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Abstract: Sedimentological, micropalaeontological, and marine geological results from the Early
Jurassic to Eocene carbonate formations of the Ionian zone, from six localities of Epirus, provide new
insights into the basin palaeogeographic evolution and better correlation with coeval analogous
tectono-stratigraphic successions along the southern margin of the Neo-Tethys Ocean. Facies analysis
allowed the recognition of several microfacies types and their depositional characteristics. During the
Early Jurassic, autochthonous carbonates (Pantokrator Limestones) were deposited in shallow-water
environment. The overlying (hemi)pelagic Siniais or their lateral equivalent Louros Limestones
were deposited to the basin borders and mark the general deepening of the Ionian domain.
During Toarcian to Tithonian, the Ionian Basin was characterized by an internal differentiation
in small sub-basins with half-graben geometry presenting abrupt thickness and facies changes.
The deeper parts were characterized by continuous sedimentation, while the elevated parts were
marked by unconformities. The Early Cretaceous marks the homogenization of sedimentation by
the deposition of the pelagic Vigla Limestones all over the Ionian zone. The transition from the Early
to Late Cretaceous records a significant carbonate diversification in terms of biota assemblages,
and related mineralogy due to intense tectonic activity in the region. From Late Cretaceous to
Paleogene, allochthonous carbonates were transported to the outer shelf by turbidity currents
(calciturbidites) and/or debris flows (limestones with breccia) formed by the gravitational collapse of
the platform margin. Additional porosity and bulk density measurements showed that petrophysical
behavior of these carbonates are controlled by the depositional environment and further influenced
by diagenetic processes. The partly dolomitized neritic Jurassic carbonates, but mainly the Senonian
calciturbidites and the microbrecciated Paleocene/Eocene limestones display the higher average
porosity values, and therefore present enhanced carbonate reservoir quality.

Keywords: microfacies types; Pantokrator Limestones; Vigla Formation; Senonian calciturbidites;
Eocene brecciated limestones; carbonate porosity; petroleum prospectivity; stratigraphic correlations;
marine biogenic carbonates; depositional environment

1. Introduction

Marine biogenic carbonates are among the most important archives of Earth’s history reflecting past
changes in ocean chemistry, water mass circulation and the evolution of life [1–10]. Particularly during
the Cretaceous, changes in climate, oceanographic circulation, sea level, tectonic and volcanic
activity contributed to triggering widespread crisis events, which resulted in world-wide anoxic
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episodes [11–17], drastic facies variations and biotic changes [18–23], and diffusion of bauxite
deposits [24,25], among others. Such complex events were reflected on biotic and non-biotic constituents
of the carbonate platforms and on the architecture of their depositional systems.

Within the Mediterranean Tethys (Neo-Tethys) Ocean, the Mesozoic-Paleogene Eras witnessed
the development of vast carbonate platform belts that fringed its margins and passed into deep
marine equivalents, completing thus the marginal succession in the deeper parts of the basin [26–29].
These successions, including the slope deposits in the platform margins, provide an excellent example
of the evolution of depositional sequences ranging from the platform through rimmed carbonate-shelf
to pelagic depositional settings, and further characterize long intervals in the rifting and subsidence
history of past peri-Tethyan continents. Among them, the carbonate platform to basin transition can
give rise to fragmentary distribution of marginal slope successions as fault-bounded units [30–32].
Such confined carbonate units are also considered to be aquifer systems, hydraulically independent of
their siliciclastic cover, and therefore, can build prolific reservoirs and become potential exploration
targets for oil and gas throughout the entire Mediterranean basin.

Within the Ionian Zone, both the Early Jurassic neritic limestones and dolomites, and the
Late Cretaceous to Eocene re-sedimented carbonates (calcareous turbidites and coarser breccia)
are considered the main reservoir successions and exploration targets for oil and gas in western
Greece [33–35], central and southern Adriatic offshore Italy [36,37], and onshore Albania [35,38–40].
The Jurassic karstified platform carbonate facies represent an excellent analogue for the carbonate
reservoirs, where the sea-level drawdown and subaerial exposure of the carbonate reef enhanced the
facies reservoir quality. Moreover, the calciturbidites can be of great economic importance and they can
serve as reservoir rocks [39,41,42], due to their high porosity and bulk density values, which can be
additionally enhanced by the development of chert nodules [43]. However, the nature and distribution
of these deposits along with their depositional mechanism processes and environmental conditions,
especially in western Greece, are still poorly constrained. The high heterogeneity related to fabric,
texture, fractures that usually characterize such kind of reservoirs has been highlighted by several
authors [42,44–51]. Understanding heterogeneity of carbonate reservoir helps predicting reservoir
petrophysical and geomechanical behaviors [52–54], which in turn play a crucial role in their exploration,
production, and development [55–57]. In this regard, high-resolution sedimentological outcrop data
are essential, because they help to fill the gap with respect to subsurface data, which assists in refining
reservoir models. Petrographic constraints based on facies analysis provide sedimentological features
and micro-textural characteristics, which are the key-link between the rock depositional/diagenetic
history and its physical properties.

In the present study, we introduce a complete record of the marginal successions in the western
(Ionian basin) segment of the southern Tethys, which consists of the Early Jurassic to Eocene carbonate
platform and slope to basin successions from the Epirus region (Figure 1). This integrated study aims
to define the Mesozoic-Paleogene depositional history, based on lithostratigraphic characteristics and
reservoir petrophysical behaviors in the central Ionian domain, a major hydrocarbon prolific basin in
western Greece. This was accomplished by detailed sedimentological and geomechanical/petrophysical
analyses of the carbonate succession, in conjunction with a synthetic paleogeographic reconstruction.
Beyond the hydrocarbon prospectivity, this work has further implications for regional geology, since it
contributes to describing the evolution of these carbonates, and to a better understanding of the Ionian
zone (pre-, syn- and post-rift stages; [34,58]) in western Greece, a region with crucial economic and
strategic importance.
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Figure 1. Geological map of the external Hellenides in NW Greece (modified from [34,35]) illustrating
the principal tectonostratigraphic zones: Pre-Apulian, Ionian, Gavrovo, Pindos. The red box shows
the study area, the northwestern part of the Epirus region, where the separation of Ionian zone to
external, middle, and internal sub-basins along with the regional locations of the study sections to be
also indicated. Legend interpretations are presented in the inset.
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2. Geological Setting

2.1. Tectonostratigraphic Evolution of Ionian Basin

Western Greece is dominated by the external zones of the Hellenides fold-and-thrust belt,
namely the pre-Apulian, Ionian and Gavrovo-Tripolis zones. At a regional scale (hundreds of kilometers),
this Alpine belt records the initiation, development and final destruction of the southeastern margin of
the Tethys Ocean and the consequent continent-continent collision between the Apulian and Pelagonia
micro-continents to the east [34,58–63]. On a smaller scale (tens of kilometers), the various sub-basins
of the Hellenic Tethyan margin have been inverted to produce the main Hellenic thrust sheets or
folded zones [58,59,64]. The Ionian zone, which is bounded westwards by the Ionian thrust and
eastwards by the Gavrovo thrust, extends from Albania to the north, forms most of the Epirus region
and parts of the Ionian islands and continues southwards to central Greece, Crete and the Dodecanese.
According to [65,66], the Ionian basin was subdivided into the internal, central and external Ionian
sub-basins (Figure 1).

The tectonostratigraphic evolution of the Ionian zone is reflected on the deposition of three distinct
sequences indicative of different tectonic regimes [34,58]: (1) a pre-rift sequence is represented by the
Early Jurassic platform Pantokrator Limestones, which overly Early to Mid-Triassic evaporites through
Foustapidima Limestones of Ladinian-Rhetian age, (2) a syn-rift sequence (Pliensbachian-Tithonian)
deposited during extensional faulting and halokinesis of the Triassic evaporites, which caused
the formation of the Ionian basin and its internal synrift differentiation into smaller sub-basins
characterized by asymetric half-graben geometry and different carbonate thickness accumulation [42,58].
Complete Toarcian-Tithonian syn-rift pelagic sequences (Siniais and lateral equivalent Louros
Limestones, Ammonitico Rosso or lower Posidonia beds, Limestone with filaments, Upper Posidonia
beds) are located in the deeper part of the half-grabens, while unconformities interrupt these sequences
in the rift shoulders, (3) a post-rift sequence (Early Cretaceous-Eocene) deposited after the cessation of
extensional faulting, is defined by a synchronous throughout the basin Early Berriassian break-up,
which is marked by an unconformity at the base of the pelagic Vigla Limestones. The Mesozoic to Eocene
carbonate succession passes upwards to the flysch synorogenic sedimentation (siliciclastic turbidites),
which began at the Eocene–Oligocene boundary and revealed progressively diminishing thicknesses
from the internal to the external areas. Until the Early Miocene, the basin was filled with submarine
fan deposits, in response to movement of Pindos thrust, compressional structures, deformation of
the external Hellenides which migrated westwards, uplift of the entire Hellenides orogenic belt, and
development of a foreland basin at the edge of the Apulian microcontinent [67–71].

2.2. Lithostratigraphy of Jurassic-Eocene Formations in the Ionian Basin

All the study sections are situated within the middle-internal Ionian Zone, in Epirus region
near Ioannina (Figure 2A–E). They represent to the Mesozoic-Paleogene pre- to post-rift sequences
of Ionian zone, and particularly the upper part of Early Jurassic Pantokrator Limestones, the pelagic
Early Cretaceous Vigla Limestones, the Late Cretaceous Senonian Limestones, and the microbreccious
limestones of Paleocene/Eocene age. These formations are described in stratigraphic order as follows.

2.2.1. Pantokrator Limestones and Lateral Equivalents

Early Jurassic (Hettangian to Sinemurian) Pantokrator Limestones represent the upper part of the
pre-rift sequence of the Ionian zone [64,72]. This formation can be described as a neritic formation,
consisted of limestones and dolomites with calcareous algae and benthic foraminifera of more than
1000 m of total thickness. These shallow-water limestones overlie Early to Middle Triassic evaporites
(>2000 m thick) and the Foustapidima Limestones of the Ladinian–Rhaetian. Due to their remarkable
facies’ homogeneity, such Jurassic marine deposits represent an extensive carbonate platform at that
time covering the entire region from the Apulian to the Gavrovo zone [58]. The overlying syn-rift
sequence in the deeper part of the half-graben sub-basins begins with the Pliensbachian pelagic Siniais
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Limestones and its lateral equivalent Louros Limestones (both indicative of the first deepening event of
the Ionian basin), overlain in some sub-basins by the succession “Ammonitico Rosso”, “Limestones with
filaments”, and “Upper Posidonia Beds”, while in others, the “Ammonitico Rosso” is replaced by the
coeval “Lower Posidonia Beds” in the previous sequence, or even the whole sequence is represented
by the undifferentiated Posidonia Beds [34,58]. The boundary between the Pantokrator Limestones
and Louros or Siniais Limestones is gradational.

 

 

′ ″ ′ ″ ′ ″
′ ″ ′ ″ ′ ″ ′ ″
′ ″ ′ ″ ′ ″

′ ″ ′ ″

Figure 2. Google Earth maps of (A) Studied region in Epirus (NW Greece) into the red box; (B) Agios
Georgios section (lat: 39◦16′14.99” N, lon: 20◦50′59.43” E); (C) Perivleptos section (lat: 39◦46′21.90” N,
lon: 20◦46′48.34” E); (D) Vigla (lat: 39◦48′33.45” N, lon: 20◦43′38.73” E), Asprageli-1 (lat: 39◦45′57.42” N,
lon: 20◦43′58.25” E) and Asprageli-2 (lat: 39◦49′54.00” N, lon: 20◦43′58.25” E) sections; (E) Koloniati
section (lat: 39◦34′52.46” N, lon: 20◦53′11.41” E). The orange symbols mark the locations of the six
study sections, and red dashed lines correspond to the major studied outcrops respectively.

