with 137Cs, in environments with very variable

sedimentation rates (Appleby, 2008) that also result in complex grain

size profiles. This model has been previously used by Begy et al. (2018)

to date sediments from the Danube Delta lakes. The estimated excess
210Pb obtained ages were compared with the 137Cs activity profiles,

including the initial and second rise (1954 and 1961-1963) and the

Chernobyl event (1986). The comparison between these ages were

typically found to coincide to within 1 to 5 years.

Mass accumulation rates (MAR) were calculated for all cores

(Figures 6, 7, Table 2), based on the 210Pb CRS age model, using mass

depth, that expresses the mass of sediment (grams) accumulated per
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unit (cm2) area as a function of dry sample density for each sampled

layer. This takes into account sample compaction and is a more

meaningful measure of sedimentation per length when

reconstructing sediment accumulation and budgets. Simple linear

depth fails to account for compaction and is therefore misleading in

any interpretation of change with time. MAR are described for the

periods pre- and post-dams (before and after 1984). For purposes of

comparison with published data, sedimentation rates (SR) (cm/y)

were also computed pre- and post-dams (Table 2). The 137Cs was

used to validate and check the 210Pb CRS age model. MAR and SR are

also calculated using the 1963- and 1986-time horizons. The year

1986 can be considered the limit between the pre- and post-dam

periods, because Iron Gate II was finished and functional by that

time. The MAR at 1963 is thus comparable with the pre-dams value,

while the one calculated at 1986 can be compared with the post-dam

value. They are presented for comparison in Table 2.
4 Results

4.1 Sedimentary facies

4.1.1 Lakes
The sediment accumulated during the studied period in the

studied lakes (cores DNMA15 and DNRO15) (Figure 3) is

characterised by a distinct brown layer of sandy silt (Catianis

et al., 2014), very rich in fragments of shell and vegetation (25 cm

in Lake Matita and 26 cm in Lake Rosu). In Lake Rosu, a light-grey,

laminated sandy silt layer (26-35 cm) precedes the brown layer.
4.1.2 Channels
In the studied channels, the sediment succession is an

alternance of grey sandy silt and silty sand (core DNGT5 - 60 cm

in Garla Turcului and DNCC15 - 46 cm in Canal Ciotica), very

finely laminated, especially in core DNGT15 (Figure 3).
4.1.3 Lagoons
The core in Musura lagoon, DNMU15, consists only of very well

sorted black silt (119 cm), very homogenous in both texture and colour,

with no internal structure. The sediment shows signs of anoxia,

changing colour immediately after opening of the core. The

sedimentary sequence in the Sahalin lagoon is very different, with

58 cm in the centre, DNSC15, and 54 cm in the N, DNSN15, of

alternating grey silty sand and sandy silt, with some differences between

the two areas (coarser sediment in the centre, signs of anoxia in the

northern core, which also becomes coarser at the top) (Figure 3).
4.1.4 Delta front
The sedimentary sequence of the studied period is very similar

for both sampled areas, with a brown silt layer at the top (11 cm in

S007 and 8 cm in S002), a grey sandy silt layer (11-26 cm in S007

and 8-23 cm in S002), and a black clayey silt in the bottom (Briceag

and Ion, 2014). Both cores show distinct sand laminae (Figure 3).
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FIGURE 3

Sedimentary logs (real colour from visual descriptions) and grain size (in percentage of fractions) for the analysed cores from the Danube Delta, delta
front and prodelta areas, showing the period of major anthropic interventions 1960-1990 (dotted lines) and the period of construction of Iron Gate I
and II (1964-1984) (light purple markers).
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4.1.5 Prodelta
Sedimentary sequences are very different in the E (cores S008

and S002) and the S (core S001). In the E they consist of silt of

different colours, with a very high percentage of shells (up to 80%).

Core S001 consists mostly of clayey silt of different colours, with a

very low shell content (<5%) (Figure 3).
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4.2 Evolution of sediment accumulation
and grain size variations

The values for the mass accumulation rates (MAR) are based on

the 210Pb and 137Cs profiles (Figures 4, 5), and they are presented, in

comparison, in Figures 6, 7 and Table 2.
FIGURE 4

Excess 210Pb (Bq/kg) with depth in the core (blue graph) and 137Cs activity with depth (red graph) for the Danube Delta cores.
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The two lakes analysed (DNMA15 and DNRO15) have a relatively

similar low sedimentation during the last century with little change

post dam construction. For Lake Matita (DNMA15), the 210Pb MAR

data suggests an increase from the beginning of the century until

1960’s, then a decrease until early 1990’s followed by an increase

(Figure 6). The pre-dams average is 0.05 ± 0.0003 g/cm2/y and post

dam construction is 0.07 ± 0.008 g/cm2/y, marking an increase of 32%.

The overall 137Cs MAR are slightly higher, but they show a slight

decrease of 3% post-dam (Table 2). In Lake Rosu (DNRO15) the 210Pb

indicates MAR ranging from 0.08 ± 0.004 g/cm2/y to 0.12 ± 0.005 g/

cm2/y, with a pre-dams average of 0.09 ± 0.005 g/cm2/y and a post-

dams average of 0.1 ± 0.01 g/cm2/y, marking an increase of 16%. The
137CS MAR are similar, 0.106 ± 0.015 g/cm2/y, and 0.096 ± 0.011 g/

cm2/y, and they mark a decrease of 9% post dams (Table 2). The 137Cs

MAR are remarkably consistent between the two lakes systems,

although the magnitude of the 137Cs peak is replicated (Figure 4)

indicating a secondary event of contaminated sediment movement

perhaps related to the flood event (Figure 6). The grain size in the two

lakes is predominantly represented by silt, for the last century. There is

a change in grain size in both lakes, post-dams, from almost 40-50%
Frontiers in Marine Science 10
sand fraction to less than 30%, and an increase in silt content of 10-15%

(Figure 6). Lake Rosu records more of the flood pulses than Lake

Matita, marked in Figure 6, but only before 1960.

