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ABSTRACT

The Razelm-Sinoe lagoon system in the southern Danube Delta is a key archive for understanding how coastal
environments respond to changing river, marine, and climate conditions. Although the region has been inhabited
since the Neolithic, its environmental evolution during the Late Holocene is still not fully known. In this study,
we reconstruct the past ~3000 years of lagoon history using a combination of sediment, geochemical, and fossil
analyses. Our results show that the lagoon was strongly shaped by the shifting course of the Dunavat distributary,
which delivered large amounts of sediment and contributed to the formation of new delta lobes. High sedi-
mentation rates (3.4 mm/year) around 2.6 ka BP indicate sustained river influence even in the outer parts of the
lagoon. We identify five main stages of environmental change, from an open, river-dominated embayment to a
progressively enclosed lagoon with occasional marine water intrusions, eventually leading to the development of
widespread wetlands. By comparing paleosalinity signals from several cores, we detect four time intervals
(~1.5-1.4, 1.3-1.2, 1.0-0.9, and 0.7-0.6 ka BP) when salinity increased across the system. These likely reflect
periods of strong storms that breached coastal barriers and allowed seawater to enter the lagoon. We also explore
how these changing conditions may have affected local settlements, offering new perspectives on how ancient
communities adapted to a dynamic deltaic environment. Overall, this study provides an improved framework for

understanding long-term coastal evolution and environmental variability in the Danube Delta.

1. Introduction

Coastal lagoons are dynamic, shallow, and semi-enclosed transi-
tional environments shaped by the interplay of marine, fluvial, and
climatic forcing (Duck and Da Silva, 2012). Their limited depth en-
hances their sensitivity to variations in relative sea level, freshwater
inflow, and storm activity, making them valuable natural archives for
detecting environmental change across multiple timescales (Sabatier
et al., 2010; Chaumillon et al., 2017).

Coastal lagoons and deltaic systems have long attracted human so-
cieties due to their ecological productivity, strategic location, and access
to both marine and terrestrial resources. In the Mediterranean and Black
Sea regions, these environments have mediated not only the location
and structure of human settlements but also their long-term sustain-
ability and evolution (Morhange et al., 2016; Giaime et al., 2019). The
western Black Sea coast supported numerous communities whose
development was strongly influenced by evolving lagoonal and deltaic
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conditions. Greek colonization between the 8th and 5th centuries BCE
resulted in the establishment of settlements such as Histria, Orgame, and
Halmyris along the Danube delta coast (Bivolaru et al., 2021; Dimitriu,
2012). Understanding paleoenvironmental dynamics is therefore
essential not only for reconstructing the evolution of the Razelm-Sinoe
Lagoon System (RSLS) but also for contextualizing ancient settlement
patterns and cultural adaptations in this region.

Compared with Mediterranean lagoons, the Holocene evolution of
Black Sea lagoons remains relatively understudied, particularly
regarding sedimentation history, hydrological variability, and responses
to extreme events. For RSLS, previous work has focused primarily on
barrier morphodynamics and southern Danube delta progradation
(Zenkovich, 1956; Giosan et al., 2006; Vespremeanu-Stroe et al., 2013,
2017), while the internal lagoonal environment - its sedimentation
rates, ecosystem history, and hydrological evolution — remains poorly
constrained. This limits understanding of the lagoon's connection to the
Dunavat distributary, specifically regarding the mechanism of the RSLS's
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final enclosure, around which a longstanding scientific debate persists.
Two competing models propose either (i) southward longshore sediment
transport leading to RSLS enclosure, implying that Dunavat remained a
bayhead lobe (Zenkovich, 1956; Giosan et al., 2006; Bony et al., 2015),
or (ii) progradation and reworking of two successive open-sea lobes built
by the Dunavat branch (Antipa, 1914; Panin, 1989; Vespremeanu-Stroe
et al., 2013, 2017).

This study employs ostracods, which are valuable microfossils due to
their high sensitivity to salinity, oxygen levels, and hydrological changes
(Holmes and De Deckker, 2012; Marco-Barba et al., 2013). Their species
composition and relative abundances effectively trace environmental
variability in transitional settings like lagoons. Beyond their established
paleoecological utility, ostracods are increasingly recognized as
powerful tools for identifying paleostorm events in barrier-lagoon sys-
tems (Mischke et al., 2012; Sabatier et al., 2022). For the Black Sea re-
gion, where paleostorm research is virtually absent, applying ostracods
for storm reconstruction represents a methodological advancement with
broader implications for coastal paleoclimate studies.

This work addresses critical gaps in the understanding of RSLS's Late
Holocene evolution by examining sedimentary dynamics, paleoecolog-
ical changes, and evidence for extreme events. It constitutes the first
integrated multi-proxy reconstruction of the Late Holocene history of
the Razelm-Sinoe system, combining sedimentological, geochemical,
and faunal analyses. The newly recovered core F1, obtained from a key
geoarchaeological site, provides a high-resolution archive that links
environmental change with cultural developments and fills a spatial and
temporal gap in existing reconstructions. Comparison with other RSLS
records further allows a regional synthesis of sedimentation rates and
environmental trajectories.

This study was conducted to clarify how natural and human factors
shaped the Late Holocene evolution of the Razelm-Sinoe lagoon com-
plex. It addresses three interconnected themes. First, we reconstruct
landscape transformations and paleoecological evolution over the last
~3000 years, identifying shifts in sedimentation, salinity, and faunal
assemblages. High-resolution sampling enables the recognition of five
lagoonal evolutionary phases, revealing transitions not captured in
previous studies. Second, we analyze biotic and sedimentary indicators
of environmental change, including the innovative use of ostracods to
infer past storm events, thereby establishing the first paleostorm
framework for the Black Sea. Third, we examine human — environment
interactions by linking lagoonal evolution with nearby archaeological
sites — Histria, Orgame, and Acic Suat — offering new perspectives on
landscape evolution and cultural adaptation in a deltaic context.
Together, these analyses provide novel insights into sedimentary pro-
cesses, environmental variability, and societal responses to coastal
change, with broader implications for regional paleoclimate recon-
struction and coastal management in the Black Sea.

2. Study area
2.1. Regional setting

The study area is located in the western part of the Razelm-Sinoe
Lagoon System (RSLS), representing a marshy plain separating Cea-
murlia and Golovita lakes (Fig. 1). The RSLS covers 1145 km? and
comprises shallow lakes and lagoons (maximum depth - 3.5 m in
Razelm), wetlands, channels, barrier complexes, and beach ridge plains,
forming the southern Danube Delta. Freshwater inflow comes primarily
from the Danube River (discharge of ~6500 m3/s at the delta apex) via
the Dunavat and Dranov channels, with smaller contributions from
rivers draining the Dobrogea mainland, including the nearby Slava and
Hamangia. Although these smaller rivers have low mean annual
discharge (< 0.7 m%/s), flash floods can produce peak discharges of 100
— > 400 m%/s during summer (Zaharia and Pisota, 2003). The RSLS is
connected to the Black Sea only in the southern sector via Lake Sinoe and
its narrow outlets at Edighiol and Periboina.
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Fig. 1. Location of the study area and the core F1 (red circle) on a Copernicus
Landsat image in the background, and the main toponyms and hydronyms
which are referred to in the text. Published cores are from Preoteasa et al., 2019
(EN3), van de Velde et al., 2019 (C3 - C13), and Bony et al., 2015 (02). (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Present-day salinity ranges from 0.4 to 0.6 g/L in Razelm and
Golovita and 0.5-6.5 g/L in Sinoe, while historical values in the early
20th century reached up to 27.8 g/L (Vadineanu et al., 1997). Salinity is
seasonally controlled by freshwater input from Danube high discharges
during April-May and September—October (Scrieciu et al., 2023a), and
by storm-driven mesohaline inflows during October—March (Catianis
et al., 2018). 80% of the total storm events (including extreme storms)
are from a N-NE direction influencing the current shoreline orientation
and morphodynamics, and generating a strong southward net longshore
sediment transport of 0.7-1 x 10% m3/year which can quadruple during
storms (Dan et al., 2009; Zainescu et al., 2017). Severe storms recur
every 0.5-2 years, while extreme storms recur roughly every 7 years,
with wind speeds exceeding 30 m/s and offshore waves up to 7 m,
causing severe coastal erosion and extensive flooding (Vespremeanu-
Stroe, 2004; Zainescu et al., 2017).