2.2.2. Vigla Formation

This pelagic formation can be described as sub-lithographic thin-bedded to platy deposits, rich in
plaktonic organisms (Calpionelles, Radiolaires, and Globotruncanes) of Cretaceous age. Their continuity
is usually interrupted by thin intercalations, chert lenses, or even thin chert layers. Its dominant
lithology consists of light grey to yellowish micrites and radiolarian biomicrites (wackestones to
packstones). More explicitly, the calcareous beds (Vigla Limestones) of the lower part consist of
mudstones-wackestones, biomicrites with foraminifera and radiolaria, and siliceous wackestones and
packstones [42]. In the upper part, this formation consists of the Vigla Shale member (also known as
“Upper siliceous zone”; [66]) composed by yellow marly or shaly limestones and shales with chert
intercalations, and red to green or locally black clay layers. The latter contains the equivalent of the
anoxic events of Selli (OAE1a) during the Aptian-Albian, Paquier Evet (OAE1b) of Early Albian age and
Bonarelli (OAE2) at the Cenomanian-Turonian boundary in the Ionian zone [12,14,73,74], and extends
to Italy and Albania. Vigla Limestones generally feature considerable lateral variations in thickness,
mainly in the basin borders where its thickness may reach the double of its average, which is indicative
of persistent differential subsidence [34,58,59]. In the internal sub-basin, the Vigla Limestones consist
of compact, thick-bedded, often bituminous, dolomitic limestones, with lenses of slightly dolomitized
microbreccia and thin cherty intercalated layers or nodules. It is also characterized by the presence of
several aptychus in its lower part [59,64]. In Epirus, along the eastern border of the central Ionian zone,
phosphatic horizons are intercalated with the uppermost horizons of the Vigla Limestone formation,
stratigraphically above the Vigla Shale member. Overall, this formation corresponds to the first post-rift
sediments of the Ionian zone [58,59,64].
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2.2.3. Senonian Limestones

This formation corresponds to thick pelagic strata (1 to 3 m) intercalated with calciturbidites,
comprising limestones with fragments of globotruncanids and rudists and fine-grained breccia
intervals with limestones and rudist fragments within calcareous cement containing pelagic fauna.
Calciturbidites are usually alternated with sub-lithographic pelagic limestones and cherts [34,35].
Overall, this formation corresponds to a period of basinal sedimentation, with significant variations of
its lithological characteristics and sedimentary facies from the external (western) to the internal (eastern)
parts of the Ionian basin. In the external sub-basin, they have been described as “clastic limestones” [75]
containing floatstones, rudstones and rare grainstones and packstones with a micritic matrix, biomicritic
intercalations, and rare cherty nodules. In the middle sub-basin, these carbonates are characterized as
microclastic, bioclastic or polygenic microbreccias with a micritic matrix (wackestone, packstones),
intercalated with (bio)micrites. In the internal sub-basin, the Senonian Limestones are massive,
thick bedded microbrecias to breccias containing rudists and coral fragments, with only local appearance
of thin-bedded or nodular chert [65,66,76].

2.2.4. Paleocene-Eocene Limestones

This formation also known as “Limestones with microbreccia” [75] is characterized by the same
sedimentary facies with the underlying formation, with prominent microbreccia derived from the
erosion of Cretaceous carbonates from both the Gavrovo (to the east) and Apulian (to the west)
platforms. On Late Paleocene and progressively through the Early Eocene, the supply of calciclastic
material diminished significantly, especially in the central Ionian Basin. The main depositional facies
during the Eocene were platy wackestone and mudstone with Globigerinidae and chert nodules,
analogous to those of the Vigla Limestones, but lack continuous siliceous intervals [34].

3. Materials and Methods

Six sections (A–F; Figure 2A–E) were sampled every 1 m and studied in terms of their reservoir
parameters, paleodeposition environment, and paleogeographic significance.

Section A (Agios Georgios Section) is situated at the entrance of Agios Georgios village
(lat: 39◦16′14.99” N, lon: 20◦50′59.43” E; Figure 2B). This section belongs to the Pantokrator Limestones
(Figure 3), with a total length of 50 m, where 50 samples have been collected (Figure 4).

Section B (Perivleptos section) is situated at the north part of Perivleptos village (lat: 39◦46′21.90” N,
lon: 20◦46′48.34” E; Figure 2C). This section covers parts of Pantokrator Limestones and Vigla Shales
(Figure 3). The total length of the section is 20 m, where 20 samples have been collected (Figure 4).

Section C (Vigla Section) is situated at the south part of Asprageli village (lat: 39◦48′33.45” N,
lon: 20◦43′38.73” E; Figure 2D). This section covers partially the Vigla Limestones (Figure 3) with a
total length of 20 m, where 20 samples have been collected (Figure 4).

Section D (Koloniati section) is situated at the north part of Koloniati village (lat: 39◦34′52.46” N,
lon: 20◦53′11.41” E; Figure 2E). This section covers the upper part of the Vigla Limestones and the
lower part of the Senonian Limestones, which are separated by an unconformity (Figure 3). The total
length of the section is 60 m, where 30 samples have been collected every 2 m (Figure 4).

Section E (Asprageli-2 Section) is situated at the north-east part of Asprageli village, near the
section C (lat: 39◦49′54.00” N, lon: 20◦43′58.25” E; Figure 2D). This section covers the Senonian
Limestones (Figure 3), with a total length of 10 m, where 10 samples have been collected (Figure 4).

Section F (Asprageli-1 Section) is situated at the north-east part of Asprageli village
(lat: 39◦45′57.42” N, lon: 20◦43′58.25” E; Figure 2D). This section covers the part of Paleocene-Eocene
limestones (Figure 3), with a total length of 25 m, where 25 samples have been collected (Figure 4).
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Figure 3. Synthetic lithostratigraphic column of the Ionian zone (modified from [34]), along with
the correspondence of study sections stratigraphy with Ionian formations and their average porosity
values as potential reservoir rocks. The colors in the lithostratigraphic column are consistent with the
relevant colors of the International Chronostratigraphic Chart (v2020/01). (1) Shales and sandstones;
(2) limestones with rare cherty intercalations, occasionally microbreccious; (3) pelagic limestones
with clastic platform elements; (4) pelagic limestones with cherts; (5) cherty beds with shale and
marl intercalations; (6) pelagic limestones with cherty nodules and marls; (7) pelagic limestones with
bivalves; (8) pelagic, nodular red limestones with ammonites; (9) marly limestones and laminated
marls; (10) conglomerates-breccias and marls with ammonites; (11) pelagic limestones with rare cherty
intercalations; (12) external platform limestones with brachiopods and small ammonites in upper part;
(13) platform limestones; (14) thin-bedded black limestones; (15) evaporites; (16) shales.
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Figure 4. Lithology of the 6 study sections in Epirus region. The orange and blue circles at the
right of each column represent the sampling intervals for thin sections as well as porosity and bulk
density measurements.

The study of the Jurassic to Eocene sediments’ distribution was based on tectonic, stratigraphic,
paleontologic, and sedimentologic observations. Depending mostly on outcropping conditions,
an average sampling interval of approximately 1 m has been used. An overall number of 150 samples
were collected, among which 70 used for sedimentary facies analysis and 50 for measuring porosity
and bulk density. Microfacies definition and textural characters analysis of the carbonate rocks,
including both biogenic and inorganic dominant components, were done according to carbonate
classification schemes of [77], which later modified by [78], based on the Standard Microfacies Types
(SMF) in the facies zones (FZ) of the rimmed carbonate platform model. Depositional environments
were reconstructed based on the derived sedimentological features and through comparison with
additional standard facies reconstructions [79–85]. Therefore, assemblages consisting of several SMF
types characterize all depositional environments. Thin sections were prepared in the Historical
Geology and Paleontology Laboratory (National and Kapodistrian University of Athens; NKUA),
biostratigraphically and sedimentologically studied under a polarized LEICA DM LP microscope,
and photos have been performed with OLYMPUS UC30 Microscope Digital Camera. The reservoir
potential of these carbonates was also obtained through the examination of porosity and bulk density
parameters on representative of each stratigraphic formation samples, with the use of GeoPyc 1360
Envelope Density Analyzer and helium AccuPyc 1330 Pycnometer, respectively, also at NKUA.
All measurements were made on dry samples that were previously dried in the oven at 40 ◦C for 24 h.
The petroleum potential information was further compared with existing regional data covering the
studied stratigraphic interval. Finally, ArcGIS software was used to visualize the results of the study
area, along with additional data known from the literature, outcropped and well data [33,35,42,59,86]
expanding the entire Ionian zone within paleogeographic/paleoenvironmental maps for the relevant
time interval.
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4. Results

4.1. Description of the Study Sections

Figure 5 illustrates a general view of the studied sections, regarding the Jurassic-Eocene
carbonates of the Ionian zone in the study area. Agios Georgios section consists of 50 m of a
uniform, largely condensed shallow-water limestone unit (Figure 5a,b) with calcareous algae,
benthic foraminifera, and, rarely, brachiopods. The middle part of this succession (samples L15–L20)
is recrystallized and slightly dolomitized, a phenomenum that usually occurred during the Jurassic
in the Ionian zone. Such Early Jurassic sediments represent the lower part of the carbonate unit
in western Greece. The basal 10 m of Perivleptos section contains neritic Pantokrator Limestones,
overlain unconformably by reddish and green organic matter-rich shales with thin- to medium-bedded
marly limestone interbeds and siliceous lenses, the Vigla Shales (Figure 5c–e).

 

 

Figure 5. Outcrop photographs of the study sections along with enlargements indicative of their
characteristics: (a) General panoramic view of the Agios Georgios section; (b) Early Jurassic Pantokrator
Limestones of Agios Georgios section; (c) general panoramic view of Perivleptos section. The red dashed
line marks the unconformity between the lower (Pantokrator Limestones) and the upper (Vigla Shales)
part of the section; (d) Pantokrator Limestones of the lower part of Perivleptos section; (e) Vigla Shales
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of the upper part of Perivleptos section; (f) general panoramic view of Vigla section; (g) enlargement of
the Vigla section, showing pelagic limestones and with chert intercalations; (h) general panoramic view
of Koloniati section; (i) Vigla Limestones of the lower part of Koloniati section. The red dashed line
marks the unconformity between the lower (Vigla Limestones) and the upper (Senonian Limestones)
part of the section; (j) Senonian Limestones of the upper part of Koloniati section; (k) enlargement
of the Vigla Limestones, showing pelagic limestones intercalated with flattened cherty nodules;
(l) general panoramic view of Asprageli-2 section; (m) Senonian Limestones of Asprageli-2 section;
(n) general panoramic view of Asprageli-1 section; (o) Paleocene-Eocene microbrecciated limestones of
Asprageli-1 section.

The Vigla section, which has a thickness of 20 m, is characterized by typical Vigla formation
deposits, such as pelagic limestones interbedded with centimeter- to decimeter-thick radiolarian chert
beds (Figure 5f,g). Koloniati section (60 m thickness) consist of Cretaceous deposits of both Vigla and
Senonian Limestones formations separated by an unconformity (Figure 5i). The lower half consists of
pelagic massive limestones with rare intercalations of chert beds, and spherical, but also flattened, cherty
nodules (Figure 5i,k). The siliceous nodules are beige, or light grey to dark grey color. The lithology of
the upper half is described as solid, thick-bedded limestones that can be easily separated from the
underlain thin-bedded ones (Figure 5j). In the uppermost part of the section brecciated horizons have
been observed. Similar microbreccia bioclastic limestones with roudist fragments were observed in the
10 m thick Asprageli-2 section (Figure 5l,m). Finally, at the top of the studied carbonate succession,
the 25 m thick Asprogeli-1 section consists of grey-light micro- to mesoporous, turbiditic limestones
with abundant radiolaria and planktonic foraminifera (Figure 5n,o).

4.2. Sedimentary Facies Analysis

Section A (Agios Georgios Section): The principal lithofacies of this section is boundstone,
composed of red algal communities, and less frequent benthic foraminifera within a micritic clotted
matrix (Figure 6a,b). Some lime horizons are dolomitized.

Section B (Perivleptos section): The lower part of this section is characterized by the lithofacies
recrystallized grainstone of peloids with signals of dolomitization and fracturing (Figure 6c,d),
while the upper part consists of mudstone-wackstone with radiolarians and/or planktonic foraminifera
(Figure 6e).

Section C (Vigla Section): Section E consists of radiolarian biomicrite wackstone (Figure 6f,g).
Section D (Koloniati section): Within this section biomicrite mudstone-wackstone with planktonic

foraminifera (Figure 6h), allochtonous bioclastic packstone with abundant benthic foraminifera
(Figure 6i), and ooid lithofacies (Figure 6j,k) were observed.

Section E (Asprageli-2 Section): In Section D, the following two lithofacies have been observed:
(i) bioclastic packstone, (Figure 6l), and (ii) biomicrite wakstone-packstone-floatstone with planktonic
foraminifera, (Figure 6m).

Section F (Asprageli-1 Section): In Section C a packstone with planktonic foraminifera and some
scattered mollusc and benthic foraminifera (Figure 6n,o) has been identified.

Generally, high energy environments such as platform, fore-shoal, and intertidal channel display
grain supported textures. On the contrary, in low energy environments such as deep shelf and open
marine, mud supported textures developed. In between, medium energy settings include platform slope
environments, deposits of which are characterized by significant debris of rudists, algae, porcelaneous
benthic foraminifera, and rarely variable shell fragments (bivalves, bryozoans). Grainy or micritic
texture also strongly affected porosity, fluid flow, and diagenetic processes.