The two channels, Garla Turcului and Canal Ciotica, are

pathways for sediment transport and they show rapid sediment

accumulation. The radiometric profiles suggest that the profiles are

incomplete and possibly well mixed, and consequently the 210Pb

profiles may underestimate the sedimentation rate, with the

exception of a clear 137Cs peak below 50 cm depth in DNGT15

(Figure 4). A conservative interpretation of DNGT15 shows a low
210Pb MAR until the late 1960’s, with high variations afterwards.

The 210Pb MAR values range from 0.08 ± 0.003 g/cm2/y to 2.53 ±

0.09 g/cm2/y, with a pre-dams average of 0.71 ± 0.025 g/cm2/y and

post-dams average of 1.22 ± 0.05 g/cm2/y, marking an increase of

40%. The 137Cs MAR post-dams estimate is much higher, 1.85 ±

0.05 g/cm2/y, and shows an overall high sediment accumulation in

the area – strongly confirming that the 210Pb are incomplete. In

Canal Ciotica (DNCC15), the 210Pb MAR also shows a significant

increase after 1990 and only in pulses, around 1996, 2004 and 2015.

MAR values ranging from 0.13 ± 0.04 g/cm2/y to 3.7 ± 0.14 g/cm2/y,
TABLE 2 Average mass accumulation rates (MAR) and sedimentation rates (SR), calculated based on 210Pb and 137Cs dating.

Core Location CRS MAR
g/cm2/y

137Cs MAR g/cm2/y Average CRS
derived SR for 100
yrs cm/y

210Pb derived SR 137Cs SR
cm/y

Pre
dams
(before
1986)

Post
dams
(after
1986)

1961
(pre
dams)

1986
(post
dams)

Pre
Dams
(before
1986)

Post
dams
(after
1986)

1961
(pre
dams)

1986
(post
dams)

DNMA15 Lake
Matita

0.05 ±
0.0003

0.07 ±
0.008

0.088 ±
0.012

0.086 ±
0.01

0.25 0.14 0.35 0.24 0.37

DNRO15 Lake Rosu 0.09 ±
0.005

0.1 ± 0.01 0.106 ±
0.015

0.096 ±
0.011

0.36 0.2 0.5 0.28 0.5

DNGT15 Garla
Turcului

0.89 ±
0.027

1.47 ±
0.05

– 1.85 ±
0.061

1.15 0.71 1.31 – 1.77

DNCC15 Canal
Ciotica

0.5 ± 0.02 1.49 ±
0.045

– – 1.18 0.32 1.65 – –

DNMU15 Musura
lagoon

0.66 ±
0.0008

1.05 ±
0.013

0.49 ±
0.084

1.2 ±
0.061

1.89 1.2 2.44 1.7 2.47

DNSN15 Sahalin
north

0.32 ± 0.01 2.17 ±
0.17

0.48 ±
0.03

1.64 ±
0.054

1.62 0.4 2.24 0.89 1.27

DNSC15 Sahalin
centre

1.52 ± 0.08 1.30 ±
0.06

0.33 ±
0.03

0.16 ±
0.008

1.98 1.85 2 0.26 0.15

S007 Delta front
Sulina

0.1 ± 0.016 0.503 ±
0.124

– 0.48 ±
0.04

0.80 0.13 1.09 – 0.83

S002 Delta front
Sf.
Gheorghe

0.13 ±
0.0016

0.52 ±
0.05

0.31 ±
0.068

0.37 ±
0.07

0.70 0.25 0.95 0.66 0.67

S008 prodelta 0.025 ±
0.0009

0.017 ±
0.002

0.036 ±
0.007

0.019 ±
0.004

0.42 0.61 0.095 0.10 0.08

S003 prodelta 0.034 ±
0.001

0.018 ±
0.003

0.036 ±
0.005

0.021 ±
0.0039

0.29 0.35 0.098 0.118 0.12

S001 prodelta 0.076 ±
0.031

0.124 ±
0.45

0.14 ±
0.03

0.095 ±
0.023

0.42 0.3 0.54 0.48 0.43
fro
The numbers written in bold show good agreement between 210Pb and 137Cs derived MAR (mass accumulation rates) and SR (sedimentation rates) values.
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with a pre-dam average of 0.5 ± 0.02 g/cm2/y and a post-dam

average of 1.49 ± 0.045 g/cm2/y, marking an increase of 66%.

However, the 137Cs is likely also to be incomplete and is difficult to

interpret. In Garla Turcului and Ciotica, the grain size varies, with

sand representing up to 70% in DNGT15 and 90% in DNCC15, but

decreasing over time. Sand decreases to 30-40% in DNGT15 being

replaced by silt, especially after the Iron Gates I and II dams input,

and not exceeding 50% in laminae. DNCC15 shows a systematic

decrease of sand in time, from 90 to 40% (Figure 3).

The MAR varies spatially and depicts different processes in the

lagoons, because of their formation and evolution (Figure 6). In

Musura (DNMU15), MAR increases from 1900 to 2015, showing
210Pb MAR values ranging from 0.036 g/cm2/y to 1.8 ± 0.06 g/cm2/

y. The pre-dams average is of 0.66 ± 0.0008 g/cm2/y and the post-

dams average is 1.05 ± 0.013 g/cm2/y, marking an increase of 37%.

The 137Cs MAR values of 0.49 ± 0.084 g/cm2/y pre-dams, and 1.2 ±

0.061 g/cm2/y post-dams, are very consistent with the above

averages, but reflect an increase of 58% in sedimentation rate

(Table 2). This core was taken in the distal part of the Musura

lagoon and considering the evolution of the lagoon in the XXth

century (Stǎnicǎ et al., 2007; Giosan et al., 2013), this is probably an

area with lower overall sedimentation rates. The grain size of the

core consists of 90% silt and with a very good sorting. There is an

increase in sand content to almost 10%, around 2010 (Figure 3).

This area, which is clogging rapidly, is sensitive to both floods and

drought. Floods are marked by an increase in MAR over a longer

period of time, while low water levels are marked by a low MAR

(1949-1950, 1953-1954, 1972, 1990) (Figure 6).