Geologically, the study area lies at the contact between the Paleozoic
Moesian Platform in the south and the Cimmerian Orogen of North
Dobrogea in the north, separated by the Peceanaga-Camena fault
(Sandulescu, 1984). The Moesian Platform comprises a Precambrian
basement overlain by thick Paleozoic to Cenozoic sediments, while the
Cimmerian Orogen consists of a Hercynian basement with post-tectonic
cover of Upper Cretaceous shallow-marine sediments (Seghedi, 2012).
Thick Quaternary loess deposits cover much of the Dobrogea territory
(Conea, 1970).

2.2. Geoarchaeological context

Acic-Suat is located between the Greek colonies of Histria and
Orgame and was occupied from the 6th century BCE through the early
Roman period. The settlement had a subsistence-based economy focused
on cereal cultivation, livestock, and freshwater fishing, while archaeo-
logical evidence indicates both Greek and local influences (Baralis et al.,
2017; Musat, 2017). Its strategic position between Lakes Golovita and
Sinoe provided access to inland and maritime networks, linking it to
Histria and other regional centers. During the Roman period, the site
underwent spatial reorganization, reflecting integration into provincial
structures and connections with nearby colonial settlements (Baralis
et al., 2017).
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3. Material and methods

Core F1 was retrieved using a percussion corer system (Atlas Copco
Cobra TT) from the Ceamurlia Lake, located on the western bank of the
Razelm-Sinoe lagoon complex (44°40'28.70 N, 28°45°7.34” S). The 7 m
sediment core was sampled for sedimentological, geochemical and
paleontological (micro and macro) analyses as well as for radiocarbon
dating. Sampling resolution (10-30 cm) was adjusted according to li-
thology, sediment preservation, and available core volume. Higher-
resolution sampling was prioritised in intervals with high information
potential (e.g., transitions, biogenic layers), whereas massive or low-
variability units were sampled at coarser resolution.

Prior to sampling the core for laboratory analyses, magnetic sus-
ceptibility was measured at 1 cm intervals using a Bartington MS2C
system. The sensor used has a response area with a diameter of 25.4 mm.

Grain-size samples were collected at an average interval of 30 cm,
with increased sampling density in areas showing visible changes in
texture. Prior to analysis, the samples were treated with 20% acetic acid
(CHsCOOH) and 30% hydrogen peroxide (H20:) to eliminate organic
matter, followed by rinsing with distilled water. Measurements were
performed using a Horiba LA950 Laser Diffraction Particle Size
Analyzer. Statistical analysis of the grain-size data was conducted with
the GRADISTATVS software (Blott and Pye, 2001), employing the Folk
and Ward (1957) method.

Organic matter (OM) and inorganic carbonate (Cinorg) content were
determined through Loss on Ignition (LOI) analysis. Samples were taken
at approximately 15 cm intervals and placed in crucibles for sequential
combustion in a Caloris CD 1011 oven: first at 105 °C for 12 h, then at
550 °C for 6 h, and finally at 950 °C for 2 h, with precise weighing after
each step. The percentages of OM and Cinorg Were calculated using the
equations provided by Heiri et al. (2001).

Major, minor and trace components in surficial sediment samples
were analyzed by X-ray fluorescence spectrometry using an ED-XRF
SPECTRO XEPOS spectrometer (SPECTRO Analytical Instruments
GmbH, Kleve, Germany). Major and minor components measured as
percentage oxides were converted to ppm levels. Potential diagenetic
overprinting was considered when evaluating geochemical data.
Organic-rich and oxidized intervals may have experienced post-
depositional alteration, which can modify elemental concentrations
and further affect the preservation of calcareous microfossils. These
factors may limit the precision of source discrimination and paleo-
environmental reconstructions.

Principal component analysis (PCA) was used to statistically deter-
mine the main changes in geochemical elements using a correlation
matrix of all the elements contents. The geochemical dataset consisted of
eighteen elemental contents which were transformed into a standard-
ized and mean normalized distribution. To evaluate sediment prove-
nance, the PCA was repeated by integrating reference datasets
representing the main regional sources: Danube riverbed (Scrieciu et al.,
2023b), Dobrogea loess (Tugulan et al., 2016), granites (Intorsureanu
et al., 1989), and rhyolites (Seghedi et al., 1992) (Table 1). All data-
sets were processed using the same normalization steps to ensure
comparability. The major shifts in the first two PC axes in the sample
scores were used to divide the elements into ultimately two major
sediment sources. Sample and element relationships were further

Table 1
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explored using hierarchical clustering to evidence the contribution of
each element in the geochemistry of the sediment sources. These sta-
tistical analyses were performed using the SRplot online tool (Tang
et al., 2023).

Micro- and macrofaunal analyses were carried out on samples
retrieved on an average 10 cm resolution, to infer water paleosalinity
and depositional environments. The samples were processed for
microfossil analyses using a standard micropaleontological approach
(Stoica et al., 2013; Briceag et al., 2019). Samples were oven dried at
60 °C, weighed and then wet-sieved using tap water and sieves of 125
pm and 63 pm. All valves larger than 125 pm belonging to ostracods and
bivalves were observed and qualitatively estimated, as well as all fora-
minifera and gastropod individual specimens. Qualitative abundances
were obtained by estimating the specimens within the field of view.
Large specimen occurrences are considered to be more than 100 in-
dividuals, moderate occurrences — between 10 and 30 individuals, while
less than 10 valves indicate a scarce presence. Species identification and
paleoecological interpretation followed established taxonomic works:
Caraion (1967), Meisch (2000), and Opreanu (2008) for ostracods;
Kaminski et al. (2002) and Briceag and Ion (2014) for foraminifers; and
Grossu (1955, 1956) for mollusks. Ostracod paleoecological assignments
were based on Meisch (2000) for freshwater taxa and on Caraion (1967)
and Opreanu (2008) for brackish and marine species. The subdivision of
ostracod ecological groups follows the criteria outlined in Mazzini et al.
(2022). Ostracods provide robust salinity signals and form the main
basis of our interpretations, with other proxies as foraminifers and
mollusks used as supplementary context. However, short-term hydro-
logical or climatic variability may not be fully captured. The most
representative fauna was documented by photographs made with a
Canon EOS 550D camera mounted on a binocular microscope Olympus
SZ61 (Plates 1 and 2).

The chronological framework of core F1 is based on four calibrated
radiocarbon dates obtained from ostracod valves, primarily Cyprideis
torosa (Table 2). The '“C AMS measurements were carried out at the
Poznan Radiocarbon Laboratory in Poland. Calibration of the radio-
carbon ages was performed using the Marine20 calibration curve
(Heaton et al., 2020) in Oxcal 4.4 program (Bronk Ramsey, 2001). The
marine calibration accounts for the average global ocean reservoir ef-
fect, which is ~400 years. To account for local conditions, a regional AR
value of 75 £ 65, derived from Siani et al. (2000), was applied. This
estimate is based on surficial Black Sea waters and is the most appro-
priate for the shallow lagoonal environment of core F1. The use of Siani's
AR is also consistent with previous chronological studies in the Danube
Delta region (Bony et al., 2015; Vespremeanu-Stroe et al., 2017) and
provides a robust framework for our radiocarbon chronology.

4. Results
4.1. Sediment properties and geochemical analysis

Core F1 was divided in three main units based on geochemical
composition of the sediments, grain size and texture, organic matter
content and magnetic susceptibility properties (Fig. 2).

Core F1 is predominantly composed of fine to medium silts with
layers of sandy silts and frequent occurrences of shell and plant

The average content (ppm) of main elements of the regional sediment sources: Danube riverbed (Scrieciu et al., 2023b), Dobrogea loess (Tugulan et al., 2016),
Dobrogea granites (Intorsureanu et al., 1989), and Dobrogea rhyolites (Seghedi et al., 1992).