4.3. Biostratigraphic Analysis

Section A (Agios Georgios Section): Calcareous green algae of Paleodasycladus sp. and
Paleodasycladus mediterraneus and Thaumatoporella parvovesiculifera, Thaumatoporella sp. build
boundstones. Benthic foraminifers are represented by Textularia sp., Miliolidae and Ataxophragmiidae.
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Figure 6. Characteristic Early Jurassic to Paleogene microfacies types of Ionian zone (Epirus region,
NW Greece). (a,b) Dolomized boundstone with calcareous algae and benthic foraminifera within a
micritic clotted matrix (samples AG1, AG15); (c,d) recrystallized grainstone of peloids with signals
of dolomitization and fracturing (samples P3, P9); (e) mudstone-wackestone with radiolarian and
planktonic foraminifera (sample P19); (f,g) wackestone with radiolarians (samples B1, B10); (h) Pelagic
wackestone with radiolarians and planktonic foraminifera (sample K2); (i) Allochthonous bioclastic
packstone with medium- and large-sized bioclasts benthics and rudist fragments (sample K5);
(j,k) grainstone of ooids with sparitic cement (samples K4, K9); (l) bioclastic packstone of orientated and
transported larger benthic foraminifera and rudists (sample A(2)7); (m) Pelagic wackestone-packstone
of radiolarian and planktonic foraminifera, among which carenate forms are presented (sample A(2)9);
(n,o) packstone with in situ planktonic foraminifera and scattered, transported benthics and molluscks
(samples A7, A13).

Section B (Perivleptos section): Benthic foraminifera (e.g., Glomospira sp., Glomospirella sp.,
Globochaete sp., Textularia sp., Valvulina sp., Miliolidae, Clypeina jurassica, Protopeneroplis striata) and
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fragments of hermatypic corals, calcareous green algae, gastropods, were identified in the lower part
of the section and suggest a Hettangian-Sinemurian age. Radiolarians and planktonic foraminifera
Ticinella roberti, Biticinella breggiensis, Hedbergella delrioensis, Hedbergella planispira, place the upper part
of this section to the Middle-Late Albian.

Section C (Vigla Section): Assemblages of small-to-medium-sized morphotypes of Calpionella alpina

followed by the acme of Calpionella elliptica at the basal part of the section suggest an Early
Berriasian age, while progressively through the top of the section radiolarians and other planktonics
(Favusella hauterivica, Hedbergella sigali, Hedbergella dendroensis) have been further identified. In the
upper half of the section the Globigerinelloides “acme” and “eclipse” intervals, characterized by the
abundant presence and the lack of representatives of this genus, respectively, show the evolution
through the Barremian up to the Albian in the topmost meters of the Vigla Limestones.

Section D (Koloniati section): The lower part of the section assigned to Vigla Formation was
characterized by the presence of the planktonic foraminiferal assemblage Rotalipora appenninica,
Rotalipora cushmani, and Praeglobotruncana gibba suggesting the early Late Cretaceous and particularly
the Cenomanian-Turonian boundary interval. The upper part has a Coniacian-Maastrichtian age and
contains the foraminifera Globotruncana cf. arca, Globotruncana cf. linnei, Orbitoides sp., Quinqueloculina sp.,
Spiroloculina sp., Pseudolituonella sp., Cuneolina sp., Textulariidae, and Miliolidae.

Section E (Asprageli-2 Section): This section cover the Santonian-Maastrichtian time span based
on the variable fauna containing mainly Globotruncaniids (e.g., Globotruncanita stuarti stuatiformis,
Rugoglobigerina rugosa, Globotruncana cf. bulloides, Globotruncana arca, Abathomphalus mayaroensis,
Contusotruncana sp.), but also benthic foraminifera (e.g., Miliolidae, Siderolites sp., Cuneolina sp.,
Orbitoides cf. media, Orbitoides apiculata), as well as rudist and molusc fragments.

Section F (Asprageli-1 Section): The genera Subbotina, Acarinina, and Morozovella are the
dominant groups of Paleocene-Early Eocene assemblages. More explicitly, the lower part of the section
contains carbonates enriched on radiolarians and planktonic foraminifera (Parasubbotina pseudobulloides,
Acarinina sp., Subbotina sp., Igorina pussila, Chiloguembelina sp.), which deposited during the
Early Paleocene (Selandian). Progressively through the top of the section, the increase of
highly and full body ornamented Morozovellid species (e.g., Morozovella aequa and Morozovella

subbotinae, Morozovella velascoensis) and quadrate Acarininids (e.g., Acarinina wilcoxensis and
Acarinina pseudotopilensis) are indicative to the end of the Paleocene and the start of the Eocene (Ypresian).

Overall, the age determination supports the pre-existing results mentioned in the geological maps
(Ioannina, Doliana, Pappadatai, and Tsepelovo sheets; [87–90]) regarding the Ionian zone rock exposures.
Particularly, they confirm the Early Jurassic (Hettangian-Sinemurian) for the Pantokrator Limestones,
the Early Cretaceous-early Late Cretaceous (Berriasian-Turonian) for the Vigla Limestones, the early Late
Cretaceous (Albian) for the Vigla Shales, the Late Cretaceous (Coniasian-Maastrichtian) for the Senonian
Limestones, and the Paleocene/Early Eocene age for the microbreccious limestones respectively.

4.4. Porosity and Bulk Density Measurements

The results of porosity and bulk density measurements of the studied carbonates are listed
in Table 1, while the average values per formation in Table 2. With the exception of Vigla Shales,
which present the lowest measured bulk density values (2.60–2.63; average 2.62 gr/cm3), the bulk
density is quite homogeneous for all carbonate samples, ranging from 2.64 to 2.74 gr/cm3, with an
average of 2.68–2.70 gr/cm3, respectively, per study formation (Table 2). On the contrary the total
porosity values evaluated with the pycnometer present significant variability between the different
sections and stratigraphic formations. In Agios Georgios section porosity values range between 2.31%
and 9.71%, with an average value of 4.97% (Table 1). Significant porosity values above the average value
for the Jurassic deposits were recorded in some horizons of this unit (samples AG10-20), where the
limestones seem to be dolomitized. These values approximate the maximum porosities (~10%) that
have been reported for this formation for the entire Ionian zone [33]. The total average porosity for the
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Pantokrator Limestones, including both Agios Georgios and the lower part of Perivleptos sections,
is 5.26% (Table 2).

Table 1. Porosity and bulk density measurements displayed from all the study sections.

Section Formation Sample ID Height (m) Porosity (%) Bulk Density (g/cm3)

Section F
(Asprageli-1)

Limestones with
breccia

A1 0 9.35 2.64
A3 2 3.90 2.61
A7 6 7.38 2.65
A10 9 8.55 2.68
A13 12 2.50 2.71
A19 18 3.46 2.67
A23 22 4.32 2.72
A25 24 5.60 2.74

Section E
(Asprageli-2)

Senonian
Limestones

A(2)1 0 3.31 2.72
A(2)2 1 4.52 2.72
A(2)4 3 2.60 2.74
A(2)7 6 8.64 2.69
A(2)8 7 9.63 2.73
A(2)9 8 7.36 2.62

A(2)10 9 8.99 2.70

Section D
(Koloniati)

Senonian
Limestones

K1 0 8.88 2.69
K3 4 9.26 2.68
K5 8 5.47 2.69
K8 14 3.86 2.72

K11 20 6.56 2.72
K15 26 5.46 2.72

Vigla Limestones

K28 52 1.28 2.67
K24B 44 2.33 2.69
K26B 48 3.87 2.69
K29B 54 5.65 2.69

Section C
(Vigla)

Vigla Limestones

B1 0 3.36 2.73
B3 2 3.86 2.70
B7 6 1.81 2.71
B10 9 3.52 2.68
B14 13 2.45 2.71
B18 17 2.07 2.73
B20 19 2.98 2.69

Section B
(Perivleptos)

Vigla Shales

Π20 19 6.00 2.63
Π18 17 8.10 2.60
Π15 14 5.82 2.62
Π12 11 3.38 2.61

Pantokrator
Limestones

Π9 8 8.18 2.72
Π7 6 7.67 2.72
Π3 2 3.75 2.72
Π1 0 4.02 2.66

Section A
(Agios Georgios)

Pantokrator
Limestones

AG1 0 2.49 2.70
AG5 4 3.55 2.73

AG10 9 9.71 2.72
AG15 14 9.62 2.68
AG20 19 7.56 2.69
AG25 24 3.28 2.73
AG35 34 2.31 2.70
AG45 44 3.76 2.65
AG50 49 2.45 2.66

Porosity measurements of the Perivleptos section document steadily high values for both
lithostratigraphic members, with quite similar values (3.75–8.18%, average 5.91%; Table 1) for the
basal Jurassic interval and the overlying Vigla Shales (3.38–8.10%, average 5.83%; Table 1). On the
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contrary, the typical Vigla Limestones in both Vigla section and the lower part of Koloniati outcrop
display the lowest values ranging between 1.81% and 3.86% (average 2.86%) in the former and 1.28%
and 5.65% (average 3.28%) in the latter (Table 1). Overall, the average porosity for Vigla Limestones,
taking into account the data from both aforementioned areas, equals to 3.02% (Table 2). The analyzed
samples from the upper part of Koloniati section characterized as Senonian Limestones showed
steadily high porosity in the range of 3.86% to 9.26% (average 6.58%), especially at the top of this
unit, where brecciated limestones with the maximum porosities of about 10% were identified (Table 1).
The same range showing the tendency for increased porosity values (2.60–9.63%, average 6.44%; Table 1)
was observed in Asprageli-2 section, with the hemipelagic calciturbidites and fractured resedimented
microbreccia. The total average porosity measured for this Late Cretaceous carbonate unit is 6.50%
(Table 2). The porosity of Asprageli-1 brecciated Paleogene limestones is in the range of 2.50–9.35%
(Table 1), with the average of 5.63% (Table 2).

Table 2. Average porosity and bulk density values per studied formation of the Ionian zone.

Formation Stratigraphy Average Porosity (%) Average Bulk Density (gr/cm3)

Limestones with miccrobreccia Paleocene/Eocene 5.63 2.68
Senonian calciturbidites Late Cretaceous 6.50 2.70

Vigla Shales late Early Cretaceous 5.83 2.62
Vigla Limestones Early Cretaceous 3.02 2.70

Pantokrator Limestones Early Jurassic 5.26 2.70

5. Discussion

5.1. Microfacies Types and Depositional Environments

The main textural and compositional characteristics, as well as the sedimentary features of
the distinguished microfacies, are summarized in Table 3, corresponding to different depositional
environments or facies zones (FZ) defined by [84,85] (Figure 7). More specifically, the Pantokrator
Limestones were classified as boundstone of algae (SMF 7) and bioclastic grainstone (SMF 11)
in the Agios Georgios and Perivleptos sections respectively, giving evidence of a depositional
environment characterized by a platform, with both intertidal and subtidal environments (FZ5-6).
Recrystallization-dolomitation and fracturing of some redeposited carbonate clasts points a subaerial
exposure of parts of the platform. Vigla Limestones consist of mudstone-wackestone with radiolarians
and planktonic foraminifera (SMF 2-3), characterizing a low energy, relatively deep environment,
such as the toe of slope (FZ3) and/or deep shelf (FZ2). Senonian Limestones present a variety of
lithofacies, which correspond to environments ranging from the slope to deep shelf. They mostly
include in-situ wackestone-packstone with planktonic foraminifera along with microbreccia bioclastic
packstone with fragments of shallow water fauna (rudists and benthic foraminifera) (SMF 4), and micrite
with transported ooids (SMF 13), which in total represent a medium-to-high-energy environment
(e.g., slope), possibly due to the transportation of the sediments within the basin from the platform.

The above facies distribution reflects the separation of the deep Ionian Basin into a central
topographically-higher area characterized by reduced sedimentation, and two surrounding talus
slopes with increased sedimentation [66]. Locally, micritic peloids and dark-gray intraclasts, floating in
an overall micritic matrix were also observed within these carbonates. The range of depositional
interpretations of these formations includes supratidal settings, vadose-marine inorganic precipitation
in inter- and subtidal environments of formation in marine seepage or groundwater springs [85].
Overall, Late Cretaceous calciturbidites suggest relatively deep-slope depositional conditions (FZ3-4).
Relatively similar and possibly deeper depositional conditions apply for the Paleogene biomicritic
packstones with radiolaria (mostly at the Early Paleocene) and planktonic foraminifera (through the
Eocene) (SMF3), suggesting a basinal environment (FZ2).
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Table 3. Detailed description of representative thin sections, where sedimentary facies, lithology, formation, age, and the depositional environments of the studied
deposits are presented.