The two areas in the Sahalin lagoon show different evolutions in

the studied period. Core DNSN15, taken in the N of the lagoon, closer

to Garla Turcului discharge, shows 210Pb MAR values ranging from

0.07 ± 0.002 g/cm2/y to 6.33 ± 0.48 g/cm2/y, with a pre-dams average
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of 0.32 ± 0.01 g/cm2/y and a post-dams average of 2.17 ± 0.12 g/cm2/y,

indicating an increase of 85%. The 137Cs MAR values are similar, 0.48

± 0.0.03 g/cm2/y and 1.64 ± 0.0.05 g/cm2/y, marking an increase of

70%, indicating rapid sedimentation in the area (Figure 6; Table 2).

Core DNSC15, sampled towards the centre of the lagoon, shows a

variable but overall lowerMAR over the studied period. Values remain

low until 1975, with an anomaly around 1936, of 5.57 ± 0.25 g/cm2/y,

and otherwise varying from 0.02 ± 0.002 g/cm2/y to 0.56 ± 0.003 g/

cm2/y. The 210Pb MAR increases after 1975 to a maximum of 4.16 ±

0.14 g/cm2/y in 1986. The 210Pb MAR decreases afterwards, to values

below 1 g/cm2/y. The pre-dams average is of 1.52 ± 0.08 g/cm2/y and

the post-dams average is of 1.30 ± 0.06 g/cm2/y, with a decrease of

15% (Table 2). The 137Cs MAR values are lower, reflecting the near

surface 137Cs profile (Figure 6), 0.33 ± 0.03 g/cm2/y and 0.16 ± 0.008 g/

cm2/y, marking a decrease of 50%. The variation of grain size in time

in the north of the Sahalin lagoon shows an increase in sand content

and a decrease in silt and clay contents over time (Figure 3). From

2009-2010 there is a marked increase in sand content from 50 to 80-

90%. The centre of the Sahalin lagoon, as shown in DNSC15 is

dominated by sand, 50-90% of the sediment. There is a slight decrease

in sand content after the building of dams. This lagoon may seem less

sensitive to floods and droughts but the northern area records some of

the floods after 1990.

At the delta front, the two depocenters, Sulina and Sfantu

Gheorghe have different radiometric profiles, with the influence of

sand on S002 (Figure 3) having an impact on the 137Cs profile

(Figure 5). These profiles suggest that the radiometric profile is not

complete and therefore may underestimate the 210Pb derived MAR

estimates for S002. Taking the values provided, collectively, the

radiometric profiles reveal a similar evolution of the MAR in the

studied period, which increases gradually since the beginning of

the century and peaks after 2010 (Figure 5). Core S007, which records
FIGURE 5

Excess 210Pb (Bq/kg) with depth in the core (blue graph) and 137Cs activity with depth (red graph) for Danube delta front and prodelta areas.
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the sediment discharge of Sulina and to a certain extent of Chilia,

shows 210PbMAR values range from 0.041 ± 0.007 g/cm2/y to 1.39 ±

0.31 g/cm2/y. The pre-dams average of 0.1 ± 0.001 g/cm2/y and post-

dams average of 0.53 ± 0.12 g/cm2/y suggest an increase of MAR of

83%. The 137Cs derived MAR shows similar values to the post-dam

average, of 0.47 ± 0.04 (Table 2). Core S002, which recordsmainly the

sediment discharge of Sfantu Gheorghe branch, shows 210Pb MAR

range from 0.02 ± 0.0002 g/cm2/y to 1.07 ± 0.18 g/cm2/y, with a pre-

dams average of 0.12 ± 0.001 g/cm2/y and post-dams average of 0.52

± 0.04 g/cm2/y, showing an increase of 76%. The 137Cs MAR values

are 0.31 ± 0.06 g/cm2/y before 1986 and 0.37 ± 0.07 g/cm2/y

afterwards, showing an increase of 15% (Table 2). However, the

incomplete nature of these core S002 may well result in an

underestimate of the 210Pb MAR. In the Sulina depositional area,

the grain size is mainly represented by silt, ~60%, and sand only

represents >20%. There is a marked decrease of grain size after year

1965 (CRS date), with sand decreasing from <60% to ~20%, being

replaced mainly by silt. The sand content increases again after 2000,

up to 30-50% but it is mainly present in fine (1-2 mm) laminae

(Figure 3). In the SfantuGheorghe depositional area the sand content

increases after 1980’s but is only presented on certain intervals and

fine (1-2 mm) laminae. It increases up to 50% between 2000 and

2006, marking a 4 cm interval (13-17 cm depth in the core)

(Figure 3). The delta front area also seems to records some of the

floods, especially in the N (core S007).

In the prodelta, the MAR profiles vary from the northern area to

the southern area, over the studied period. Complete radiometric

profiles have across very different depth profiles. In the northern area
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(S008), MAR is very low, <0.05 g/cm2/y. The shallow 10 cm profile of