Sediment source Elements (ppm)

1
sampres Ti Fe v Mg Mn K Rb Zr si Th sn  Cr Ni st Ca
Danube 2369.2 20,1307 405 14,7836 486.0 12,8087 553 1407 247,067 37 31 751 423 1820 53,9147
Rhyolites 12388 142211 43 12368 2937 364281 963 4063 3552283 139 4. 21 28 174 33777
Granites 14746 151700 1.5 13389 8735 387740 1403 6365 3455199 186 57 50 45 184 44001
Loess 41900 37,3759 924 14,9448 7498 16,5190 880 461.4 2937069 11.5 4.3 1218 585 2559  67,979.9
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Plate 1. Microfaunal assemblages from F1 core. The ostracods are photographed in external lateral view except 2, 5, 7 and 13 that are photographed in internal
lateral view. All scales represent 0.5 mm. Ostracods: 1-3 — Candona neglecta; 4-7 — Pseudocandona compressa; 8 — Pseudocandona albicans; 9-10 — Pseudocandona sp.;
11-13 — Heterocypris salina; 14-15 — Limnocythere inopinata; 16-17 — Herpetocypris reptans; 18-19 — Ilyocypris bradyi; 20 — Darwinula stevensoni; 21-22 — Eucypris inflata;
23-24 — Cyprideis torosa; 25 — Cytheromorpha fuscata; 26-27 — Heterocythereis amnicola; 28 — Amnicythere pediformis; 29-31 — Amnicythere devexa; 32-33 — Cytherois

cepa; 34 — Xestoleberis aurantia; Foraminifers: 35 — Ammonia spp.

fragments. Sediment sorting is relatively consistent, varying between
very poorly and poorly sorted sediments. Organic matter content shows
moderate variability, peaking in the upper section of the core. In
contrast, magnetic susceptibility and geochemical data exhibit the
highest variability. A sediment loss occurred during coring between 380
and 460 cm, but field observations indicate that the missing interval is
lithologically similar to the adjacent sections.

4.1.1. Unit 1 (705-325 cm)

This unit consists of mainly fine, semi-compact, very poorly sorted
silts (40%) with very few plants remains. Clays, coarse silts and fine
sands are on average 20, 25 and 10% respectively. Organic matter (OM)
content is consistently low (3,5%). The magnetic susceptibility (MS)
values are fairly high with a mean of 2.85 x 107° CGS (Fig. 2). Terrig-
enous elements display elevated mean concentrations: Zr (400 ppm), Mg
(17,000 ppm), Ti (4400 ppm), Fe (2800 ppm), and Cr (96 ppm),
accompanied by high Ca values (58,000 ppm). The increased terrige-
nous values are in contrast with the low OM and Sulfur contents, re-
flected also in the high Si/S ratio.

We divided Unit 1 into two subunits (1a and 1b) based on changes

sediment color and magnetic susceptibility properties at 555 cm core
depth. Subunit 1a consists of reddish-brown silts, whereas Subunit 1b is
characterized by dark grey silts with thin purplish layers and in-
tercalations of yellowish-brown silts. The MS mean values drop by half,
from 3.8 x 107® CGS in subunit 1a to 2 x 107% CGS in subunit 1b
(Fig. 2).

4.1.2. Unit 2 (325-185 cm)

The 330 cm boundary marks changes in all sediment properties
(Fig. 2). Unit 2 is coarser than Unit 1 with increased coarse silts (30%)
and sands (17%). The coarsening is also evident in the lowest mean Al/Si
values (0.19) of the entire core. The lower half of the unit contains grey
coarse silts, gradually finning upwards into blackish medium silts with
brown colored laminae. Sorting is poor, however slightly better than in
the previous unit. OM content triples compared with the lower units
reaching its highest mean values (12%), with maximal peaks of 15-25%
toward the top of the interval. S concentrations also reach their highest
values (> 6000 ppm). MS continues its downward trend, reaching the
lowest average value of 0.8 x 10~® CGS. Most of the terrigenous content
declines, with elements such as K (14,000 ppm), Rb (65 ppm), Ti (3600
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Plate 2. Macrofaunal assemblages from F1 core: A — Abra segmentum; B and D — Ecrobia sp.; C — Planorbarius corneus; E — Parthenina terebellum; F — Charophyceae algae;

G and H - Cerastoderma sp.; I - Theodoxus danubialis. All scales represent 0.5 mm.

Table 2
Summary of radiocarbon age results.

Sample Lab code Depth in core (cm) Material Coordinates Age *C Cal. Age BP Median Age
(lat. N/long. S) (years BP) (20) (cal. yr BP)
44°40/28.70"/

F1 AS 130 Poz-151,421 130 Ostracods 28°457.34” 1515 + 30 656-1023 863
44°40'28.70"/
F1 AS 225 Poz-144,596 225 Ostracods 28°45'7.34 2020 + 30 1170-1531 1353
. 4
F1 AS 250 Poz-151,423 250 Ostracods 44740 2,8'70,/ 2250 + 30 1392-1807 1590
28°45'7.34°
44°40'28.70"/
F1 AS 550 Poz-151,392 550 Ostracods 28°457 34" 2975 + 30 2298-2719 2493

ppm), Mn (500 pm) and Fe (21,000 ppm) recording their lowest mean
values. Conversely, elements such as Ca (6200 ppm), S (4500 ppm), Sr
(282 ppm) registered their highest mean values of the entire core. Si
(265,000 ppm) and P (470 ppm) indicate as well increased values.

4.1.3. Unit 3 (185-0 cm)

Unit 3 is composed of very fine to fine brown silts with purplish
laminae, with a central layer of coarse silts and capped by a peat deposit.
In the middle part of the unit there is a section of purplish-grey color
(Fig. 2). Clay content increased significantly (23%), while sand content
halved (8%) and coarse silts decreased (23%) compared with Unit 2.
Unit 3 starts with an abrupt decrease in mean OM content (down to
5.5%) and S (1500 ppm). MS increases sharply and records the highest
mean values of the core (4.1 x 107° CGS). Unit 3 samples are mainly

clustered in relation to PC; indicating negative loads in relation to PCy.
They are generally grouped based on contents in Si, P, Rb, K, Mn and
secondarily on Ni, Fe, Zn, Al (Fig. 3A and B).

Unit 3 was divided into Subunits 3a and 3b based on a decreasing
trend in multiple geochemical elements toward the top of the core.
Subunit 3a contains the highest mean concentrations of several terrig-
enous elements in the entire core — K (18,500 ppm), Fe (31,000 ppm),
Mn (720 ppm), Ti (4600 ppm), Rb (90 ppm), Cr (99 ppm), Ni (47 ppm).
In Subunit 3b these values decrease to Mn (670 ppm), Fe (28,000 ppm),
Rb (78 ppm), Ti (4300 ppm), Cr (82 ppm) and Ni (37 ppm). Si increases
upward, consistent with higher silt percentages (28% vs. 18% in subunit
3a).
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4.2. Sediment sources

Given its position near the Slava and Hamangia catchments, core F1
received material not only from the Danube but also from loess, granitic,
and rhyolitic sources in central and northern Dobrogea. To assess the
relative contributions of these sources through time, we first examined
the internal geochemical variability of core F1 using principal compo-
nent analysis (PCA) and then compared it with reference samples rep-
resenting the main regional sediment sources.