Section Samples Formation Lithology Facies Description Figures Depositional Environment Stratigraphy (Stages)

F: Asprageli-1 A7, A13
Limestones with

microbreccia

Hemipelagic
calciturbidites with

microbreccia

Packstone with in-situ planktonic
foraminifera and scattered, benthic
foraminifera and molluscks (SMF 3)

Figure 6n,o
Shelf slope (FZ3) to deep shelf

(FZ2) (medium energy)
Paleocene to Eocene

E: Asprageli-2 A7, A9
Senonian

Limestones

Miccrobrecciated
bioclastic to pelagic
turbiditic limestones

(a) Allochtonous bioclastic
packstone with rudists and benthic

foraminifera (SMF 5), (b) Pelagic
wackestone-packstone with
radiolarian and planktonic

foraminifera (SMF 4-5)

Figure 6l,m
Slope (FZ4) - toe of slope (FZ 3) to

deep shelf (FZ 2)
(medium energy)

Late Cretaceous
(Santonian-Maastrichtian)

D: Koloniati
(upper part)

K2, K9, K4, K5
Senonian

Limestones
Bioclastic Limestones

(often brecciated)

(a) Allochtonous bioclastic
packstone to grainstone with rudist
fragments and benthic foraminifera
(SMF 5), (b) Mudstone-wackestone
with planktonic foraminifera (SMF
4-5), (c) Grainstone of ooids with

sparite cement (SMF 5)

Figure 6h,i,j,k
Slope (FZ 4) (medium to

high energy)
Late Cretaceous

(Santonian-Maastrichtian)

C: Vigla, D:
Koloniati

(lower part)
B1, B10 Vigla Formation

Limestones intercalated
with cherts

Wackestone with radiolarians and
planktonic foraminifera (SMF 3)

Figure 6f,g Toe of slope (FZ 3) (low energy)
Early Cretaceous-early

Late Cretaceous
(Berriasian-Turonian)

B: Perivleptos
(upper part)

P19 Vigla Formation
Shales with marly

limestone interbeds and
siliceous nodules

Mudstone-wackestone with
radiolarians and planktonic

foraminifera (SMF 3)
Figure 6e Deep shelf (FZ 2) (low energy)

late Early Cretaceous-early
Late Cretaceous

(Aptian-Turonian)

B: Perivleptos
(lower part)

P3, P9
Pantokrator
Limestones

Neritic limestones
Recrystallized grainstone of peloids
with lithoclasts (SMF 5). Signals of

dolomitization and fracturing
Figure 6c,d

Inner platform with interdital
and subtidal environments (FZ 4)

(moderate energy)

Early Jurassic
(Hettangian-Sinemurian)

A: Agios Georgios AG1, AG15
Pantokrator
Limestones

Limestones locally
dolomitized

Dolomized boundstone with
calcareous algae and benthic

foraminifera within a micritic clotted
matrix (SMF 7)

Figure 6a,b Platform (FZ 5) (high energy)
Early Jurassic

(Hettangian-Sinemurian)
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Figure 7. Depositional distribution model in the Ionian zone. The sedimentary changes display good
correlation with the energy level of environments and facies changes.

5.2. Reservoir Potential of the Early Jurassic to Eocene Carbonate Rocks of the Ionian Zone

Reservoir characterization deals with physical characteristics of the reservoir, including petrophysics
(porosity–bulk density and grain density measurements, capillary pressure measurements),
fluid properties (e.g., reservoir fluid saturations) and reservoir drive mechanisms [51,91]. Moreover,
reservoir quality is defined as the amount of porosity and bulk density in a reservoir and can be a
function of many control factors for both carbonates and sandstones [92–94]. In the present study,
the reservoir properties, porosity and bulk density, are comparatively examined in the studied sections
on a large intra-basin scale in order to assess the quality of carbonate reservoirs of the Ionian zone.
Measuring porosity and bulk density of a given reservoir is a direct measure for the storage and
flow capacity. Though porosity seems to be a main contributor to the flow capacity, bulk density
is mostly controlled by the pore throat distribution [95]. However, they are difficult to predict,
since they depend on both initial depositional processes and diagenetic overprinting. Particularly,
their complexity in carbonate reservoirs should be attributed to the different interplays, among other
factors, of hydrodynamic conditions, carbonate cementation or dissolution, and tectonic setting that
form the architecture of the marine setting [96].

The surveyed carbonates showed remarkable average porosities (3.02–6.50%; Table 2) accompanied
by even lower bulk densities (2.62–2.70%), and therefore, the quality of the reservoir has been
described as poor to fair. Low and homogeneous bulk density values are in good agreement with
the literature data for pure calcite rocks [97–99]. Average porosity values are quite variable in the
study sections, with a tendency to slightly higher values in section E and upper part of section D
both of Senonian age, as well as in the upper part of section B corresponding to the Vigla Shales.
On the contrary, the lowest porosity (and bulk density) values were reported for the biomicritic
mudstone-wackestone depositional facies with pelagic fauna of Vigla formation. The Pantokrator
Limestones present significant porosity and bulk density values only on dolomitized horizons,
explaining the significant variability observed into this formation. Generally, this intra-zone original
porosity evolution characterized by an increased tendency from the Early Cretaceous pelagic limestones
to the Late Cretaceous calciturbidites, which are also slightly more permeable, is consistent with
previous findings in the Ionian zone of NW Greece [33,100,101]. Particularly, the overall evolution in the
study area display a quite variable average porosity pattern, characterized mostly by low to moderate
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values (~3–7%), while some high individual values around 10% also recorded. The levels with such a
sudden porosity increase may be related to burial diagenesis and dolomitization, which increase the
reservoir quality to good.

Factors related to sequence architecture, including the occurrence of intervals with clay laminations
(e.g., Vigla Shales; promoting chemical compaction and associated cementation) and the distribution of
early dolomitization (promoting porosity preservation during burial), generally increases secondary
fracture porosity. A higher increase of porous within the marly limestones of Vigla Shales formation
than in Senonian calciturbidites, could be caused due to fracturing due to the nodule’s development,
in the manner described by [43]. Intracrystalline porosity could be also developed within dolomitized
intervals and therefore some breccia limestones may form potential reservoirs. Especially for the
Ionian zone, it is documented that the dolomitization front has changed through time [33]. In the
internal and external parts of the Ionian zone, dolomitization continued well into the Cretaceous,
whilst in the central part, it did not continue after the Middle Jurassic. However, it is worth noting
that the low porosity and bulk density identified within the study formations could either imply
high fluid pressures or fluid migration through permeable “fracture conduits” in the vicinity of fault
zones. The observed porosity values correspond to microporosity that does not take into consideration
the fracture porosity related to thrusts which considerably increases the carbonate reservoir quality.
Some of the porosity variations observed in this study may due to the vicinity/distance of the samples
with the tectonic zones. In any case, distribution of Ionian tectonic zones is related to the prevailing
tectonic style of the Ionia zone, which is a combination of thick- and thin-skinned deformation [33].
The elucidation of the predominance of tectonic style has not been achieved to date, due to the fact that
deep seismic surveillance is hindered by the subsurface Ionian evaporites [34,58,70,71].

The incorporation of the depositional with the carbonate reservoir quality data indicate that
there is not a clear view for the reservoir quality that can be associated with a specific depositional
environment. Generally, in western Greece, most of the fair to good potential reservoirs are deposited
in shallow to restricted platforms (e.g., Gavrovo platform carbonates close to its transition to the
Ionian zone, in the thrust sheets of Ionian and pre-Apulian zones) [33,34,40]. In the Ionian zone,
similar medium to high energy environments, such as tidal domains, reef barriers, and slopes were
recorded during Jurassic (e.g., Pantokrator Limestones, Posidonia beds) and Late Cretaceous to
Paleocene/Eocene (e.g., Limestones with microbreccia), respectively [35,40]. However, Jurassic studied
sediments do not contain any proven reservoirs with the most significant porosities to be associated
with the development of fracture and/or diagenetic zones. This study shows that deeper depositional
(deep marine basinal and/or slope) environments can also be associated with the deposition of good
potential reservoirs. On this regard, potential reservoir rocks within the Ionian zone further include
the upper part of pelagic Vigla Limestones, Senonian Limestones, and the microbrecciated intervals of
the Paleocene/Eocene limestones, all presented very good porosity values up to 10%.

5.3. Paleogeographic Analysis of the Ionian Zone

In Epirus area only the Jurassic to Eocene carbonate succession occurs. The carbonate platform
sediments begin at the base with thick-bedded neritic Jurassic Pantokrator Limestones, which feature
remarkable facies homogeneity, indicating that an extensive shallow sea was spread all over the
study area during that time. In Perivleptos and Agios Georgios sections, this facies association
is mostly represented by biolithitic boundstones and biosparite grainstones with calcareous algae
and benthonic foraminifera, implying a carbonate margin platform with both intertidal and subtidal
environments (Figure 8A). These extensive platforms are developed until the Hettangian–Pliensbachian
age, when the overlying synrift sequence begins. Pliensbachian Siniais Limestones correspond to
the general deepening of the Ionian Basin. The structural differentiation that followed caused the
fragmentation of the initial basin into smaller paleogeographic units with half–graben geometry.
This is recorded in the abruptly changing thickness of the synrift formations that take the form of
syn-sedimentary wedges [34]. In the deeper parts of the half grabens, these wedges include complete
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Toarcian-Tithonian successions, whereas in the shallower parts of the half grabens, the successions are
interrupted by unconformities. However, this topmost part of the Jurassic is not recorded in the studied
sections. In Koloniati section, there is an unconformity between the base of the Vigla Shales and the
topmost horizons of the underlying Pantokrator formation, which marks a period of uplift and erosion
at the beginning of the Toarcian. This led to occasional karstification of Pantokrator Limestones.

 

Figure 8. Paleo-environmental map of the study area during the (A) Early Jurassic, (B) Early Cretaceous,
(C) Late Cretaceous, and (D) Paleocene-Eocene based on outcropped- (red circles from this study and
white ones from the literature) and well-data (white-red symbols) [33,35,42,59,86].
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The post-rift sequence begins with the pelagic Vigla Limestones, whose deposition was
synchronous throughout the Ionian Basin, beginning in the Early Berriasian [73,102]. The basal
sequence of the Vigla limestones, consisted of thin layered, sub-lithographic, pelagic limestones,
with abundant radiolarian and frequent cherty beds enriched with radiolarian, is related to the Early
Cretaceous subsidence caused deepening in the entire basin (Figure 8B). Towards the upper part of
this formation, chert layers become more abundant, containing intercalations of green, red, and locally
black shales, named as the “Vigla Shales” member, indicative of basinal sedimentation. The microfacies
analysis of the Koloniati (lower part) and Vigla sections suggest that these carbonate sediments
represent a low energy, relatively deep environment, like the toe of slope and the deep shelf of the
basin. Apart from the halokinetic movements, which probably caused the variation in thickness of
Vigla Limestones [34] from the western (external) to the eastern (internal) parts of the basin, the pelagic
depositional conditions persisted until the Late Eocene, when flysch sedimentation began.

During the Late Cretaceous, the Senonian Limestones formation consisted of hemipelagic
calciturbidites and resedimented microbreccia, reflect similar deep marine slope environments.
In particular, sedimentary facies analysis of the Koloniati (upper part) and Asprageli-2 samples
suggests that they were deposited in a deep-water toe of slope and platform margin environment,
respectively, where miccrobrecciated carbonates were transported and accumulated (Figure 8C).
The allochthonous bioclastic material identified in the analysed samples consists mainly of rudist
(typical reef builder) fragments and benthic foraminifera (e.g., forereef dweller Orbitoides; [103] and/or
inner platform taxa Cuneolina, Textulariids and Miliolids; [85,103,104]), originated and transported
from a nearby shallow shelf environment (e.g., platform or reef). Such shelf margins of the nearby
pre-Apulian and Gavrovo platforms [75] and/or internally to the Ionian basin [101] were characterized
by high productivity of such skeletal material, transported and redeposited in the deeper parts of the
Ionian basin [34]. These bioclasts are also accompanied by pelagic Globotruncanids and radiolarian
specimens observed in the in situ micritic matrix. Moreover, ooid lithofacies and some reworked
lithoclasts observed in the upper part of the Koloniati Senonian Limestones indicate shallow-water
conditions that were exposed during the uppermost interval of the Cretaceous (Maastrichtian). This is
further reinforced by extensional tectonics, while possible sea level effects cannot be ruled-out and
could also be related to the eustatic sea level low-stand (~150 m sea-level drop) that took place between
the Late Cretaceous and the Paleocene [105,106]. Our paleoenvironmental observations from the Late
Cretaceous interval in Epirus fully agree with recent sedimentary findings of [42] for the Araxos area
(internal Ionian zone), as well as with the previous literature [34,35,75] for the entire Ionian zone.
Overall, the facies distribution of the Senonian reflects the separation of the Ionian Basin into a central
area (middle and outer part of the Ionian Zone) characterized by deeper water sedimentation and
two surrounding talus slopes, issued from western Gavrovo platform and western Apulian platforms.
Both platforms provided the clastic carbonate material that was transported by turbidity currents into
the Ionian Basin.