S008 suggests that it decreases from the beginning of the XXth

century until 1940 and it increases again from 2000 to 2005, with a

decrease thereafter. S008 records the contribution of Sulina and

Chilia branches. The 210Pb MAR values range from 0.01 ± 0.0007

g/cm2/y to 0.04 ± 0.001 g/cm2/y, with a pre-dams average of 0.025 ±

0.001 g/cm2/y and a post-dams average of 0.017 ± 0.002 g/cm2/y,

marking a decrease in MAR of 30%. The 137Cs MAR values although

difficult to interpret on short core are comparable, 0.036 ± 0.007 g/

cm2/y and 0.02 ± 0.004 g/cm2/y, but perhaps marking a reduction by

as much as 48% (Table 2). In front of Sfantu Gheorghe (S003), the

radiometric profile is slightly longer (15 cm) reflecting the low MAR,

although slightly higher than S008. The years 1923-1932 are marked

by a peak of MAR and a general decrease afterwards. Core S003

records mainly the Sfantu Gheorghe sediment discharge but, to some

extent, also the contribution of the northern plume of Sulina and

Chilia. The 210Pb MAR values range from 0.005 ± 0.0002 g/cm2/y to

0.14 ± 0.005 g/cm2/y, with a pre-dams average of 0.03 ± 0.001 g/cm2/

y and a post-dams average of 0.017 ± 0.003 g/cm2/y, showing a

decrease of 50%. The 137Cs MAR value are in good agreement, 0.065

± 0.001 g/cm2/y pre-dam and 0.02 ± 0.001 g/cm2/y, marking a

reduction of 53% (Table 2). In the southern area (S001) the MAR

suggest a general increase in MAR from the beginning of the century

until 1970’s, and almost constant afterwards, with one peak in 2014

(Figure 7). Core S001 records the overall contribution of all branches,

being located in the distal part of the prodelta, south from the Danube

mouths. The CRS derived MAR values range from 0.014 ± 0.005 g/

cm2/y to 0.25 ± 0.06 g/cm2/y, with a pre-dams average of 0.076 ±
FIGURE 6

Mass accumulation rates in g/cm2/y for lakes, channels and lagoons of the Danube Delta, based on the time line obtained from 210Pb dating (orange
line), using the CRS (Constant Rate of Supply) model and 137Cs (green line). The input of dams on the time line (Iron Gate I – 1964-1972 and Iron
Gate II – 1978-1982) is marked by the purple squares. The blue and yellow squares mark major floods (1907, 1914, 1919, 1924, 1932, 1940-1941,
1944, 1947, 1954-1956, 1958, 1962, 1965, 1970, 1975, 1980-1981, 1988, 1991, 2002, 2005-2006, 2010, 2013-2014) and hydrological drought (1902,
1904, 1908, 1918, 1921, 1929, 1946, 1949-1950, 1953-1954, 1972, 1990, 2003, 2007) in the Lower Danube.
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0.031 g/cm2/y and a post-dams average of 0.124 ± 0.044 g/cm2/y,

marking an increase of 39%. The MAR values calculated using 137Cs

dating are comparable, but lower, with a pre-dam value of 0.14 ± 0.03

g/cm2/y and a post-dams value of 0.09 ± 0.02 g/cm2/y, marking a

decrease of 33% (Table 2). Grain size is very similar in cores S008 and

S003, with 20% clay and 80% silt, very well sorted. Silt content

increases in time. In the southern prodelta (S001), grain size is

dominated by silt ~80%. There is a slight increase of sand content,

on certain intervals, just after 1990 and after 2010, up to 10%

(Figure 3). Flood peaks mark an increase in sediment flux in

certain areas of the prodelta (S008 and S001), but they are more

marked in all cores before the construction of dams.
5 Discussion

5.1 Sediment flux variation in the Danube
Delta complex from 1900 to 2016

5.1.1 Sedimentary evolution of the delta complex
5.1.1.1 Lakes

The 210Pb MAR post-damming values obtained in the present

study in Lake Matita, of 0.07 ± 0.008 g/cm2/y and 137Cs MAR of
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0.086 ± 0.01 g/cm2/y are a factor of two lower than the one found by

Duliu et al. (1996), using 137Cs dating, of 0.15 ± 0.05 g/cm2/y. Both

values are lower than the ones found by Simon et al. (2017) of 0.59 ±

0.06 g/cm2/y and 0.52 ± 0.06 g/cm2/y and Giosan et al. (2013), of

0.53 g/cm2/y and 0.31 g/cm2/y, respectively. The difference may

result from the natural heterogeneity of sediment accumulation and

the chosen coring sites, reflecting for examples the position of the

cores within the lake area (closer or farther to the centre, along the

lake shores, closer to the connecting channels, positions of

the coring sites in relation to the usual routes of boats and

speedboats, which locally redistribute sediments in shallow

water). Overall, the degree of connectivity to the main

hydrological network of the delta determines the evolution of

sedimentation patterns in most lakes of the delta (Begy et al.,

2018; Catianis et al., 2020). From the more natural state (before

1960) to the period when the delta hydrological regime was altered

by the cutting of numerous canals, which also coincides with the

input of the major dams (1960-1990), in the two sampled lakes,

sedimentation is increasing relatively (Figure 6), of 30% in Matita

and 10% in Lake Rosu. When discussing the variation of

sedimentary rates around the delta, organic matter content of

sediments, especially in lakes and lagoons, must be considered

(Giosan et al., 2013; Begy et al., 2018), however, we did not
FIGURE 7

Mass accumulation rates in g/cm2/y for the Danube delta front and the prodelta, based on the time line obtained from 210Pb dating (orange line),
using the CRS (Constant Rate of Supply) model and 137Cs (green line). The input of dams on the time line (Iron Gate I – 1964-1972 and Iron Gate II –
1978-1982) is marked by the purple square. The blue and yellow squares mark major floods (1907, 1914, 1919, 1924, 1932, 1940-1941, 1944, 1947,
1954-1956, 1958, 1962, 1965, 1970, 1975, 1980-1981, 1988, 1991, 2002, 2005-2006, 2010, 2013-2014) and hydrological droughts (1902, 1904, 1908,
1918, 1921, 1929, 1946, 1949-1950, 1953-1954, 1972, 1990, 2003, 2007) in the Lower Danube.
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perform this analysis. Previous results show very high organic