A PCA performed on the core F1 geochemical data set yielded three
distinct sample clusters, with the first two principal components (PC)
explaining 61% of the total variance (Fig. 3A). These clusters correspond
closely to the lithological units. Unit 1 samples plot mainly along PC2
(14% of the variance), reflecting elevated Zr and Mg contents, with
additional contributions from Ti, Cr, and Ca (Fig. 3A, B). Units 2 and 3
cluster primarily along PC1 (49% of the variance), both showing nega-
tive scores on PC2. Unit 2 is characterized by high Sr and S, and
secondarily Ca, whereas Unit 3 groups according to increased Si, P, Rb,
K, and Mn, with subordinate contributions from Ni, Fe, Zn, and Al. To
further constrain sediment provenance, the core F1 geochemical dataset
was analyzed together with reference samples from the principal sedi-
ment sources in the region (Table 1). The first PCA axis provides a clear
discrimination between the core F1, loess, and Danube riverbed samples
and, on the opposite side, the granite and rhyolite samples from
Dobrogea (Fig. 3C). The granite and rhyolite samples are rich in alkaline
metals such as K and Rb, and in some transition metals such as Zr and
Mn, and low in Sr, Ca, Ti, Mg, Fe, Cr, and Ni (Table 1). In contrast,
Danube samples are rich in alkaline-earth metal such as Sr and Ca, and in
transition metals as Mg, Ni, Cr, Zn, but low in granite and rhyolite
specific elements. The loess samples are notably enriched in transition
metals such as Fe, Ti, and V, while also containing elevated concentra-
tions of elements commonly found in Danube riverbed sediments,
including Sr, Ca, Zn, Cr, and Ni. In contrast, elements typically associ-
ated with the granitic and rhyolitic sources like K and Rb are present in
small amounts.

On the factorial plane, the core F1 samples cluster close to the
Danube riverbed and loess samples (Fig. 3C). However, each unit dis-
plays different compositions evidencing the contribution of multiple
sources (Fig. 3D). Unit 1 exhibits a mixed Danube and Dobrogea
geochemical signature. The lower Subunit 1a is dominated by loess
(indicated by Fe and Ti), which is consistent with the reddish-brown silt
color originating from iron-oxide or ferromagnesian minerals of loess
deposits drained by Slava and Hamangia rivers. The Danubian source
becomes dominant in Subunit 1b, evidenced by increases in Ca, Mg, and
Sr contents and the change in color to typical Danube borne grey silts. Cr
and Ni are slightly increased as well, though their source is ambiguous as
they are abundant in both Danube sediments (Catianis et al., 2020;
Catianis et al., 2018; Culicov et al., 2022; Dinescu et al., 2004) and loess
deposits (Tugulan et al., 2016). Lesser contributions from Dobrogea
granites and rhyolites are also reflected in Subunit 1b by the presence of
Zr, Mn, and Th.

Unit 2 is entirely Danubian in origin with its samples clustering
within the Danube riverbed reference samples (Fig. 3C), and sharing the
same geochemical composition enriched in Sr and Ca while being low in
most other elements (Fig. 3D). The enhanced Sr, Ca, and S are further
amplified by local bioproduction which generated large quantities of
organic matter and carbonates (Fig. 2).

Unit 3 contains mostly Dobrogea-borne sediments. The samples
show a close geochemical relationship to Unit 1, particularly through
the enrichment in loess-derived elements (Fe, Ni, Cr), with concentra-
tions even higher than in Unit 1. The enrichment is consistent with the
highest magnetic susceptibility values recorded in the core (Fig. 2). A
key distinction in Unit 3, however, is the greater contribution from
granitic and rhyolitic sources indicated by elevated levels of Rb, K, and
Si. This input originates from the Slava River eroding the alkaline
granite massif of Secaru Hill, which supplies Fe and Mg (from
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amphiboles and pyroxenes) and K and Rb (from potassic feldspars). In
sharp contrast, the Danubian influence in Unit 3 is minimal, as this unit
displays the lowest concentrations of Danube-derived elements in the
entire core (Fig. 3D).

4.3. Faunal record

The samples from core F1 were analyzed for both microfauna (os-
tracods and foraminifers) and macrofauna (bivalves and gastropods)
(Plates 1 and 2). The ostracod assemblage comprises 25 species
belonging to 18 genera that were separated in three ecological groups —
freshwater, brackish and marine - typical for deltaic settings where
mixing of river water and marine flows is a common feature (Fig. 4). The
associations are strongly dominated by the euryhaline Cyprideis torosa.
The dominance of one species is typical for brackish lagoon environ-
ments, such as the Razelm-Sinoe, and the key for paleoecological in-
terpretations is to evaluate the occurrences of the secondary, less
abundant taxa (Frenzel and Boomer, 2005). The foraminifera assem-
blage is largely monospecific, dominated by Ammonia tepida, with only
occasional occurrences of Ammonia beccarii tests. Foraminifers are good
indicators of brackish waters, commonly found in lagoonal environ-
ments with mixing of oligo and mesohaline waters (Hayward, 2014).
Due to the low diversity and the absence of clear morphological obser-
vations such as abnormal growth (Barbieri and Vaiani, 2018; Debenay
et al., 2001), the relative abundance of foraminifers will be used in
this study as a secondary proxy to refine paleosalinities primarily con-
strained by the ostracod assemblages. Macrofauna inspection revealed a
number of 3 bivalve and 5 gastropod species, which were divided in the
same three groups — freshwater, brackish and marine. The zoning of
ostracod assemblages fits well with the lithological units; therefore, the
faunal characteristics of each unit and subunit are described individually
bellow.

Unit la is characterized by very low ostracod and mollusks abun-
dances, with most samples containing only 5-20 valves, and others
being entirely barren. The assemblage includes weak occurrences of the
euryhaline Cyprideis torosa, freshwater specimens Candona neglecta,
Pseudocandona sp., Ilyocypris bradyi, Limnocythere inopinata, Heterocypris
sp., and few Ammonia spp. specimens. Few gastropod shells of Ecrobia
and Planorbis and Charophyceae algae were encountered at 640 cm.

The boundary at 555 cm (marking Unit 1b) indicates a major change
in ostracod fauna, transitioning to a monospecific association with
Cyprideis torosa occurring in constant and overwhelming abundances (>
90%). Freshwater ostracods persist but are limited, featuring species
such as Candona neglecta and Pseudocandona compressa. Foraminifers
become more consistently present than in the previous unit, though still
in very low numbers (< 10 valves). Macrofaunal analysis revealed
frequent freshwater gastropods (Ecrobia sp. and Planorbis sp.), alongside
occasional halotolerant Dreissena sp.

The beginning of Unit 2 marks a significant change: foraminifers
become constant and abundant, mainly represented by Ammonia species
(Fig. 4). Although Cyprideis torosa remains the dominant species,
freshwater ostracod group increases in diversity (11 species, up from 8)
and abundance toward the top, including notable occurrences of Can-
dona neglecta, Pseudocandona sp., Heterocypris sp., Pseudocandona albi-
cans and Ilyocypris bradyi (Plate 1). In the upper part few brackish
species such as Heterocythereis amnicola and Amnicythere pediformis occur
with very low abundances (< 10 valves). At the top, three mesohaline
species are encountered: Amnicythere multipunctata, Xestoleberis aurantia,
and Cytherois cepa. Macrofauna, predominantly freshwater taxa, in-
cludes bivalves like Dreissena polymorpha and gastropods like Ecrobia sp.,
Theodoxus danubialis, Planorbarius corneus. However, brackish bivalves
(Abra segmentum, and Cerastoderma sp.) and the gastropod Parthenina
terebellum dominate the assemblages at 245-270 and 195-200 cm in-
tervals (Fig. 4, Plate 2).

The onset of Unit 3 marks another significant change in ostracod
associations. The euryhaline Cyprideis torosa is still dominant, but the
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Fig. 4. Microfauna species and associations of core F1.

freshwater group is largely replaced by a diverse and abundant brackish
— marine group. This includes mesohaline species such as Amnicythere
devexa, Cytherois cepa, Cytheromorpha fuscata and lagoonal species such
as Xestoleberis sp., Loxoconcha gibboides and Amnicythere pediformis.
Foraminifers from the Ammonia genre remain but less abundant. The
freshwater group decreases in diversity (8 species) and abundance with
new entries such as Darwinula stevensoni and Herpetocypris reptans. The
Candonidae group associated with stagnant waters in Unit 2, is almost
entirely absent while species indicative of more lotic water bodies such
as Darwinula stevensoni are noticeably present. Macrofauna, found only
in the lower part, includes a mixture of well-preserved brackish (Abra
segmentum and Cerastoderma sp., Ecrobia sp.) and freshwater taxa,
(Theodoxus danubialis and Planorbarius corneus) (Plate 2).