The study of the Asprageli-1 samples provides evidence that the supply of clastic material due
to tectonics diminished significantly during the Paleocene/Eocene. However, despite the reduced
tectonic activity during that time, the slumping of platform edge sediments produced turbidity currents
resulting to the deposition of Limestones with microbreccia and calciturbidites. The main depositional
facies of platy mudstone-wackestone with Globigerinidae, Globorotaliidae and rare siliceous nodules,
analogous to those of the Vigla Limestones, imply that the depositional environments during that
period did not change significantly from the Late Cretaceous (Figure 8D). The greatest thicknesses of
the Eocene units can be found in the marginal parts of the Ionian Zone, where the microbreccias are
more frequent.

6. Conclusions

The Ionian zone consists of a heterogeneous multi-layered calciclastic reservoir in Epirus region
(western Greece). The identified carbonate formations display various facies ranging in a full spectrum
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of depositional conditions, from shallow platforms (reefs) to slope (platform margin) environments,
even to the open marine settings, with different lithologies, sedimentary features, energy conditions,
and diagenetic overprints. This heterogeneity also explains the rock petrophysical/geomechanical
variation of these carbonate rocks. The Early Jurassic limestones (biolithites boundstone) do not contain
any proven reservoirs due to relatively low porosities, with the exception of the microcrystallized
or dolomited horizons, which increase the reservoir quality in a local scale. The Early Cretaceous
limestones and cherts (biomicrites mudstone-wackestone) of Vigla formation has been described as
the poorest of the studied carbonates, in terms of their reservoir potential. On the contrary, the Late
Cretaceous (Senonian Limestones) and the Paleocene/Eocene carbonate units can be considered the
primary target for oil/gas exploration in the study area, since they contain calciturbidites deposited
mainly in the slope (bioclastic packstone-rudstone with rudist fragments and benthic foraminifera) and
the deep shelf (planktonic foraminiferal biomicrites mudstone-wackstone). The highest porosity values
recorded in those carbonates may be further associated with the development of fracture networks
and/or diagenetic zones. Overall, the results of this study may have implication for reservoir- and/or
source-rock-geologists and diagenetic modelling approaches in the presented area and elsewhere
within the eastern Mediterranean Sea [42,86,100,101,107,108], implying that sample specific analyses
or a very well understood regional diagenetic framework are required for accurate prediction of
reservoir quality.
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Abstract: A multidisciplinary study was conducted in order to investigate the environmental factors
affecting the planktonic foraminiferal and pteropod communities of the south Aegean Sea. Aspects of
the Late Quaternary paleoceanographic evolution were revealed by means of quantitative analyses
of planktonic foraminiferal and pteropod assemblages (including multivariate statistical approach;
principal component analysis (PCA)), the oxygen (δ18O) and carbon (δ13C) isotopic composition
of planktonic foraminifera and related paleoceanographic (planktonic paleoclimatic curve (PPC),
productivity (E-index), stratification (S-index), seasonality) indices, extracted by the gravity core
KIM-2A derived from the submarine area between Kimolos and Sifnos islands. Focusing on the
last ~21 calibrated thousands of years before present (ka BP), cold and eutrophicated conditions
were identified during the Late Glacial period (21.1–15.7 ka BP) and were followed by warmer and
wetter conditions during the deglaciation phase. The beginning of the Holocene was marked by a
climatic amelioration and increased seasonality. The more pronounced environmental changes were
identified during the deposition of the sapropel sublayers S1a (9.4–7.7 ka BP) and S1b (6.9–6.4 ka BP),
with extremely warm and stratified conditions. Pteropod fauna during the sapropel deposition were
recorded for the first time in the south Aegean Sea, suggesting arid conditions towards the end of
S1a. Besides sea surface temperature (SST), which shows the highest explanatory power for the
distribution of the analyzed fauna, water column stratification, primary productivity, and seasonality
also control their communities during the Late Quaternary.

Keywords: paleoceanographic evolution; planktonic foraminifera; pteropods; stable isotopes;
sea surface temperature (SST); stratification; productivity; sapropel S1; Aegean Sea; Late Quaternary

1. Introduction

The Aegean Sea is an ideal archive to investigate climatic evolution at both global and local scale
because of its intermediate position between the higher- and lower-latitude climate systems [1–3],
high sedimentation rate marine records compared to the open Mediterranean Sea [4–7], and its
paleo-latitudinal and land-locked configuration [8,9]. Such marginal seas are often more responsive to
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paleoceanographic and paleoclimatic changes than global oceans, with climatic signals to be recorded
in an amplified fashion in Mediterranean properties such as temperature, salinity and specific elemental
concentrations, because of their smaller size and partial isolation [10], and therefore can be considered
miniature oceans. In addition to interactions with the Black Sea, northern Aegean, and Levantine
basins with remote and local atmospheric forcing [1,11], the south Aegean Sea is characterized by
intense biogeochemical contrasts in its hydrology in response to a climatic gradient from mid-latitude
to subtropical regimes that appears to be very sensitive to climate changes. However, most of the
current paleoclimatic and paleoceanographic studies are still limited to deep marine records [6,12–15],
and consequently little is known about the continental shelf and/or coastal areas within this marginal
Sea [16–21].

Environmental changes related to the different water column and/or sediment characteristics can
be recorded virtually instantaneously in paleoceanographic proxy data, such as stable isotope and
other geochemical ratios [22–31], and micro-fossil abundances, such as planktonic foraminifera and
pteropods [15,17,28,32–36]. This makes them extremely valuable for both stratigraphic correlations
and paleoenvironmental/paleoclimate reconstructions [15,23,28,29,32,35,37–45]. Their significance
in the study of modern and past marine ecosystems in the eastern Mediterranean Sea is well
underlined [20,31,46–51]. Particularly, they are used as indicators of temperature, salinity, density,
and nutrient content of the water column, making it possible to identify past circulation through
the sedimentary record [7,15,29,47,52,53] and detect long- and short-term paleoclimatic and
paleoceanographic changes in the study area [6,10,12,15,16,53–55] during the last glacial cycle.

Pteropods are widespread and abundant in the global ocean and entirely adapted to a pelagic life
cycle [56,57]. Owing to the aragonite nature of their shells which increases their weight as settling
particles and hence their sinking speed [58], their deposition is expected to be close to their habitat [59].
Particularly in the Mediterranean Sea, preservation of pteropods shells is excellent as a result of
the relatively shallow water, high bottom water temperatures, and probably the limited number
of mud feeders [60]. A considerable number of studies (e.g., [33,34,61–66]) have shown that Late
Quaternary pteropod assemblages and their distribution pattern in the world oceans have changed
with temperature and the overall climatic conditions that also affect the aragonite compensation depth
(ACD). Recent studies [67] have shown that modern eastern Mediterranean pteropod communities are
found to be more abundant than in those at western Mediterranean Sea. Their abundances are positively
correlated with the aragonite saturation state (Ωar), O2 concentration, pH, salinity and temperature,
and negatively correlated with nutrient concentrations [67,68]. However, pteropod assemblages and
their distribution in the Aegean Sea during the Late Quaternary are poorly documented.

The present study focuses on identifying and describing key environmental factors that control
Late Quaternary planktonic foraminiferal and pteropod distribution in the south Aegean Sea, based on
marine sediments retrieved by a 2-m long gravity (KIM-2A) core. In addition, paleoclimatic data were
revealed from their distribution patterns coupled with variations of oxygen and carbon isotopic signals.
The combination of the above data enables speculation on the factors’ response to the climatic changes.

2. Regional and Climatic Setting

The Aegean Sea is in the northern sector of the eastern Mediterranean (Figure 1a), between the
Turkish coastline to the east, the Greek mainland to the north and west, and bounded on the south by
the island of Crete and Cretan Arc. It is connected to the Black Sea through the Straits of Bosporus and
Dardanelles, and to the Levantine Sea through several larger and deeper straits between Peloponnesus,
the islands of Crete and Rhodes, and south-western Turkey (Figure 1b). It is characterized, in general,
by a cyclonic water circulation, although the most active dynamic features are the mesoscale cyclonic
and anticyclonic eddies, either permanent and/or recurrent [8]. It is separated into two major sub-basins
with different climatic conditions: the “north” and the “south” Aegean Sea. The north is more humid
than the semiarid south [8].
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Figure 1. (a) Map of the Mediterranean Sea (including the Aegean Sea); (b) inset shows location of the
south Aegean sediment core KIM-2A (36◦95.464′N, 24◦06.354′E, 640 m depth; in red), and the main
patterns of sea surface-water circulation (grey arrows), cyclonic (solid grey circles) and anticyclonic
gyres (dashed grey circles) in the Levantine and Aegean Seas. Location of the core NS-14 [7,16], that was
used for the age model construction. Map contours show paleobathymetry (water depth in meters) of
the study area.

The south Aegean (extend in between 35◦N and 37◦N) is one of the most oligotrophic areas in the
Mediterranean Sea [8], with its surface water circulation mostly affected by arid climatic conditions,
while it is also modulated by the effect of the Cretan gyre [69]. It mainly consists of the Cretan basin
and the shallow shelf of the Cyclades Plateau, along with the Myrtoan Sea at the NW part of the
region (Figure 1b). Milos and Kimolos islands lie in the westernmost sector of the Cyclades plateau.
Both islands are part of the south Aegean Volcanic Arc; the most important geological structure of
the Aegean Sea. The submarine area between Kimolos and Sifnos Islands is characterized by a rather
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complex relief [70] as it is related to the volcanic arc. The sedimentary and Quaternary tectonic
evolution of the aforementioned submarine area have been studied previously [71], and it is separated
into three parts (the southern, the eastern, and the northern; [70]). The core studied derives from a
submarine depression located at the northern part.

3. Materials and Methods

3.1. Location and Sampling Strategy of Core KIM-2A

A gravity core (KIM-2A; 200 cm length) was recovered with R/V Aegaeo in May 2015 from the
south Aegean Sea and covers the Late Quaternary (the last ∼21 ka BP). Core KIM-2A was collected
from the Cyclades plateau, from a submarine depression (640 m water depth) located north of Kimolos
Island (36◦95.464′N, 24◦06.354′E), as shown in Figure 1b. After splitting, the half core was stored as
archival material, whereas the working half has been sampled for multiple analyses (micropaleontology,
sedimentology, and geochemistry).

Fifty-eight samples were taken and used for paleontological (planktonic foraminifera and
pteropods) and geochemical (Total Organic Carbon; TOC, stable oxygen and carbon isotopes; δ18O,
δ13C) analyses between 196 cm and 4 cm. Samples were taken throughout the core but with different
sampling resolutions. For the first gray interval corresponding to S1a, the sampling resolution was
1 cm; beyond these intervals the sampling was 2 cm, whereas the top 40 cm were sampled at a mean
8 cm resolution.

3.2. Micropaleontological Analyses

All samples were prepared following standard micropaleontological procedures. For the faunal
analyses, approximately 3 cm3 of dried sediment was washed and sieved through a 63 µm screen, and
residues were dried in an oven at 50 ◦C. Qualitative and quantitative analyses have been performed on
both planktonic foraminiferal and pteropod assemblages for the>125 µm size fraction, split into aliquots,
each one containing at least 300 specimens. It should be noted that the 125 µm fraction was selected since
is the most common studied fraction in relevant investigations within the Aegean Sea, which analyze the
Late Quaternary foraminiferal record [10,18,21,32,36], and implement a paleoclimatic analysis [6,15,20,72].
All shells were handpicked, identified following [73], counted in each sample, and then converted
into percentages, based on the extrapolation of a counted split. Planktonic species with phylogenetic
affinities and similar ecological characteristics [35,74] were counted together and grouped to better
interpret distribution patterns. On this regard, all Globigerinoides ruber morphotypes (“Normal,” “Platys,”
“Elongate,” and “Twin” types; [32]) were plotted together, distinguishing only the “alba” and “rosea”
varieties due to their different ecological characteristics [75]. Furthermore, Globigerina bulloides group
includes the species G. bulloides and Globigerina falconensis, the Globigerinoides sacculifer group includes
Globigerinoides trilobus and G. sacculifer, and the Globigerinella siphonifera group includes the species
Globigerinella aequilateralis, Globigerina calida, and Globigerina digitata. The species Globigerinita glutinata

includes the morphotypes with and without bulla. Within the group of Neogloboquadriniids, two types
were discerned: Neogloboquadrina pachyderma and Neogloboquadrina dutertrei.