matter and carbonate content in lake sediments, of in-situ origin,

reaching 93% in Lake Matita and 96% in Lake Rosu, and slightly

decreasing in depth, but not below 50% (Catianis et al., 2013; Radan

et al., 2014; Catianis et al., 2021). Assuming the average

sedimentation rate of this study in similar coring sites and the

MAR, this leads to an actual decrease in siliciclastic flux of 70% in

Lake Rosu and to a very low increase of 5% in Lake Matita. The

decrease of sand in bottom sediments of Lake Matita, may thus,

result from the overall decrease in siliciclastic load in the delta

complex, after the input of dams. Apart from the decrease of

sediment flux, another important factor was the transformation,

from 1960 to 1990 of the area east to Lake Rosu. This lake had been

connected to the sea through Garla Imputita and Canalul cu Sonda

(2 natural secondary arms of the delta), which were blocked when

the embankment along which the new Sulina – Sf. Gheorghe Bypass

canal was cut (with the embankment having a road on top, to

connect the village and branch Sfantu Gheorghe with the Sulina

branch, town and port). This blocked the water circulation from

Lake Rosu to the sea and, most probably, is the main cause of the

abrupt decrease of siliciclastic load. This is reflected also by the

decrease in sand content of lake bottom sediments by 10-15%.
5.1.1.2 Channels

Although absolute values for sedimentation rates may be

hindered by the incomplete 210Pb profiles, the DNGT 15 and

DNCC15 indicate rapid sedimentation in the course of just 40

years (1970-2010). DNCC15 does not show any 137Cs activity peaks

and may be well mixed. Canal Ciotica was dug in the early 1950’s

and the 210Pb profile, although incomplete, suggests a confirmation

of rapid sedimentation. When considering the erosional surface of

the bottom sand layer and the change in grain size, we interpret this

horizon as the bottom of the dug canal, to be early 1950’s. The two

channels in the Sfantu Gheorghe secondary delta and the northern

area of the Sahalin lagoon (site DNSN15) shows an increase of

sedimentation accumulation rates, after the construction of the Iron

Gates dams, but with different evolutions (Figure 6). Garla Turcului

is the main channel for water and sediment flux to the north of the

Sahalin lagoon, and it shows sharp variations in MAR, with the

lowest values during periods of floods and peaks in between. This is

probably due to water dynamics, increasing water discharge results

in erosion of the riverbed, while a lower discharge allows for

sediment accumulation. Sand content of bottom sediments

decreases by 30% in Garla Turcului, as a result of the overall

decrease in the delta complex. In Canal Ciotica, the evolution of

sedimentation, with a high increase after 1990, marks most

probably a natural silting process in this particular area, rather

than a general trend. This canal is gradually clogging and narrowing

because of extensive reed growth (Phragmites autralis, the most

common species of macrophyte in the Danube Delta – Rudescu

et al., 1964), which is the case for other similar channels and canals

inside the Danube Delta, which are not dredged periodically. The

decrease of sand content of its sediments by 50% is also an

indication of the rapid clogging and silting process.
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5.1.1.3 Lagoons

In the two analysed lagoons, Musura and Sahalin, the radiometric

profiles are reasonably complete with the possible exception of the

longest 120 cm core at DNMU15. Overall, the results suggest an

increase in sedimentation (Figure 6). This reflects the sedimentation

patterns of the two active depocentres, the secondary deltas of Chilia

in the north and Sfantu Gheorghe in the south.

Musura lagoon (DNMU15), part of the Chilia modern delta,

indicates an increase of 50% in sedimentation post dam

construction. This area has evolved rapidly in the past 150 years,

from a bay to a lagoon, with the building and lengthening of the

Sulina jetties, with a maximum of sedimentation rates in the

northern area (Stǎnicǎ et al., 2007). The results of this study show

a gradual increase in MAR in the southern area, where the core was

taken, reflecting the rapid sedimentation and clogging tendency of

this lagoon. However, considering the sampling site, this is probably

one of the lowest MAR values in the lagoon. The sorting and grain

size of the core of homogenous silt also supports this result.

Teodoru et al. (2006) finds a sedimentation rate in the Musura

Bay of 1.7 cm/y, using the 137Cs peak of 1986, which is lower but

comparable with the 2.47 cm/y value of this study (Table 2).

In the Sahalin lagoon, the northern area records an increase in

sedimentation of 70-80% from 2000. While this area was prograding

rapidly, due to sediment input trough the Turcului Channel (Garla

Turcului) and subsequent aggradation processes, with rates of 5-8 m/y

(Vespremeanu-Stroe, 2007), this large increase in sedimentation,

coupled with the change in grain size from silt to sand reflects the

evolution of the sand bar closing the lagoon, which is moving towards

the shore and rotating clockwise (Figure 2E, GeoEcoMar –

unpublished data). DNSC15 shows very low sedimentation until

1975, with the exception of 1930-1936 period (Figure 3). This is

most probably the result of the depositional conditions, because the

sediment of the Sahalin lagoon is reworked constantly, trough over-

wash (Giosan et al., 1999; Dan et al., 2009; Stǎnicǎ and Panin, 2009)

and resuspension during storms or flood events (Catianis et al., 2019),

so the 210Pb and 137Cs content is partially diluted or even removed.

This makes the interpretation of the results more difficult, as it is the

case for areas with complex hydrological and oceanographic

conditions (Ruiz-Fernández et al., 2020). This area records some

flood pulses, especially between 2005 to 2015. The centre records a

decrease in sediment flux, after 1990 and records less the natural

variability of water and sediment fluxes. This lagoon is as sensitive to

sediment flux changes as other areas, but only part of the sediment

originates directly from the discharge of Sf. Gheorghe, whilst the rest

comes indirectly from the reworking of the sand bar and nearshore

sandy sediments by waves and currents. However, the general decrease

in siliciclastic load is also reflected here, with a decrease in sand

content of the analysed sediments by 20%.The evolution of

sedimentation in this area is a result of the growth and development

of the sand bar closing the lagoon, the commonly occurring influence

of high waves and the anti-cyclonal currents (Dan et al., 2009) and

resuspension in the area (Catianis et al., 2019).

Organic matter in these two lagoons does not exceed 45% in

Musura and 48% in Sahalin (GeoEcoMar, unpublished data),

increasing in recent sediments in Musura and decreasing in
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Sahalin. However, only considering the siliciclastic content of

sediments, percentages of increase and decrease of the siliciclastic

flux are similar to the entire sediment flux. Musura lagoon is an area

with a high sedimentation rate, and the construction of dams does

not appear to have modified the amount of siliciclasts arriving in the

its southern area, nor the total flux of sediment. This area still

records most of the flood pulses and droughts.

5.1.1.4 Delta front

Published data on sedimentation rates for the NW Black Sea is

scarce, with values published for the area close to the Danube mouths.

These range from 4 cm/y, obtained byOaie et al. (2004) using the 137Cs

isotope, to 1 cm/y estimation from both 210Pb and 137Cs dating from

Teodoru et al. (2007). The value obtained by Oaie et al. (2004) is five

times greater than the one obtained for the delta front in this study, of

0.7-0.8 cm/y, but closer to the value of Teodoru et al. (2007).

Gulin et al. (2002), obtains an MAR in front of the Danube

Delta, using 137Cs dating of 0.4 g/cm2/y, which is slightly lower than

the post-dam MAR values from the delta front area, 0.37 g/cm2/y

and 0.48 g/cm2/y, of this study. The value obtained by Ayçik et al.