The uppermost part of the core, Unit 3b records faunal decline. The
assemblage still dominated by Cyprideis torosa gradually loses diversity

and abundance toward the top where the last 25 cm are entirely void of
fauna (Fig. 4). The remaining low — abundance fauna includes weak
occurrences of freshwater taxa (Pseudocandona sp., Heterocypris sp.) and
brackish species (Amnicythere martha), with few isolated mesohaline
taxa persisting (Fig. 4, Plate 1). Foraminifers like Ammonia sp. are pre-
sent, butin low abundances. Macrofauna consists only of Ecrobia shells at
45 and 70 cm.

4.4. Chronology

The chronological framework of core F1 is based on four radiocarbon
calibrated ages (Table 2). The base of the core and Unit 1a could not be
dated due to the absence of suitable material. Although the available
dates are stratigraphically coherent, the small number of samples limits
the temporal resolution of the age-depth model.
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To refine the age estimates at the boundaries between units, we
modeled ages at the exact depths marking these transitions. The coring —
related sediment loss between 380 and 460 cm introduces uncertainty in
the age-depth model and in the precise timing of the depositional
phases. However, outside the coring gap, the lithological characteristics
indicate continuous sedimentation with consistent grain size and
geochemical contents both immediately above and below the gap, and
no observable hiatuses or erosional surfaces anywhere else in the core.
Consequently, we assumed approximately continuous sedimentation
and applied a simple linear interpolation. This approach provides
modeled ages of 1787-2006 cal. yr BP at 325 cm (Unit 1b/Unit 2
boundary), 1140-1380 cal. yr BP at 187.5 cm (Unit2/Unit3a boundary),
and 556-748 cal. yr BP at 85 cm (Unit 3a/Unit3b boundary). These
modeled values should be regarded as approximations given the chro-
nological limitations noted above. The age of the uppermost Unit 3a/
Unit 3b boundary, which is above the youngest measured radiocarbon
date, was derived through a limited extrapolation of the age-depth
model to better constrain the timing of the uppermost stratigraphic
boundary. The sediment surface was considered to represent present-
day conditions (2021 CE, corresponding to the year of core retrieval).

5. Discussion
5.1. Mid to Late Holocene sediment fluxes in the RSLS

To analyze sediment fluxes in the lagoon system, we combined data
from our core F1 (Acic Suat) with previously published cores: 02 (Bony
etal., 2015), EN3 (Preoteasa et al., 2019), and C3, C6, C7, C10,C11,C13
(van de Velde et al., 2019) (Fig. 1). Sedimentation rates were calculated
for each stratigraphic unit using both calibrated and modeled ages, and
compared with previously published aggradation rates (Fig. 5). Our
analysis focuses on sedimentation from ~6 ka BP onward, coinciding
with the formation of the Razelm-Sinoe Lagoon system.

Between 6 and 2.6 ka BP sedimentation fluxes are documented by
cores O2 (Orgame) and EN3 (Enisala) (Fig. 5). EN3 displays a low and
continuous aggradation rate of 0.3 mm/year, lasting until 1.1 ka BP. In
contrast, O2 records significant variability with an initial rate of 5.11
mm/year between 5.8 and 5.4 ka BP. This high rate reflects the first
arrival of Danube sediments in the paleo-embayment, via the main
Sfantu Gheorghe distributary. During 6-5.5 ka BP, this branch carried
the entire sediment load of the Danube creating its first open sea lobe,
bypassing the Dunavat Promontory (Vespremeanu-Stroe et al., 2017). As
the lobe spread radially, the main flow shifted predominantly eastward
and only partially southward into the paleo-embayment. This change
resulted in a significant threefold decrease in sedimentation rate — down
to 1.88 mm/year — which persisted until around 4 ka BP.

Following a ~ 1000-year sedimentation hiatus at Orgame, deposi-
tion resumed around 3 ka BP with rates of 2.35-2.4 mm/year,
continuing until 2.3 ka BP (Bony et al., 2015). This timing aligns closely
with the onset of Dunavat branch progradation in the paleo-embayment
and its gradual seaward expansion (Vespremeanu-Stroe et al., 2017).
Remarkably, the highest sedimentation rate in the system during this
period was recorded further west at Acic Suat, where accumulation
reached 3.4 mm/year between 2.6 and 1.9 ka BP. The exceptional rate of
sedimentation in this hydrologically secluded sector of the lagoon
strongly supports the presence of the Dunavat distributary nearby. A
marginal location could only accumulate sediment so rapidly through a
sustained and direct supply, likely delivered via branching or spreading
channels of the Dunavat system. This interpretation is further reinforced
by the geochemical and PCA evidence, both indicating a strong Danu-
bian imprint in Subunit 1b.

After 2 ka BP sediment fluxes at Acic Suat decreased by about
twofold, with rates dropping to 1.8-2 mm/year. A further decline
occurred after 0.6 ka BP, reaching a minimum of 1.3 mm/year. At
Orgame, sedimentation also fell sharply after 2.3 ka BP, decreasing to
0.6-0.8 mm/year by 0.3 ka BP. A similar reduction in sediment flux after
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Fig. 5. Chronological representation of sedimentation rates across the RSLS. D1
and D2 represent the successive open sea lobes of Dunavat branch. Cores from
previous studies: EN3 (Preoteasa et al., 2019), O2 (Bony et al., 2015) and C3 —
C13 (van de Velde et al., 2019).

2.3-1.9 ka BP is evident across most reviewed cores (Fig. 5). This
system-wide decline corresponds to the formation of Dunavat 2 (2-1.3
ka BP), which developed south of the earlier lobe following major
Danube avulsions around 2 ka BP (Vespremeanu-Stroe et al., 2017).
Dunavat 2 lobe had a larger areal than Dunavat 1, implying that more
sediment was trapped and deposited within the lobe itself
(Vespremeanu-Stroe et al., 2013). Consequently, less sediment reached
the lagoon, particularly its marginal areas, leading to weaker sediment
fluxes than during the older Dunavat stage. Cores such as C6, C13, 02
(western bank) or C13 (Portita outlet) show similarly low rates of
0.6-0.8 mm/year while C7 (eastern bank) and F1 (Acic Suat) record
higher rates of 1.7-2 mm/year but still within the overall declining
trend. These higher values reflect proximity to additional sediment
sources — secondary delta channels in the case of C7 and local bio-
production in the case of F1 - which partly compensated for the
broader sediment depletion caused by the Dunavat branch. As previ-
ously mentioned, the Enisala area remained largely isolated from sig-
nificant sediment inputs with accumulation rates near 0.35 mm/year
throughout most of the Mid to Late Holocene. Its position on the western
edge of the lagoon, opposite the main southward sediment transport
pathways of the Dunavat branch, limited deposition. Powerful northern
winds characteristic of the region likely further deflected sediments
away from Enisala, further exacerbating its sediment-starved conditions.

Finally, during the last millennium, sedimentation rates increased
across most cores. In the Enisala area, rates rose 10 to 15 above earlier
values (Preoteasa et al., 2019reflecting a shift from silicilastic deposition
to in situ biogenic production as Danubian sediment input declined and
wetlands expanded along the RSLS margins.
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5.2. Paleogeographic reconstruction of the western coast of Golovita Lake
and its implications for the evolution of the Razelm-Sinoe lagoon system
(RSLS)

The integrated multi-proxy data from core F1 allows for the recon-
struction of five key paleoenvironmental phases spanning the Late Ho-
locene evolution of the western RSLS.

5.2.1. Protected embayment with intense river input (unit 1a): pre 2.5 ka
BP

The high concentrations of terrigenous elements (Ti, Fe, Cr, Zr,) and
elevated magnetic susceptibility (MS), combined with low organic
matter (OM) and sulfur (S), indicate sustained siliciclastic input into the
paleoembayment. The geochemical signature is consistent with a
Dobrogean source, reflected also in the reddish-brown sediments
derived from the Slava and Hamangia rivers. The limited abundance and
diversity of fauna, (ostracods and mollusks) further support a river-
dominated, low-salinity setting (Figs. 4 and 6).