3.3. Total Organic Carbon and Stable Isotopes

Total organic carbon (TOC) was determined based on the [76] methodology with the [77] adaptation
at the Laboratory of the Hellenic Survey of Geology and Mineral Exploration (H.S.G.M.E.). For stable
oxygen and carbon (δ18O, δ13C) isotope measurements, 30 specimens of the planktonic species
G. ruber f. alba were picked from the 250–300 µm size fraction. In particular, we exclusively used the
morphotype “Normal” of [32] (equivalent to G. ruber sensu stricto [75]) in order to minimize potential
morphotype-specific differential responses in stable isotope compositions [24,78,79]. This narrow
size fraction was used to minimize ontogenetic and growth rate effects on shell geochemistry [80].
The analyses were carried out at the Laboratory of Geology and Geophysics at Edinburgh University.
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Foraminiferal δ18O and δ13C data were calibrated to National Bureau of Standards 19 (NBS19), and the
isotope values are reported in ‰ relative to Vienna Pee Dee belemnite scale. The external standard
errors of the stable carbon and oxygen isotope analyses are <0.06‰ and 0.08‰, respectively.

3.4. Chronology

The chronology of the core KIM-2A is based on five accelerator mass spectroscopy radiocarbon
(AMS 14C) dates (on G. ruber tests at Beta Analytics laboratories), supplemented by tie-points which
correspond to well-dated bio-litho-stratigraphic horizons (e.g., sapropel and planktonic foraminiferal
biozone boundaries) from nearby Aegean cores (Table 1). Conventional 14C ages were calibrated by
means of the Calib version 7.0.2 software [81] and the Marine13 data set with a regional reservoir age
correction (∆R) of 139 ± 40 years for the S1 interval [82] and of 58 ± 85 years outside the sapropel S1
interval [83]. The chronology adopted in this study for core KIM-2A was derived from a polynomial fit
through the calibrated dates and the chronostratigraphic control points’ dating as shown in Table 1.
Hereafter, ages in this study are reported in calibrated thousands of years before present, notated ka BP.

Table 1. Calibrated radiocarbon dates (AMS 14C) and chronostratigraphic control points’ dates.

AMS &
Chronostratigraphic

Control Points

Depth
(cm)

Conventional
Radiocarbon

Age (BP)

Two Sigma
Calibrated Age

Range (BP)

Mean
Calibrated

Age (ka BP)
References

Beta—425634 14.5 4890+/−30 4845–5325 5.08
Ia/Ib boundary 20 5.2 [84]
Beta—425635 28 5320+/−30 5444–5855 5.65

S1b top 40 6.4 [7,16]
Beta—425636 50.25 6790+/−30 7036–7292 7.16

S1b base 52.5 7.3 [7,16]
S1a top 65.5 7.9 [7,16]

Beta—425637 79.5 8320+/−30 8532–8883 8.71
S1a base 89 10 [7,16]

Ic/II boundary 109 11.3 [84]
II/III boundary 153 15.5 [84]

δ18OG. ruber depletion 159 15.9 [52]
Beta—425638 195 18890+/−70 21962–22508 22.24

3.5. Multivariate Statistical Analyses

Principal component analyses (PCA) is used to reduce the dimensionality of a multivariate
data set to a few principal factors that determine the distributions of species. For this analysis all
raw data for the totality of the samples and specimens were used. Raw data were processed using
PAST (2.17) multivariate statistical software package of [85]. The resulting factor scores show the
contribution of each factor in every sample, and therefore the down-core contribution of each factor.
The total number of factors was defined by minimizing the remaining “random” variability, and by the
possibility to relate the factors to modern hydrographic conditions and planktonic foraminiferal and
pteropod ecology.

3.6. Paleoceanographic Indices

The planktonic foraminiferal relative distributions were used as a first-order estimate of sea-surface
temperature (SST) variations. An index of the SST variations was constructed based on the down-core
variation of planktonic foraminiferal abundances, referred to as planktonic paleoclimatic curve (PPC).
The PPC was obtained by the formula 100 × (w − c)/(w + c), where w represents the warm-water
indicators (G. ruber f. alba, G. ruber f. rosea, Orbulina universa, G. sacculifer gr., Globoturborotalita rubescens,
and G. siphonifera gr.), and c the cold-water indicators (Globorotalia inflata, Globorotalia truncatulinoides,

Turborotalita quinqueloba, G. glutinata, and Globorotalia scitula). The eutrophication index (E-index; [7]) was
estimated using the sum of the eutrophic species (N. pachyderma, N. dutertrei, G. bulloides, T. quinqueloba,
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and G. inflata) versus the sum of the eutrophic plus oligotrophic species (G. ruber alba, G. ruber rosea,
G. rubescens, G. sacculifer, O. universa, and G. siphonifera). The down-core ratio between G. bulloides and
G. ruber was also estimated showing the degree of the stratification of the upper water column [86].
Following [7], this ratio is referred to as S-index, and its values reflect periods of strong summer
stratification of the water column where oligotrophic taxa dominate (low values) and/or periods of
strong winter mixing of the water column where eutrophic taxa dominate (high values).

4. Results

4.1. Lithological Description, Time Stratigraphic Framework, and Sedimentation Rates

Lithologically, the study core contains a distinct organic-rich dark interval, divided into two
separate sub-units (S1a and S1b respectively), representing the regional expression of the most recent
sapropel S1 [87,88] (Figure 2a). From the bottom up to 87.5 cm, light gray clay can be observed (Munsell
soil color 5Y 7/1). The following 24 cm are of gray color (5Y 5/1) and correspond to the lower sub-unit
(S1a) of the sapropel. Between 63.5 cm and 52 cm light gray clay (5Y 7/1) can be observed, indicative of
the sapropel interruption (S1i). From 52 cm to 40 cm mud of gray color (5Y 5/2) characterizes the upper
sapropel sub-unit (S1b). The clay continues up to 13.5 cm with a light gray clay (5Y 7/1) color. From this
point to the top of the core watery clay of light-yellow color (5Y 7/4) can be observed (Figure 2a).

 

 

δ δ
Figure 2. (a) Lithologic log of core KIM-2A along with the total organic carbon (TOC) concentration
and δ18OG. ruber and δ13CG. ruber isotope values; (b) time stratigraphic framework of the study
core; blue triangles represent AMS 14C datings, whereas red dots represent control points and
bio-litho-stratigraphic horizons used as stratigraphic markers. The errors of AMS 14C datings are
also shown.

Chronology adopted in this study for core KIM-2A derived from a polynomial fit through the five
AMS 14C datings mentioned above, and the time markers correlative to the start and end of sapropel
deposition, as well as the planktonic foraminiferal biozone Ia/Ib, Ib/Ic, Ic/II and II/III boundaries of [84]
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in the Mediterranean Sea (Table 1). The resulting age model is illustrated in Figure 2b and is consistent
with the multi-proxy chronological framework of [37] for the Aegean sediment cores, thus supporting
the robustness of our chronology. For the ages of the onset and termination of sapropel deposition, we
have used the relevant ages from the nearby core NS-14 [7,16,17]. Additional control points related
to the planktonic foraminiferal biozone boundaries were used for the age model construction, since
they are useful chronologic standards for dating late Quaternary sequences in the central and eastern
Mediterranean (including the Aegean Sea; [6,7,52,89] due to their Mediterranean-wide applicability
and synchroneity [90–92].

Based on the relative abundances of the planktonic foraminifera species (Figure 3) the interval
between 196 cm and 153 cm is characterized by the dominance of N. pachyderma, T. quinqueloba, G. scitula

and G. glutinata with additional components the species G. ruber f. alba and G. bulloides. This glacial
fauna corresponds to assemblage III and it has been recognized throughout the Mediterranean Sea
(e.g., [6,52]). The interval between 153 cm and 109 cm corresponds to assemblage II and is characterized
by high relative abundances of Neogloboquadrinids and G. glutinata and the presence of and G. inflata.
In the lower part of this interval G. ruber f. rosea appears for the first time. Subzone Ic (109–40 cm)
was identified by the warm subtropical species (G. ruber f. rosea, G. siphonifera gr. and O. universa).
In addition it includes abundant G. bulloides and G. rubescens specimens. The sharp increase in the
abundance of G. inflata at 41.5 cm is inferred to mark the onset of the Ib subzone. The Ia/Ib boundary
(at 20 cm) is marked by the decrease of the latter species along with the decrease in the N. pachyderma

abundance. In this core the Bioevent “Start of δ18Oruber depletion T1a” of [52], was also detected at
159 cm.

 

δ

 

 

Figure 3. Frequency curves of the most indicative planktonic foraminiferal species in core KIM-2A.
The dashed blue lines represent the Ia/Ib, Ib/Ic, Ic/II and II/III boundaries, whereas the gray bands the
sapropel S1 sublayers respectively. X axes scales are of 80% and 20% corresponding to the high and low
frequency abundances respectively.

According to our proposed age model (Figure 2b), the sedimentary horizons sampled in this
study span the interval from the late glacial period, and the subsequent transition (Termination 1;
T1) to the middle Holocene (Northgrippian stage) (i.e., ~5–22 ka BP). The average sedimentation rate
is 11.86 cm/ka, and is in good agreement to those reported in the marginal Aegean basin [4,7,13,52].
These sedimentation rates were derived from the age model, assuming that the sediment accumulation
has been moderately consistent throughout each interval. In particular, the average sedimentation rates
are 8.10 cm/ka for the late glacial, 10.30 cm/ka for the Termination T1, and 16.46 cm/ka for the Holocene.
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4.2. Planktonic Foraminifera Distribution Pattern

The qualitative analysis revealed 19 planktonic foraminiferal species lumped into 14 groups:
G. ruber f. alba, G. ruber f. rosea, G. sacculifer group, G. bulloides group, G. siphonifera group, G. scitula, G.

truncatulinoides, G. inflata, O. universa, T. quinqueloba, G. glutinata, G. rubescens, N. pachyderma, N. dutertrei.
The down-core stratigraphic distributions of their relative abundance are shown in Figure 3.

From the bottom of the core up to 153 cm, the fauna is characterized by high relative abundances
of the species G. ruber f. alba (22–34%), N. pachyderma (10–40%), T. quinqueloba (3–30%), and G. bulloides

gr. (8–33%). Additional components of the fauna are N. dutertrei, G. glutinata, and G. scitula. After the
153 cm, an abrupt decline in Neogloboquadrinids and T. quinqueloba can be observed, while G. bulloides

follows an opposite trend with relative abundance of 33%. From that point up to 127 cm N. pachyderma

and N. dutertrei reach their maximum abundances (45% and 15% respectively), whereas T. quinqueloba

is still present but with low percentages (up to 10%). The relative abundance of G. bulloides does not
exceed 16% and G. ruber f. alba is also present but with equally low frequency (lower than 20%).
Between 127 cm and 100 cm the fauna is characterized by the dominance of G. bulloides, N. pachyderma,
N. dutertrei, G. ruber f. alba, G. glutinata, and G. rubescens. Additional components, with lower
percentages, are the species T. quinqueloba and G. inflata. The interval between 100 cm and 41.5 cm is
characterized by a shift in fauna. Most of the species dominating the previous interval are decreasing
or becoming absent (T. quinqueloba, Neogloboquadrinids, G. glutinata and G. inflata). Prevailing species
of this interval are O. universa (44%), G. ruber f. rosea (38%), G. bulloides gr. (27%), G. siphonifera

gr. (20%), and G. sacculifer gr. (14%). In the final segment of the core, from 41.5 cm to the top, the
sampling presents poor resolution, but certain significant changes can be observed. The G. ruber f.
alba, G. inflata and G. truncatulinoides present a peak (57%, 31%, and 7% respectively) and the relative
abundances of G. ruber f. rosea, O. universa, and G. siphonifera gr. are decreasing. N. pachyderma,
G. inflata, and G. glutinata are re-appearing, but with low percentages.

4.3. Pteropod Distribution Pattern

All samples examined for foraminifera include significant amounts of aragonitic pteropods
indicating excellent preservation (without any signals of dissolution) along with the strong carbonate
preservation potential of the eastern Mediterranean basin [72,93]. A total of 12 species of Euthecosomata
(Heliconoides inflatus, Limacina trochiformis, Limacina bulimoides, Limacina retroversa, Creseis acicula,
Creseis sp., Boasia chierchiae, Hyalocyclis striata, Styliola subula, Clio pyramidata s.l., Diacria trispinosa,
Cavolinia spp.) were identified. Adult specimens, when present, were fragmented (Cavolinia spp.,
C. pyramidata). The protoconchs (Clio, Diacria and Cavolina) made the identification of certain species
and genera possible, as they were the only residue left. The down-core variation of their abundance is
presented in Figure 4.