(2004), for the far shelf, of 0.20 ± 0.01 cm/y (210Pb dating) and 0.15

± 0.03 cm/y (137Cs dating) is higher than the ones obtained for the

prodelta area in this study. On the Danube Delta front, the

sedimentation is increasing over the studied period century, by 70

and 80% in the post-dam period, compared to the pre-dam period,

and the increase is more marked in the northern area (Figure 7). In

the same time, sand content decreases by 40% in the north (S007).

The overall sedimentary rates are higher in the south but they are

similar between the north and the south after 2010. The Sulina

depocenter records sediments coming from both Chilia and Sulina,

while Sfantu Gheorghe records mostly the sediments coming from

Sfantu Gheorghe. On the coast, the Chlia and Sfantu Gheorghe

secondary deltas remain the active depocentres, while the littoral

sedimentary cell between Sulina and Sfantu Gheorghe is eroding,

due to the negative sedimentary budget (Stănică et al., 2011), most

sediment, and especially sand, being trapped north of the jetties,

with only the finer fractions, silt and clay being transported south,

by the Danube plume. The increase in sedimentation rate in front of

the Sulina jetties reflects the local anthropic changes on the Sulina

channel, and the cutting and channelling of this branch that led to a

gradual increase of water and sediment from the beginning of the

century (Panin and Overmars, 2012), as well as to the channelling of

most water and sediment through the jetties. There is no natural

overbank spilling at high water, only lateral distribution in the

smaller channels and canals to some lakes. The sandbar that forms

naturally in front of the jetties is dredged periodically and the sand

is displaced offshore (Stǎnicǎ et al., 2007). This may increase

sediment accumulation rates locally, at the site of core S007.

The main factor, which can explain the overall increase in MAR

at site S002, after 1990, is the cutting off all the meanders of Sfantu

Gheorghe, between 1984 and 1988, which led to an accelerated flow

in the main channel and scouring of its river bed (Jugaru Tiron

et al., 2009). The suspended sediment concentration increased in

the main channel by 73%, in the 1990s and 2000, (Tiron, 2010). This

percentage is very similar to the value of 76% increase in MAR at

this site and is also reflected in the sharp increase of sand content, at
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the same time, in the analysed sediment core. Also, for the next

period, after 2000, from 2005 to present day, the Danube Delta

coastal area records the lowest storminess (Zăinescu et al., 2017),

which means less removal of sediment, and several major floods

(2005-2006, 2010, 2013-2014), which probably adds to the increase

in MAR at this site.

In both of the active depocentres, flood pulses are well recorded.

The main difference between these two areas of the delta front is

that, in the near shore domain, the Sfantu Gheorghe branch flows in

fairly natural conditions and feeds a secondary delta, on a much

wider area than the Sulina depocentre. Giosan et al. (2013) describes

the delta front area of Sfantu Gheorghe as an effective temporary

sediment trap. Our results confirm this statement, with most of the

sediment deposited being displaced by storms and transported

southward (Zăinescu et al., 2019).

5.1.1.5 Prodelta

The prodelta radiometric profiles are complete although

shallow for S008 and S003 reflecting very low sedimentations

rates. MARs are similar between 137Cs and 210Pb, although

contradictory for S008 reflecting the lack of resolution with

depth. However, an overall interpretation is a decline in sediment

accumulation, of 40 to 55% in the eastern area and a relative

increase in the south (Figure 7). The decrease is greater offshore

Sfantu Gheorghe than offshore Sulina. This shows that most of the

sediment carried by the Danube plume outside the delta front,

which is acting as a temporary depocenter, is transported

southwards, along the continental shelf, by the coastal current,

from north to south. Most of the sediment is deposited down to a

depth of 15- 30 m (Karageorgis et al., 2009; Giosan et al., 2013),

while the eastern prodelta area is only reached by very fine sediment

(<63μm) occasionally, when the plume extension in this area is large

enough. This is also the case for several other delta complexes in the

world, several studies of suspended-sediment transport indicate a

stronger transport and deposition along the continental shelf, with

only a minor component across-shelf e.g. Mekong, Yangtze (Liu

et al., 2009; Driscoll and Karner, 1999), Amazon, Eel, Columbia

(Wright and Nittrouer, 1995), Po, Ebro (Cattaneo et al., 2004).

The overall reduction in sediment flux reaching the Danube

Delta complex does not produce major changes in the distribution

of depocentres. The changes are mainly represented by an increase

or decrease of sedimentation rate, and a general decrease in sand

content (of 10 to 50%), while the general evolution of the delta stays

the same. Both Sfantu Gheorghe and Chilia deltas remain the most

active. The results of this research show only one value for the Chilia

delta and considering the location of the sampling site, the increase

in sedimentation rate in the Musura Lagoon might be

underestimated. The Sfantu Gheorghe delta shows an increase in

sedimentation rate on the secondary channels reaching the Sahalin

lagoon and its northern area, but a decrease in the other regions.

Even if the Sulina discharge area records an increase in

sedimentation rates, the overall value remains lower than the

value measured for Sf. Gheorghe. This relative increase is, most

probably, a combined effect of the changeling of water and sediment

by the Sulina jetties and a contribution from the discharging arm

of Chilia.
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The Sulina jetties are not the only local disturbance to change

distribution of sediment flux. The canals, such as Ciotica, which

were initially cut from the beginning of the 20th century to around

1980’s, for access, fishing and reed harvesting (Oosterberg et al.,

2000), are now clogging. The clogging of smaller channels

decreases sedimentation rates and the aggradation process, while

sediment concentration remains high in the main channels.

Smaller channels become clogged, they either behave like lakes

if there’s still enough water (e.g., Mahmudia meander on Sfantu

Gheorghe) or they gradually fill with macrophytes – especially

Phragmitres australis, the common reed, the most common

emergent vegetation in the Danube Delta (Rudescu, 1965) (e.g.