Although Subunit 1a is dated only at its upper boundary (2.6 ka BP),
it most likely corresponds to the early expansion of the Dunavat dis-
tributary into the RSLS. This aligns with the broader deltaic reorgani-
zation that followed the decline of the Sfantu Gheorghe 1 lobe and the
subsequent avulsions redirecting flow toward the southern delta
(Vespremeanu-Stroe et al., 2017). During this phase, the RSLS remained
semi-enclosed but still connected to the Black Seain its southern sector
between the Sfantu Gheorghe 1 lobe and the Zmeica barrier (Fig. 7A).
The Zmeica Barrier, initiated around 5-4.5 ka BP (Giosan et al., 2006,
Vespremeanu-Stroe et al., 2017 had already formed as a shallow, wave-
built feature fed by downdrift transport from the Sfantu Gheorghe 1
lobe. By the time Unit 1a accumulated, it was sufficiently developed to
limit marine inflows and contribute to the oligohaline conditions re-
flected by the microfaunal assemblage. These assemblages — dominated
by Cyprideis torosa, Candonidae, and freshwater gastropods (Ecrobia,
Planorbis) — indicate low salinity, while the sparse foraminiferal pres-
ence likely represents residual populations surviving from earlier mes-
ohaline phases (Preoteasa et al., 2019).

Overall, the geochemical and faunal evidence shows that Unit 1a
formed within an oligohaline, river-influenced embayment (Fig. 6).
Inputs came primarily from nearby Dobrogean rivers reinforced by the
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freshwater influence of the advancing Dunavat branch, while the Zmeica
Barrier played a key role in restricting saline intrusions (Fig. 7A).

5.2.2. Oligohaline lagoon with narrow outlets (unit 1b): 2.5-1.9 ka BP

Unit 1b records a transition to typical grey Danube-borne silts, with
Ca — Mg enrichment indicating intensified input from the Dunavat dis-
tributary. Minor geochemical signals of Zr, Mn, and Th reflect secondary
contributions from the Slava and Hamangia rivers. The faunal shift to-
ward high proportions of Cyprideis torosa signals the establishment of an
oligohaline lagoon receiving substantial freshwater input but with
restricted marine exchange.

Chronologicaly, this phase corresponds to the progradation of the
Dunavat 1 lobe (2.6-2 ka BP), which closed the RSL around 2.6 ka BP
and left only a narrow marine, most likely through a small outlet acoss
the downdrift Lupilor barrier (Figs. 6 and 7B). This hydrological
configuration — high freshwater input and limited salinity intrusion — is
consistent with the proliferation of Cyprideis torosa, elevated proportions
of oligohaline ostracods, and the occurrence of freshwater mollusks
(Dresissena sp. and Planorbis sp.). The persistence of a small number of
foraminifers reflects a residual, stressed population surviving in these
increasingly oligohaline conditions. The high sedimentation rate at Acic
Suat (3.4 mm/y) reinforces the proximity and influence of the Dunavat
distributary, implying sustained sediment supply through branching
channels even in secluded sectors of the lagoon.

5.2.3. Oligo to mesohaline lagoon with constant marine inflows (unit 2):
1.9-1.2 ka BP

Unit 2 marks a shift from dominantly terrigenous to increasingly
organic-rich, carbonate- sediments, reflected by declining Dobrogean
geochemical signatures (Rb, K, Fe, Ti) and higher OM and Ca/Fe ratios
(Figs. 3 and 6). At the same time, increases in Sr, and episodic rises in Ca
and Mg, indicate continued but fluctuating Danubian input, likely linked
to hydrological reorganization following the avulsion of the Dunavat
distributary around 2 ka BP.

Although the newly formed Dunavat 2 lobe developed closer to the
core site, sedimentation rates to ~2 mm/year (Fig. 5). This reduction
likely reflects the rapid seaward progradation of the new lobe, which
concentrated sediment at its marine front rather than within the lagoon.
The fast buildup of Dunavat 2 — documented by Saele and Chituc beach
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Fig. 6. Integrated multi-proxy analysis of core F1 and paleoenvironmental interpretation. Danube delta lobe chronology is from Vespremeanu-Stroe et al. (2017),

and beach ridge chronology from Vespremeanu-Stroe et al. (2016).
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Fig. 7. Evolutionary stages of the Razelm-Sinoe lagoon system (modified after Vespremeanu-Stroe et al., 2017): (A) Closing of the initial paleoembayment and
Dunavat branch advancement into the RSLS (2.8 ka BP), (B) Dunavat 1 lobe largest expansion (2 ka BP), (C) Dunavat 2 lobe progradation and erosion of Dunavat 1
lobe (1.5 ka BP), (D) Dunavat 2 lobe erosion and complete degradation of Dunavat 1 lobe (1 ka BP), (E) Dunavat 2 lobe canibalization (0.3 ka BP), (F) present
configuration. The names in bold font are of active lobes, while italic font is for inactive lobes.

ridges progradation rates of 10-14 m/year (Vespremeanu-Stroe et al.,
2013) - also contributed to the progressive clogging of maritime ac-
cess near the ancient city of Histria (Istros) and reduced lateral sediment
delivery into the RSLS. By ~1.5 ka BP, a sharp rise in OM and S contents
indicates a transition toward lower-energy, biogenic dominated accu-
mulation as detrital flux diminished.

Microfaunal assemblages reinforce this environmental shift. Fora-
minifera become more abundant, brackish and marine ostracods appear
for the first time, and freshwater species remain present but more
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diverse (Figs. 3, 6). Together with the continued dominance of Cyprideis
torosa, these changes indicate an oligo- to mesohaline lagoon with reg-
ular but controlled marine inflows. Such conditions are consistent with a
largely closed Razelm lagoon that maintained periodic saline exchange
through large outlets, most probably through the regressive, partially
eroded mouth of the earlier Dunavat 1 lobe (Fig. 7C).

5.2.4. Mesohaline lagoon with large breaches (unit 3a): 1.2-0.6 ka BP
Geochemical analysis shows a renewed peak in terrigenous elements
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and MS indicating intensified siliciclastic deposition. Elevated Rb and K
values, together with a shift to brown colored sediment point to the
reactivation of the Dobrogean sediment source (Fig. 3). Despite this, the
sedimentation rate of ~1.8 mm/yr, reflect the broader decrease in
Danubian input to the RSLS. Even so, the Acic Suat area maintained
comparatively higher aggradation than many other sites due to
continued supply from the local Dobrogean rivers (Fig. 5). The aban-
donment of the Dunavat 2 lobe around 1.3 ka BP shifted the main
Danube flow back toward the Sfantu Gheorghe arm (Vespremeanu-Stroe
et al., 2013, 2017) significantly reducing sediment flux into the lagoon.
These dynamic geomorphological changes impacted as well the paleo-
ecological conditions in the area which in turn affected the ostracod
assemblages. Cyprideis torosa remains dominant but secondary taxa shift
significantly: freshwater species decline while brackish and marine taxa
become increasingly common (Figs. 3, 6). The appearance of marine and
coastal species such as Cytheromorpha fuscata and Amnicythere multi-
punctata together with marine opportunists such as Abra segmentum and
Cerastoderma glaucum, suggests constant saline inflows likely facilitated
by large breaches formed through the erosion of former Dunavat 1 and 2
river mouths. The disappearance of the Candonidae group and the
arrival of Darwinula stevensoni further suggest enhanced water circula-
tion driven by wave activity inside the lagoon. As Dunavat 2 was
abandoned, sediment flux was redirected to the developing Sfantu
Gheorghe 2 lobe, leaving the southern RSLS coast sediment-starved and
increasingly vulnerable to intense erosion and breach initiation
(Fig. 7D).