Within the basal part of the core sequence, the fauna is composed almost exclusively of the
pteropod L. retroversa. An additional component is the species C. pyramidata, but with very low
percentages (<3.5%). Between 153 cm to 127 cm the pteropodal fauna becomes more diverse with
the species H. inflatus, D. trispinosa, C. acicula, and B. chierchiae appearing in the fauna. The relative
abundance of C. pyramidata gradually increases (up to 45%), in contrast to the decline of L. retroversa

(drops to ~40%). The latter disappears completely from the fauna at 105 cm. Between 109 cm and
85 cm the pteropod fauna consists mainly of H. inflatus, C. acicula, C. pyramidata, and D. trispinosa, with
L. bullimoides appearing for the first time at 109 cm. The species C. pyramidata and D. trispinosa are
exponentially decreasing untill, and including, the top of the core sample. In the last 85 cm of the core,
Cavolinia spp. appears in the fauna, reaching its maximum abundance (58%) at 41.25 cm and 85.5 cm,
with the species H. inflatus and B. chierchiae (15–58% and 3–40% respectively) as additional components.
At 65.5 cm, L. trochiformis presents a short occurrence and between 65 cm and 60 cm Creseis sp. presents
its maximum relative abundance (36%). Towards the top of the core L. trochiformis and S. subula present
their highest percentages (~6% and 15% respectively).
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Figure 4. Frequency curves of the most indicative pteropods in core KIM-2A. Gray bands represent the
sapropel S1 sublayers. X axes scales are of 100% and 16% corresponding to the high and low frequency
abundances respectively.

4.4. Total Organic Carbon and Stable Isotopes

Total organic carbon (TOC) in KIM-2A generally exhibits values around 1%. This pattern is
interrupted in two intervals related to the sapropel sub-units deposition. The first interval (S1a; 89–64 cm)
is characterized by high TOC concentration, ranging from 1.5% to 3.4%, and in the second interval
(S1b; 52.5–40 cm), TOC concentration ranges from 1.8% to 2.4% (Figure 2a). Thus, the deposition of S1
sapropel layer started at 89 cm and terminated at 40 cm. The interruption of sapropel S1 layer (S1i) is
detected between 64 cm and 52.5 cm, as suggested by the TOC content (~1.3%).

As shown in Figure 2a, between 196 cm and 159 cm, δ18OG. ruber values range from +2.9 to +3.2‰.
From 157 cm to 115 cm, a depletion in δ18OG. ruber values is observed (up to +0.9‰) and persists
until the 34 cm with even lower values. More precisely, the depleted values were recorded from two
intervals (88.5–65.5 cm and 50.25–34 cm) with an average value of −0.08‰ and +0.25‰ respectively.
In the interval corresponding to 66.5–61 cm, slightly heavier δ18OG. ruber values were observed (+0.6 to
−0.1‰). In the final unit of the core, from 28 cm until the top, a core enrichment in δ18OG. ruber is
recorded. The δ13CG. ruber values of KIM-2A core exhibit more scatter than the δ18O records. In the
basal part of the core (200–88 cm) values range between +1.3 to +0.2‰. In the interval between 88 cm
and 61 cm the δ13CG. ruber ranges between 0.3 and 0.9‰ with the exception of three high-positive peaks
at 80.5 cm, 73.5 cm, and 71.5 cm with values of 1.4‰, 1.2‰, and 1.3‰ respectively. From 50.25 cm to
the top of the core, δ13CG. ruber exhibits heavier values with an average of +1.29‰ (Figure 2a).

4.5. Principal Component Analysis

A standardized principal component analysis (PCA) was carried out on the total data set using
the varimax method, in order to determine the impact of various environmental parameters on the
planktonic distribution. The application of this statistical analysis yielded a three-factor model for both
planktonic foraminiferal and pteropod communities (Supplementary Materials; including PCA scores
and biplots). The interpretation of the three components in each case was based on the screen plots of
eigen values, and the factor loadings of the planktonic foraminiferal and pteropod species respectively.
The 3 distinguished factors were considered to account for 81.57% and 82.81% of the total variance in
each category respectively (Tables 2 and 3), with their factor loadings showing the contribution of each
factor in every sample and therefore the downcore contribution of each factor (Tables 4 and 5; Figure 5).
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In the case of a bipolar factor, which has extremes of positive and negative loadings, high positive
factor scores are related to the positive pole and high negative scores to the negative pole, respectively.

Table 2. Principle component analysis (PCA) factors based on planktonic foraminifera and their
percentages of the total variability for core KIM-2A.

PCA Factors Eigenvalue % Variance Cumulative % of the Total Variance

1 432.137 50.26 50.26
2 193.038 22.45 72.70
3 76.2131 8.86 81.57
4 53.3399 6.20 87.77
5 38.4841 4.47 92.25
6 24.4952 2.85 95.09
7 15.5611 1.81 96.90
8 7.97016 0.93 97.83
9 7.63218 0.89 98.72

10 5.03693 0.58 99.30
11 2.88765 0.33 99.64
12 2.25794 0.26 99.90
13 0.666282 0.08 99.98
14 0.159802 0.02 100.00

Table 3. PCA factors based on pteropods and their percentages of the total variability for core KIM-2A.

PCA Eigenvalue % Variance Cumulative % of the Total Variance

1 1209.14 58.66 58.66
2 273.91 13.29 71.95
3 223.817 10.86 82.81
4 104.846 5.09 87.89
5 100.727 4.89 92.78
6 63.5077 3.08 95.87
7 53.2518 2.58 98.45
8 23.7844 1.15 99.60
9 4.32791 0.21 99.81

10 2.86233 0.14 99.95
11 0.755953 0.04 99.99
12 0.236728 0.01 100.00

Table 4. Ranking of the planktonic foraminiferal species and their factor loadings along the PCA factors
in core KIM-2A. Bold data indicate the most important factor loadings in each factor.

Variables Factor 1 Factor 2 Factor 3

O. universa −0.511 0.363 0.194
G. ruber f. alba −0.158 −0.776 0.443
G. ruber f. rosea −0.375 0.302 0.101
G. sacculifer gr. −0.028 −0.091 −0.122
G. siphonifera gr. −0.251 0.099 −0.152
G. inflata 0.079 −0.020 −0.136
G. bulloides gr. 0.094 −0.199 −0.691
G. rubescens 0.008 −0.012 −0.209
N. pachyderma 0.643 0.320 0.305
N. dutertrei 0.155 0.100 0.051
T. quinqueloba 0.197 0.001 0.258
G. truncatulinoides 0.007 −0.060 0.004
G. glutinata 0.129 −0.014 −0.110
G. scitula 0.032 −0.009 0.064
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Table 5. Ranking of the pteropod species and their factor loadings along the PCA factors in core
KIM-2A. Bold data indicate the most important factor loadings in each factor.

Species Factor 1 Factor 2 Factor 3

H. inflatus −0.387 0.693 0.453
L. bulimoides −0.015 −0.012 0.010
L. retroversa 0.895 0.175 0.304
L. trochiformis −0.005 0.000 0.008
B. chierchiae −0.154 −0.334 0.286
C. acicula −0.064 0.227 −0.328
Creseis sp. −0.027 −0.031 −0.038
H. striata −0.004 −0.002 0.008
S. subula −0.006 0.015 0.004
C. pyramidata 0.009 −0.024 −0.437
D. trispinosa 0.051 −0.020 −0.420
Cavolinia sp. −0.131 −0.570 0.380

 

 

Figure 5. Environmental factors controlling planktonic foraminifera and pteropod distribution resulting
from the PCA. (a) PCA1 of planktonic foraminifera as a temperature factor; (b) PCA2 of planktonic
foraminifera as a stratification factor; (c) PCA3 of planktonic foraminifera as a seasonality factor;
(d) PCA1 of pteropods as a temperature factor; (e) PCA2 of pteropods as a productivity factor;
and (f) PCA3 of pteropods as a stratification factor.
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4.5.1. Planktonic Foraminifera

The first varimax factor (PCA1; Figure 5a) accounts for 50.26% of the total variance (Table 2) and
is interpreted as temperature indicator. Species with positive loadings (N. pachyderma, T. quinqueloba,

N. dutertrei, G. glutinata, G. inflata, G. bulloides, and G. scitula; Table 4) thrive in cold–water masses,
while the species with negative loadings (O. universa, G. ruber f. rosea, G. siphonifera gr., and G. ruber f.
alba; Table 4) thrive in warm–water conditions. Factor PCA2 (Figure 5b) accounts for 22.5% of the total
variance (Table 1), with the positive pole being expressed by species living in a highly stratified water
column (O. universa, G. ruber f. rosea and Neogloboquadrinids) and negative pole by species typical of
the weak development of these conditions (G. ruber f. alba and G. bulloides gr.). The third varimax
factor (PCA3) describes 8.9% of the total variance (Table 2), and also display a bipolar character, with ts
positive pole to be represented mainly by G. ruber f. alba and N. pachyderma and the negative pole
by G. bulloides. The above species that characterize the PCA3 factor are the main exponents of the
seasonal contrasts governing planktonic foraminiferal assemblages in the Mediterranean Sea during
the last glacial cycle [94–96]. Thus, the third varimax factor (PCA3; Figure 5c) is referred to as a
seasonality factor.

4.5.2. Pteropods

The first varimax factor (PCA1; Figure 5e) accounts for 58.66% of the total variance (Table 3) and
was interpreted as a temperature indicator. Negative loadings consist mainly of the warm–water
species H. inflatus, whereas positive loadings consist mainly of the subarctic species L. retroversa

(Table 5). The second factor (PCA2; Figure 5e) describes 13.29% of the total variance (Table 3) and
was interpreted as a productivity factor, as its positive pole is represented mainly by the mesopelagic
oligotrophic H. inflatus. The third varimax factor (PCA3; Figure 5f) explains 10.27% of the total variance
(Table 3). The positively loading taxa expressed by the epipelagic Cavolinia sp., L. retroversa and
B. chierchiae, as well as the mesopelagic and tolerant to low oxygen concentration H. inflatus, whereas
the negatively loading taxa (mesopelagic C. pyramidata and D. trispinosa) prefer a well-ventilated water
column (Table 5). Thus, the third factor (PCA3) can be regarded as a stratification factor.

5. Discussion

5.1. Factors Controlling Planktonic Fauna Distribution in the Aegean Sea

Of the oceanographic factors typically considered, SST shows the highest explanatory power
for the distribution of the planktonic fauna during the Late Quaternary. This is in accordance with
previously published studies showing temperature as the dominant factor controlling the biogeography
of planktonic foraminifera and pteropods at both global and local scales [61,67,97]. However, the 2
remaining factors (PCA-2, PCA-3) exhibit a bipolar character and could be considered as indicators
of the annual stability of the water column. For the planktonic foraminifera fauna, they show that
the faunal composition in the south Aegean Sea was not only controlled by SST, but also seems to be
affected by the degree of development and location of a permanent or seasonal thermocline/pycnocline.
Its vertical placement in the water column is a direct consequence of changes in sea surface salinity
(SSS) and productivity (SSP), which ultimately reflected the seasonal fluctuations of the periods of
vertical mixing of water in the periods of intense stratification. The interpretation of the second
axis focused on the appearance depths of pycnocline and deep chlorophyll maximum (DCM) and
the thickness of mixed layer. The interpretation of the third axis focused on upwelling currents
and/or river inputs (e.g., G. bulloides), parameters which primarily control the food availability and
reproductive cycles of foraminifera [73] and are directly correlated to the seasonal fluctuations they
present [94,98–100]. Therefore, a useful additional dimension of planktonic foraminifera ecology that
is underlined by the PCA conducted in this study is the degree of vertical stratification of the water
column and the way it is recorded (seasonal presence/absence pycnocline and DCM and upwellings
and runoff), which are inextricably linked with the factors of primary productivity and seasonality.
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Similarly, the second and third factor (PCA2, PCA3) of pteropods are focused on the hydrological
conditions and the overall oxygenation of the water column. Particularly, the down-core scores of
the second factor coincide with the δ13C and E-index values, indicating that variations in primary
productivity have an impact on pteropod abundances. Even though nutrient concentrations are not a
limited factor for their distribution [67], our data suggest that fluctuations in nutrients and salinity
due to the increased freshwater inputs during the sapropel deposition favor the flourishment of some
species (Cavolinia spp., B. chierchiae; Figure 4). Additionally, the third factor suggests that oxygen
concentration, and thus the intensity of the oxygen minimum zone (OMZ), are parameters that affect
pteropod distribution and particularly the mesopelagic species [66].