Canal Ciotica). Meander cutting on both Sulina and Sfantu

Gheorghe has had, as main effect, an increase of water and

sediment flux in the main channel, while the old meanders

remained elevated and partially disconnected from the main

flow, dramatically enhancing deposition in these area (Jugaru

Tiron et al., 2009; Tiron, 2010). The poor circulation of water

and sediment in these areas is adding to the poor general

circulation of channels and canals, as these meanders are

connected to the delta plain, being part of the main conveyor of

water and sediment before the cutting. While this is a general

observation for the Danube Delta, it is clear, from the results of

this research, that even major hydrological events (e.g. the major,

100 years flood of 2006) are not clearly identifiable in the

sediments of the delta lakes. The decrease in sand content

measured in the lakes, channels and the Sahalin lagoon may also

be an effect of the deepening of the Sulina and Sfantu Gheorghe

branches, with associated scouring and erosion of river bed (Dutu̧

et al., 2022), resulting in more of the coarser sediment being

conveyed directly in the delta front area.

The radiometric profiles vary significantly between cores. The

comparison between 137Cs and 210Pb provide a corroboration

between estimates. Caution is required where discrepancies occur

between the two estimates (Figures 4, 5). A more accurate

estimation of sediment flux is not possible, based on these results

alone and the MAR values may be under or overestimated, due to

the methods used. Some of the cores did not sample a complete
210Pb profile, which leads to an underestimation of MAR. Both
210Pb and 137Cs content can be influenced by a series of factors in

the sediment column, which is a source of errors for dating and

calculating MAR. Localised sedimentary process, like early

diagenesis, linked to clay and organic matter content, sediment

mixing associated with bottom currents and bioturbation and

anoxia can modify the values of 210Pb and 137Cs activity in the

sediment column (Baskaran et al., 2014; Corcoran and

Kelley, 2006).
5.1.2 Influences of catchment changes
The sedimentological analysis, together with the chronostratigraphic

framework of the twelve analysed cores provide a complex picture of

sediment flux changes in the Danube-Black Sea transition zone, from

1900 to 2016. All the results show a continuity in sediment flux, with

several periods of variations. A few studies have been carried out in this

area to evaluate the evolution of the Danube Delta complex in modern
Frontiers in Marine Science 16
times (~100 years) and to assess variation in sediment flux. Their results,

based mainly on 137Cs (Duliu et al., 1996; Giosan et al., 2013) or both
137Cs and 210Pb dating (Simon et al., 2017; Begy et al., 2018), report mass

accumulation rates from cores sampled mainly in lakes. Going beyond

the lakes, our approach was to sample all active areas of the Danube

Delta, including channels and lagoons, as well as the delta front and

prodelta area. This approach adds greater spatial interpretation and

whilst individual cores need to be interpreted carefully, depending on

the completeness of the radiometric profile, collectively, they add to the

holistic systems understanding of the recent sediment evolution of the

Danube Delta and the NW Black Sea.

Broadly, our results show that sediment flux increases apparently

in Lake Matita, Musura lagoon and the sampled areas of the delta

front, as well as the south of the prodelta area and decreases in the

Sahalin lagoon just after 1990 and in the prodelta area, after the input

of dams. This is also reflected in the two channels, but need to be

treated cautiously given the incomplete nature of the cores, especially

DNCC15. The sand content decreases in most sites, reflecting the

overall decrease already documented in the Danube River. The effect

of major floods can be traced in most of the studied sites, but

especially the major floods of the 2000-2015 period. The low water

levels of the Danube (Figures 6, 7) do not seem to mark any

important changes in sediment flux. There is a general increase in

most sites until the 1960’s, except in Lake Rosu and the prodelta area,

where the sediment flux is decreasing. This period is marked in the

Danube Basin by the construction of power plants in the upper

reaches of the Danube and tributaries and dredging for navigation

(Schwarz, 2008) which may have led to decreased sediment bedloads.

These practices do not seem to lead to a decrease in overall sediment

flux reaching the delta. In Romania, while dam building is as old as

the XII century, only 128 reservoirs were built before 1940, with very

low capacity, and the process accelerated betwen1960 and 1991

(Rãdoane and Rãdoane, 2005). At the same time, several channels

were dug in the delta, to facilitate access for fishing and reed

harvesting, including one reaching lake Matita, locally increasing

sediment accumulation rates (Giosan et al., 2013).

The following 50 years (1950-2000) in the Danube Basin are

marked by the construction of the largest dams Iron Gate I and II,

Gabcikovo and Wien-Freudnau (Schwarz, 2008). Many other dams

were also constructed along the Danube, totalling 78 to date and on

the main tributaries (Habersack et al., 2016), with further 187 dams

in Romania alone until 1991 (Rãdoane and Rãdoane, 2005). The

same period is marked by intensification of agricultural practices

and land use changes which led to an increase in sediment flux

delivered to rivers, however, this increase is masked by the trapping

of more and more sediment in reservoirs. (McCarney-Castle et al.,

2011). In the Danube Delta, the first part of this period, until mid-

1980s is marked by a decrease of MAR in the sampled lakes and the

prodelta area, and an increase in the lagoons and also suggested by

the sampled channels, compared to the previous period. The pro-

delta site S001 shows an almost constant sedimentation rate in this

period, until 2010. After 1990’s, sedimentation increases in Lake

Matita, the sampled channels, Musura, northern Sahalin and the

delta front, but it is mostly marked by pulses – short periods of

increase, followed by longer periods of lower deposition rates. For

the same time period, sedimentation decreases in Lake Rosu,
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Sahalin lagoon and in the prodelta. Site S008 shows a sudden

increase in sedimentation, in the 1990’s until 2007, particularly

between 2000 and 2007. This period of time is marked by severe

storms (Zăinescu et al., 2017) and a few major floods (2000-2007),

which may have led to the transport of more sediment offshore.
5.2 Considerations for the future

The Danube River is highly fragmented and regulated and this

phenomenon will only grow in the future (Grill et al., 2015;

Habersack et al., 2016). The sediment fluxes of the Danube have

been decreasing since the beginning of the century, even before the

input of dams (McCarney-Castle et al., 2011). The additional 341

dams which are planned or under construction in the Danube basin

(Zarfl et al., 2014) could lead to an additional decrease of 60% of the

Danube sediment fluxes when they are completed (Tessler

et al., 2018).