5.2.5. Closed oligo — Mesohaline lagoon with marginal wetland formation
(unit 3b): 0.6 ka BP — Present

The uppermost unit begins with a decline in terrigenous element
content and MS values, which then gradually increase toward the top
(Figs. 2, 6). Several peaks in Rb and Mn, along with brown-colored
sediments, indicate input from Dobrogea rivers over a weak Danube
influence, consistent with the unit's lowest sedimentation rate of 1.3
mm/year (Fig. 5). Microfaunal assemblages show progressive fresh-
ening: an initial mix of freshwater, brackish, and marine species is fol-
lowed by the abrupt disappearance of freshwater specimens and a
subsequent decline in their abundance and diversity upward. Cyprideis
torosa and foraminifers also decrease, while macrofauna remains scarce,
limited to few Ecrobia sp. occurrences (Figs. 3, 6). Throughout the unit,
fragmented mollusk shells and plant remains (seeds, roots, reed scraps
and small wood fragments) are present, and the uppermost 20 cm
consist of peat devoid of fauna. These characteristics signal gradual
silting of the embayment, and a shift from aquatic to marginal marsh
deposition.

In a geomorphological context, these transformations took place in
the aftermath of Dunavat 2 lobe erosion, when NE-directed longshore
transport reshaped the southern deltaic coast as it adjusted toward a new
coastal equilibrium (Fig. 7E). This gradually led to the present-day
coastal configuration, with the amalgamated ridges of Saele-Chituc in
the far south, resulted from the cannibalization of Dunavat 2 lobe, a
narrow barrier in the median part, and the remnants of the Pahane-
Ranec ridges. This reworking progressively clogged of former large
breaches, leaving only a few isolated narrow openings.

5.3. Reconstruction of extreme storms periods in the RSLS during the last
1500 years

Previous studies indicate that mesohaline conditions developed in
the RSLS around the same time as the deposition of Unit 4 in core F1. The
presence of high-salinity waters at several, distant sites along the
western bank — yet occurring simultaneously between 1.5 and 0.6 ka BP
within an otherwise closed lagoonal, implies a sustained connection to
the Black Sea. Such a connection likely enabled consistent and sub-
stantial marine inflows to penetrate deep into the lagoon, most plausibly
through large breaches. Given the geomorphological configuration of
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the RSLS during this period, such breaches could have been produced
and maintained only by extreme storm events or prolonged periods of
high storminess.

Modern storms in the NW Black Sea can generate offshore waves up
to 7 m and are capable of breaching barriers and reshaping the coastline
(Zainescu et al., 2017, 2019). Assuming similar storm intensities in the
past — particularly along the sediment-starved coast that developed after
the cessation of Dunavat 2 progradation around 1.3 ka BP — barrier
failures would have been highly probable. Such openings would have
allowed pulses of saline water to penetrate deep into the lagoon. Addi-
tionally, the configuration of the coastline prior to the full extension of
the Sfantu Gheorghe 2 lobe exposed the barrier more directly to domi-
nant NE-SW storm winds, further increasing the likelihood of repeated
barrier breaches and significant saline intrusions.

By correlating the ages of mesohaline faunal assemblages in our core
with those from previously published records, we attempted to constrain
the timing of these possible intense storm periods that affected the
southern Danube Delta coast over the past 1500 years. Using a corre-
lation framework that required at least three cores — with a minimum of
two showing no less than lower mesohaline conditions, and a third at
least upper oligohaline conditions ~we identified four high salinity in-
tervals (HS): 1.53-1.45, 1.32-1.2, 0.95-0.89, and 0.67-0.63 ka BP —
which we attribute to episodes of enhanced storm activity (Fig. 8). The
first high salinity interval (HS1-1.53-1.45 ka BP) is concurrent with the
maximum extension of Dunavat 2 lobe and the erosion of Dunavat 1,
likely channeling saline inflows through the breached river mouth and
impacting lagoon ecology (Fig. 7). Cores F1 (Acic Suat), C11 (Golovita)
and O2 (Orgame) show mesohaline faunal changes with species such as
Amnicythere pedifomis in F1 and various Amnicythere and Loxoconcha
species in O2. The second high salinity interval (HS2-1.32-1.2 ka BP) is
synchronous with the cessation of Dunavat 2 lobe progradation, making
the RSLS a mesohaline lagoon as seen in core F1 coastal and marine
ostracods. This period, also observed at Orgame, includes storm evi-
dence, such as Buccinum undatum shells (Bony et al., 2015), correlating
with mesohaline conditions at Acic Suat. Between 1.3 and 1.2 ka BP,
high salinity ostracod specimens (C. fuscata, A. multipunctata, Lox-
oconcha eliptica) and brackish species (Cyprideis torosa, Amnicythere
quinquetuberculata, Loxoconcha gibboides) were found both in Acic Suat
and Orgame cores (Fig. 8). The third high salinity interval (HS3:
0.95-0.89 ka BP) shows the highest estimated salinity with abundant
marine specimens in all three, including Xestoleberis aurantia and
Cytherois cepa in Acic Suat and Cytheromorpha fuscata and Amnicythere
histriana in Enisala core. Brackish species such as C. torosa and
A. pediformis appear in both, while certain species like Loxoconcha.
gibboides and Amnicythere. cymbula were identified only in Enisala.
Marine bivalves such as Abra segmentum and Cerastoderma glaucum are
widespread, with others like Mytilus galloprovincialis and Mytilaster
minimus recorded in specific cores. The most recent high salinity interval
(HS4: 0.67-0.63 ka BP) features dominant euryhaline ostracods (Cyp-
rideis torosa in Acic Suat and T. amnicola in Enisala) and significant
marine species at Acic Suat, while Enisala mostly shows brackish taxa.

In the absence of local paleostorm records, we compared our results
with several high-resolution archives that reconstruct past storm activity
using different proxies: the Bagnas Lagoon record from the western
Mediterranean, based on strontium concentrations in sediments (Degeai
et al., 2015); the multi-proxy core from Pierre-Blanche Lagoon, which
integrates grain size, geochemistry, clay mineralogy and faunal analyses
(Sabatier et al., 2012); high-energy estuarine and coastal sedimentary
records from the northwestern Europe (Sorrel et al., 2012); and a North
Atlantic Oscillation (NAO) index reconstructed for the past millennium,
from 48 annually resolved proxy datasets distributed across the Atlantic
basin (Ortega et al., 2015).

The high-salinity intervals identified in the RSLS record — interpreted
as phases of intensified storm activity (HS1, HS2, and HS4) — correspond
closely to storm phases SP6, SP5, and SP3 in the Bagnas sequence
(Fig. 8). The storm period reconstructed at 1950-1400 cal. yr BP in the
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Fig. 8. Temporal correlations of mesohaline faunal associations in the Razelm-Sinoe Lagoon System (RSLS) and comparison with paleoclimatic proxies. RSLS cores
include EN3 (Preoteasa et al., 2019), 02 (Bony et al., 2015), and C11 (van de Velde et al., 2019). Paleoclimatic records comprise: reconstructed storm periods (SP)
from the Bagnas Lagoon (Degeai et al., 2015), periods of high storm activity from the Pierre-Blanche Lagoon (Sabatier et al., 2012), Holocene storm periods from
northwestern Europe (Sorrel et al., 2012), and a NAO index derived from 48 annually resolved proxy datasets distributed across the Atlantic basin (Ortega et al.,
2015). Grey horizontal bars indicate the reconstructed high-salinity intervals (HS) within the RSLS, while pink vertical bars represent the reconstructed storm periods
in the proxy records. The salinity intervals of the cores samples within the RSLS are from van de Velde et al., 2019. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

Pierre-Blanche Lagoon correlates primarily with HS1, whereas the
northwestern Europe second earliest storm record aligns not only with
HS1 but also with HS2. These correspondences suggest a notable
coherence between storm activity in Western Europe and the North-
western Black Sea. Comparisons with the NAO reconstruction indicate
that HS3 and HS4 coincide with negative NAO phases, consistent with
previous studies linking enhanced modern storminess along the Danube
delta coast to negative or near-zero NAO values (Vespremeanu-Stroe
et al., 2007; Vespremeanu-Stroe and Tatui, 2011). However, recent
research emphasizes that additional climate modes, including the East
Atlantic (EA) and East Atlantic-Western Russia (EAWR) patterns, also
influence recent storminess in the northwestern Black Sea (Zainescu
et al., 2017). This complicates direct comparisons with Mediterranean
records, where similarly to the Black Sea, multi-centennial storm vari-
ability cannot be attributed to NAO dynamics alone (Degeai et al.,
2015), indicating that different atmospheric mechanisms operate in
each region.

We note that the storm reconstructions proposed here are indirect,
relying on salinity shifts and mesohaline faunal changes rather than on
discrete sedimentological storm layers (e.g., coarse event beds or sand
laminae). This likely reflects the depositional setting of the investigated
cores. Core F1 is located in a sheltered and isolated sector of the RSLS,
approximately 20 km from the nearest present-day marine outlet.
Throughout much of its evolution, it was situated at a considerable
distance from active marine outlets and direct marine influence, likely
even farther than at present due to change in the configuration of the
coastal system. Under these low-energy conditions, sediment grain-size
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and sorting remain relatively uniform, while sedimentary signatures of
storm events are largely absent. A similar situation applies to the other
cores included in the correlation framework, which are also situated
along the mainland margin of the lagoon, far from the coastal barrier
where storm-induced overwash and coarse-grained deposits would be
expected to accumulate. Consequently, storm activity is recorded pri-
marily through hydrological and ecological responses of the lagoon
system rather than through the preservation of distinct event layers. This
limits the ability to distinguish individual events from longer periods of
enhanced storminess. Future high-resolution cores targeting strati-
graphic evidence of overwash or storm-deposited layers are needed to
validate and refine these intervals and to more precisely link them to
specific modes of atmospheric circulation. Furthermore, cross-site
comparisons with regional archives strengthen the interpretation of
RSLS environmental phases. However, differences in chronological
frameworks, sampling resolutions, and analytical approaches across
studies introduce uncertainty and may limit exact temporal alignment
between the salinity corelations, therefore they should be regarded as
broadly contemporaneous rather than strictly synchronous.

5.4. Human-landscape interactions in the southern Danube delta during
the Late Holocene

The findings from the Acic-Suat site highlight an environmental
trajectory closely aligned with that of Orgame, shaped by their shared
location within the Razelm-Sinoe lagoon system and their exposure to
similar environmental forces. Both settlements were influenced by the
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progradation of the Dunavat branch, which gradually decoupled them
from direct access to the open sea. However, this geomorphological
evolution did not isolate them entirely. Instead, navigation and regional
trade were sustained via the Dunavat 1 and 2 branches, preserving
maritime connectivity deep into the first millennium CE. This reinforces
the view that lagoonal buffering, combined with access to evolving
fluvial networks, contributed to the longevity and adaptability of these
coastal settlements.

This regional context is further clarified by comparing the environ-
mental histories of the major Greek colonies of Orgame and Histria
(Istros). Both were founded in the mid-7th century BCE, yet their long-
term development diverged significantly due to differences in coastal
positioning and sedimentary regimes (Bony et al., 2015; Vespremeanu-
Stroe et al., 2013). Orgame was located behind the Zmeica barrier, in a
naturally protected lagoon that provided a stable harbor environment.
From its foundation until the beginning of the Hellenistic period (6th to
4th century BCE), maritime access was maintained through a wide
natural outlet between the southern tip of the Sfantu Gheorghe I lobe
and the Zmeica barrier. As the Dunavat lobe began to prograde during
the Hellenistic period, the outlet remained active, although its config-
uration evolved becoming narrower due to the downdrift development
of the Lupilor barrier further enclosing the lagoon in the south. In the
Roman period (1st to 7th century CE), after the abandonment of the
Dunavat 1 lobe and the progradation of Dunavat 2, the harbor retained
its functionality — either through continued use of outlets via breaches in
the older lobe or through the active Dunavat 2 distributary. By contrast,
Histria was established on a low-lying coastal barrier exposed to more
dynamic sedimentation. The subsequent formation of the Chituc barrier
following the erosion of Dunavat 2 lobe progressively infilled its harbor,
which by Late Antiquity was left far inland by the fast-prograding coast
and lost its maritime utility. This ultimately contributed to the decline
and abandonment of the city (Vespremeanu-Stroe et al., 2013).

These environmental contrasts shaped the social and economic paths
of the two settlements. Histria flourished early due to its direct access to
the Black Sea and developed urban structure, whereas Orgame remained
more modest but resilient, thanks to its more stable lagoonal setting. The
parallel trajectory of Acic-Suat, as revealed in this study, emphasizes the
importance of lagoonal environments in supporting long-term habita-
tion, navigation, and adaptation in the face of changing deltaic dy-
namics. While these reconstructions highlight meaningful
correspondences between environmental phases and settlement his-
tories, the links remain interpretative. The correlations rely primarily on
spatial proximity and broad chronological overlap rather than on direct
archaeological — sedimentary associations. Establishing a definitive
causal relationship between lagoonal evolution and settlement dy-
namics will require integrated geoarchaeological excavation and strat-
igraphic work at the sites themselves.

Together, these cases demonstrate how natural processes and envi-
ronmental thresholds played a central role in structuring the historical
geography of Greek colonial landscapes in the western Black Sea.

6. Conclusions

The study at Acic-Suat provides new insights into the Late Holocene
evolution of the Razelm-Sinoe Lagoon System (RSLS), highlighting the
influence of the southernmost Danube distributary, the Dunavat branch.
Sedimentological and paleoecological evidence reveals dynamic in-
teractions between fluvial input, local biogenic accumulation, and
lagoonal processes, with sedimentation rates declining after lobe
switching and final abandonment (~2-1.3 ka BP). Five main phases of
lagoonal evolution over the last ~3000 years are identified, ranging
from a fluvially influenced embayment to a closed oligo- to mesohaline
lagoon. Correlated mesohaline faunal assemblages across multiple cores
reveal four storm-driven breaching intervals (~1.4-1.5, 1.2-1.3,
0.9-1.0, and 0.6-0.7 ka BP), emphasizing the lagoon's sensitivity to
extreme events. Although sites like Acic-Suat may not individually yield
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major historical revelations, their geoarchaeological potential lies in
refining broader regional narratives. Situated between the prominent
Greek colonies of Istros and Orgame, Acic Suat contributes to our un-
derstanding of how smaller settlements responded to fluctuating hy-
drological conditions, shifting coastlines, and variable resource
availability. Framed through a multi-proxy, geoarchaeological
approach, such sites help reconstruct the nuanced interactions between
human communities and their changing landscapes during the Late
Holocene.

Beyond the local context, the findings have wider implications for
coastal and deltaic research. The study enhances understanding of dis-
tributary — controlled sedimentation, lagoon closure and reopening cy-
cles, and storm-induced coastal reconfiguration — processes that are
central to the geomorphological evolution of many Black Sea, Medi-
terranean, and global delta-bounded lagoons. The reconstructed paleo-
storm chronology also provides a valuable benchmark for assessing the
long-term recurrence, magnitude, and ecological impacts of extreme
coastal events. Furthermore, the use of ostracod assemblages to identify
storm-driven mesohaline incursions illustrates their potential as proxies
for high-energy coastal events, contributing to the development of
paleostorm reconstructions research.

At the same time, several limitations must be acknowledged. The
interpretations rely on a single core with a limited number of radio-
carbon ages. These constraints underscore the need for multi-core
transects, denser chronologies, and expanded multiproxy datasets to
refine spatial patterns of lagoonal change and to strengthen regional
correlations. Future work integrating sedimentology, paleoecology,
geochemistry, and high-resolution chronological modelling will be
essential for advancing RSLS reconstructions.

Finally, this study demonstrates the methodological value of
combining detailed sedimentary facies analysis with faunal, geochem-
ical, and geoarchaeological data. This cross-disciplinary framework,
applied here for the first time at Acic-Suat, provides a robust template
for future investigations seeking to unravel the complex interactions
among fluvial dynamics, coastal processes, and human activity in the
RSLS and comparable delta- influenced lagoon systems.
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