Extreme floods would attenuate the overall deficit of sediment

supply, caused by dams, at least to a certain extent, but this trend is not

certain for the future, as modelling suggests an increase in droughts

rather than flooding events in the Danube catchment (Giosan et al.,

2013). Recent analysis on hydrological data shows that the flood

phenomena increased in the Danube Basin in the last decades

(Mikhailova et al., 2012). One would expect to see their effects in the

sediment deposition all around the delta plain and in the new delta

deposits of Chilia and Sfantu Gheorghe, i.e. Musura and Sahalin

lagoons. However, the effect is not marked in all of the analysed

areas, perhaps with the exception of the delta front area. Moreover, the

siliciclasticflux is decreasing in certain lakes, and in theMusura lagoon.

Natural variability of water and sediment pulses of rivers are

attenuated by dams, as shown in other systems (Syvitski and Saito,

2007; Sylaios et al., 2010). Recent results (Constantinescu et al., in

preparation) show that the natural fluctuations of water and sediment

fluxes that arrive in the Danube Delta are attenuated, beginning with

the mid 1970’s, which coincides with the construction of Iron Gate I

and II. The sedimentation rates of this study show that only areas that

are directly connected to the main branches (larger channels, some

areas of the terminal lagoons andmouths of themain branches) record

some of these pulses, depending on the degree of connection. The

accumulation of sediment on the delta front seems to depend not only

on the overall sediment flux variations but also on the flow regime of

the main branches, the marine conditions and storminess and the

anthropic interventions in the delta itself and on the coast. Under

current climate change scenarios, river runoff in Europe will change,

increasing in northern areas and decreasing in Central Europe and the

Mediterranean region (Arnell and Gosling, 2013). In the last 57 years,

winter precipitation has decreased in Eastern Europe (Croitoru and

Minea, 2015; Croitoru et al., 2016), whilemeanwinter temperature has

increased (Ionita et al., 2018) which mean a decrease in both water

discharge of rivers and surface erosion in this region.

The question remains, if the present sediment flux is enough to

maintain the aggradation process in the future, in the Danube Delta,

above mean local sea level rise of 3-4 mm/y (Panin, 1999; Giosan
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et al., 2013), and especially, if there will be enough sand in the system

to feed the coastal zone. (Tessler et al., 2015b) calculate a subsidence

of 5.5 mm/y for delta maintenance, given constant sediment flux,

sediment deposition, and sea level rise rate under pristine,

nonanthropogenic conditions and a relative sea level rise rate of 10

mm/y for contemporary, potential reservoir growth, and low

sediment retention scenarios. The natural subsidence rate for the

Danube Delta was previously estimated to 1.8 mm/y (Panin, 1999)

and, for the moment, our results show sedimentation rates above

these values, especially in the sub-aerial delta – 3 mm for lakes, 11.5-

11.8 mm in channels, 18.9 mm in Musura lagoon and 16.2-19.8 mm

in Sahalin lagoon. To answer the question, we need to calculate the

sediment flux passing through the sub-aerial delta complex and its

retention capacity. Also, the in-situ organic component of

sedimentation, in all areas of the delta, needs to be quantified. The

results of this study and of previous work (Giosan et al., 2013) suggest

that the trapping efficiency of the delta depends mostly on its

hydrological connectivity and local hydrotechnical constructions.

The sampling site in Canal Ciotica and results from Anthony et al.

(2021) and Möller et al. (2022) suggest that the growth of reed beds

reduces water energy and subsequently, sediment trapping locally,

however, a large scale study has not been conducted yet in the

Danube Delta. Trapping efficiencies of other deltas were calculated at

30-50% and for the delta fronts at about 25-30% (Asian river deltas;

Liu et al., 2009) but this is not yet known for our study area.
6 Conclusions and future work

This study provides, for the first time, results on sediment

accumulation rates in the Danube-Black Sea interaction zone, in lakes,

channels, lagoons, delta front and prodelta area, adding to the holistic

systems understanding of the recent sediment evolution of the area.

The sedimentary evolution over the period of 1900 to 2016 is

characterised by:
* A general increase in sediment flux, in most of the sampled

areas, until the construction of the Iron Gate I and II dams

(pre-dams) on the Lower Danube and the massive human

interventions of 1960-1990, which affected the hydrological

equilibrium of the delta complex.

* A decrease of siliciclastic flux post-dams in lakes, centre of

Sahalin lagoon, while overall sediment flux decreases

markedly in the prodelta area.
The impact of decreasing sediment flux over the various

environments of the delta is different. The overall reduction in

sediment flux does not produce major changes in depocentres. The

changes are mainly represented by a decrease of sedimentation rate,

and a decrease of sand by up to 50%, while the general evolution

stays the same. In the sub-aerial delta, this is mainly controlled by

the degree of hydrological connectivity to the main branches and by

local anthropic interventions in the area, while in the sub-marine

delta, marine conditions, storminess and the coastal circulation add
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to sediment dynamics. The anthropic changes - meanders cutting

and river bed scouring on Sfantu Gheorghe and cutting and

channelling for maritime navigation, with an increase of water

and sediment and the construction of jetties on Sulina, increase

sediment supply locally, so most of the sediment is deposited in the

marginal lagoons or near shore delta front area. This sedimentation

pattern, coupled with the overall decrease in grain size of deposited

sediments, raises the question of trapping efficiency, especially that

these areas are the already vulnerable to erosion and to storms and

additional sediment removal.

The extreme hydrological events, such as the major floods of the

last century can only be traced in certain areas – larger channels,

lagoons and delta front, which are directly connected to the main

hydrologic network, represented by the three discharging branches.

The hydrological droughts also decrease accumulation rates in

these areas.

The results of this study show, that overall, the local effects on

sediment flux affect more the subaerial delta and the delta front,

while the prodelta is affected mainly by the construction of the dams

and overall decrease of sediment flux. This may be a positive

outcome, at least on medium term, and could be used to improve

management strategies for delta maintenance.

Some questions still remain. Is this sediment deficit low enough

to allow for the aggradation and progradation process to continue

and maintain the delta above sea level rise in the 21st century? What

will be the tipping point for the coastal area, which is the most

affected by the decrease of sediment supply? Calculating more

precisely the sediment flux and the trapping efficiency of the

delta, considering both siliciclastic flux and in-situ organic

sedimentation, as well as integrating the role of vegetation in

sediment trapping efficiency, could answer these questions.
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