5.2. Paleoceanographic Reconstruction

The results of the multivariate statistical analyses, in combination with paleoceanographic
indices and isotopic data (Figure 6), reveal a succession of Late glacial to Holocene paleoclimatic and
paleoceanographic changes. The evidence of these changes is interpreted and discussed in terms of
the events that mainly accompanied the transition out of the late glacial period and the deposition of
sapropel S1 during the Holocene Climatic Optimum (HCO).
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Figure 6. Comparison between down-core score plots of the factors revealed by PCA analysis,
micropaleontological and geochemical results of core KIM-2A: (a) planktonic paleoclimatic curve (PPC);
(b) oxygen isotope record (δ18OG. ruber); (c) factor 1 of planktonic foraminifera (PCA1; temperature
factor); (d) factor 1 of pteropods (PCA1; temperature indicator); (e) eutrophication index (E-index);
(f) carbon isotope record (δ13CG. ruber); (g) factor 2 of pteropods (PCA2; productivity factor); (h) factor 2
of planktonic foraminifera (PCA2; stratification factor); (i) factor 3 of pteropods (PCA3; stratification
factor); (j) G. bulloides/G. ruber ratio (S-index); (k) factor 3 of planktonic foraminifera (PCA3; seasonality
factor); and (l) G. glutinata %.

5.2.1. Late Glacial

During the late glacial period (21.1–15.7 ka BP), the heaviest δ18O values (2.49–3.26‰),
accompanied by relatively low PPC values (−32% to +4%), suggest a cold upper water column
(Figure 6a,b). Particularly, this interval was characterized by high percentages of the cold water
foraminifera species T. quinqueloba (~30%), accompanied by G. glutinata (9%), and G. scitula (8%),
and significant percentages of the warm-water G. ruber f. alba (~34%), that are suggestive of milder
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climate after the Last Glacial Maximum (LGM), which is in accordance with other records in the
Mediterranean [101,102]. Pteropod fauna is composed mainly by the cold water species L. retroversa

(98%) and the cold-tolerant mesopelagic C. pyramidata in very low percentages (3%) which is consistent
with relevant late glacial Mediterranean records [33,61,103]. Eutrophic species are also abundant in
this interval (N. pahyderma, N. dutertrei, T. quinqueloba and G. bulloides) and are associated with the high
values of E-index (Figure 6e). Notably, the high abundance of N. pachyderma (26%) indicates shallowing
of the pycnocline and the formation of a DCM layer. In addition, δ13C values, around +1‰, and the
trend to higher S-index values (Figure 6f,j), also support the development of eutrophicated waters.
The moderate abundance of G. bulloides (5−17%; Figure 3) suggests little to no upwelling and/or runoff
contribution in primary productivity. Therefore, the injection of nutrients into the euphotic zone can
be attributed to the intensification and southward shift of westerly winds, as indicated by atmospheric
circulation models for this time interval [104].

5.2.2. Deglaciation

At 15.7 ka BP an abrupt shift of PPC to positive values, accompanied by lighter δ18O values (+2.2‰)
(Figure 6a,b), are indicative of the climatic amelioration that occurred during the last deglaciation.
These warmer conditions are also supported by the occurrence of the warm water species H. inflatus and
D. trispinosa (up to 60% and 50% respectively), and the decrease in L. retroversa percentages (between
33% and 85%). This warming trend is in agreement with relevant paleoclimatic records from the
eastern Mediterranean, and is attributed to the Bølling–Allerød (B-A) interstadial [7,13,14,105,106].
The increased SST and humidity are also recorded by the higher abundance of the terrestrial biomarkers
in the south Aegean [17], and by a change in the benthic faunas from oxic to dysoxic indicator
species [13]. In the beginning of this interval, Neogloboquadrinids were temporarily replaced by
G. bulloides (26%), suggesting local upwelling. Though, later on the eutrophic N. pachyderma and
N. dutertrei present their highest abundance (42% and 14% respectively). Additional components of
this interval are G. ruber (both variants), G. bulloides, T. quinqueloba, and G. inflata, suggesting temperate
and meso- to eutrophic waters, with strong seasonal mixing and local upwelling.

This state persisted until the onset of the Younger Dryas (YD) at about 12.9 ka BP, which is
depicted in the abrupt decrease in PPC (from +28% to −10%) and in heavier values of δ18O (1.0–2.5‰)
(Figure 6a,b). The planktonic foraminiferal fauna shows an increase in cold water species (N. pachyderma,

T. quinqueloba, G. inflata and G. glutinata). Pteropod fauna is composed mainly of the cold-water species
epipelagic L. retroversa and the mesopelagic temperate to warm-water species C. pyramidata and
D. trispinosa, while the warm-water H. inflatus presents a decreasing trend (Figure 3). This climate
response of south Aegean depression to the YD event (12.9–11.7 ka BP) seems to be in accordance
with relevant signals from other Aegean sub-basins [6,7]. Towards the end of YD (12.6–12.2 ka BP) the
species G. rubescens, C. acicula, and B. chierchiae are added to the fauna suggesting that mild climatic
conditions prevailed for a brief time interval of about 400 years within the YD event. This brief climatic
amelioration in the mid YD, which has been attributed to the displacement of the polar front by a
few degrees north [26], has been also observed in north-central Aegean marine records [7,106] and
coincides with the pattern of GRIP and NGRIP ice-core records [107,108], pollen-based reconstructions
from the Jura [109] and the Balkans [110], as well as chironomid-based reconstructions from North
Italy [111]. The increases in the S-index and E-index at around 12.2 ka BP (Figure 6e,j) coincide with
this amelioration, reflected by the improved ventilation and eutrophication of the water column.

5.2.3. Holocene

With the ending of the YD, a general climatic amelioration is seen in the records (increase in PPC,
lighter values in δ18O, decline of temperature factors PCA1; Figure 6a–d) marking the beginning of the
Holocene. Planktonic foraminifera fauna consists mainly by G. ruber f. alba that increases in abundance
towards the onset of sapropel deposition, along with G. bulloides and N. pachyderma. The two latter
species present an opposite trend, decreasing towards the onset of sapropel deposition. This trend
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suggests the gradual development of stratified and oligotrophic surface waters. Pteropod fauna
follows a similar pattern with the decreasing abundances of the species D. trispinosa and C. pyramidata,
which are indicative of a well ventilated water column [112], and the increase in the epipelagic
B. chierchiae and C. acicula (Figure 4). The reduction of E-index along with the values of δ13C and the
S-index (Figure 6e–j) are further evidence for the development of these conditions. The replacement of
G. inflata by G. glutinata (Figure 3) may be tentatively explained in terms of increased seasonality, and
of increased freshwater input, which reduced surface buoyancy loss and hence suppressed mixing
during the beginning of the Holocene [7]. This was also enhanced by the presence of the epipelagic
pteropods (Creseis spp.) that proliferate in low-salinity waters [113], and the seasonality factor (PCA3
of planktonic foraminifera; Figure 6k).

At around 9.4 ka BP, the deposition of sapropel S1 as witnessed by their high organic carbon content
(Corg: 1.8–3.3%, Figure 2a), coincided with the start of the overall δ18O depletion (+0.6‰ to −0.9‰;
Figure 6b). The changes of the planktonic foraminifera fauna are characterized by an increase in G. ruber

f. rosea, G. ruber f. alba, G. siphonifera and O. universa that are suggestive of extremely warm and stratified
conditions (PPC ~100%; PCA1 low values; Figure 6b–d). The lower values of G. bulloides/G. ruber ratio
in this interval are also indicative of strongly stratified water column and are in agreement with the
stratification factor for both faunas (PCA2 of planktonic foraminifera and PCA3 of pteropod; Figure 6h–j).
An increase in temperature and humidity around this time has been documented in all marine and
terrestrial pollen records in the eastern Mediterranean region [6,7,14–16,114]. This paleoclimate
change coincides with the Holocene summer precession-related insolation maximum in the Northern
Hemisphere [115], and the monsoon intensification that resulted in a widespread increase in humidity
over the Mediterranean region and concomitant increase of freshwater input to the Mediterranean
Sea [116,117]. Pteropod fauna is characterized by the dominance of the warm oligotrophic H. inflatus,
and the warm epipelagic B. chierchiae, C. acicula, and Cavolinia spp. (Figure 4). Mesopelagic species
(C. pyramidata and D. trispinosa) are decreasing dramatically due to the enhanced stratification of the
entire water column. Mesopelagic pteropods are affected by the OMZ alterations, which are climatically
controlled [63,112]. In the humid and warmer conditions that persisted during the formation of S1,
the subsequent stratification of the water column favored a strong and well developed OMZ that
probably led to the reduction of mesopelagic species. The presence of the mesopelagic H. inflatus into
the sapropel sublayers can be explained by its habitat. More explicitly, this species adopts a variable
depth habitat during its growth stages, and it is more susceptible to the low oxygen concentration
in the OMZ [63,118,119]. The presence of L. bulimoides in the upper part of S1a, with peaks at
8.4 ka BP, 8.1 ka BP, and 7.9 ka BP (~6%) and its absence in the S1b, suggest that during the end of
S1a (8.6–7.7 ka BP) the conditions were more arid than during the onset of S1a (9.4–8.6 ka BP) and the
interval of S1b (6.9–6.4 ka BP). In these two phases of S1a, δ13C present a decreasing trend with an
average value of +0.8‰ in the first phase and +0.6‰ in the second (Figure 6f).

The warm and stratified conditions favorable for the sapropel deposition were interrupted between
7.7 ka BP and 6.8 ka BP. This interval (S1i) is marked by the decrease in PPC (from 90% to 60%) and the
heavier values of δ18O (+0.5‰) and δ13C (+0.8‰) as shown in Figure 6a,b,f. The subsequent cooling is
also reflected in significant faunal changes, such as the increase in abundance of G. inflata, T. quinqueloba,

G. bulloides, and N. pachyderma (Figure 3). These species are associated with relatively cold temperatures
and increased food supply, suggesting high primary production and stronger mixing of the water
column [46,52]. In addition, the pteropod L. trochiformis, which is related to the mixed layer of the
water column and thrives in upwelling conditions [120–123], presents a peak at the beginning of S1i
(Figure 4).

From 6.4 ka BP to the top of the core (~5.0 ka BP), a trend to heavier δ18O values (from 0‰ to
+1.3‰) and the drop of PPC (~60%) are recorded (Figure 6a,b). In planktonic foraminifera fauna an
increase in G. inflata, G. truncatulinoides and N. pachyderma along with the reduction of G. ruber f. rosea,

G. siphonifera gr. O. universa indicate lower SST, and stronger seafloor oxygenation due to vertical
mixing. This latter is also suggested by the increase in the mesopelagic pteropod D. trispinosa. The peak

41



J. Mar. Sci. Eng. 2020, 8, 709

of L. trochiformis at 5.7 ka BP (Figure 4) is suggestive of upwelling conditions. At this point, and up to
5.0 ka BP, increased percentages of G. bulloides and G. sacculifer are indicative of increased productivity.
This is also indicated by the high values of E-index, the heavy δ13C (up to +1.7‰) and the PCA2 factor
of pteropods (Figure 6e–g).

6. Conclusions

The results of the analysis of planktonic foraminifera and pteropods, combined with the
results of principal component analysis and oxygen and carbon isotopic signals, describe the
key factors controlling the formation of the micropaleontological assemblages, and therefore the
paleoenvironmental and paleoclimatic changes during the last ~21 ka BP. Our data suggests that the
sea surface temperature, stratification of the water column, seasonality, and productivity are the main
controlling factors of the faunal distribution. During the Late Glacial, all the records indicate the
occurrence of cold and eutrophicated waters. The time interval of 15.9–11.7 ka BP, corresponding to
the deglaciation phase, was characterized by gradual climatic amelioration. During this interval, the
warm interstadial Bølling–Allerød was identified, while low SST records at 12.9 ka BP revealed the
onset of the YD. During this event, mild climate conditions were observed for around 400 years, and
are attributed to the displacement of the polar front by a few degrees north. With the onset of the
Holocene, a general climatic amelioration can be observed, with the gradual development of stratified
oligotrophic surface waters. These conditions were intensified during the sapropel S1 deposition,
which appears in two layers (S1a and S1b). The faunal and isotopic data suggest that conditions were
more arid towards the end of S1a than at the onset of the S1a and the S1b. The interruption of sapropel
deposition (S1i) and the post-sapropel interval are characterized by lower SST and stronger seafloor
oxygenation due to vertical mixing.
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Abstract: Planktonic foraminiferal biomineralization intensity, reflected by the weight of their
shell calcite mass, affects global carbonate deposition and is known to follow climatic cycles by
being increased during glacial stages and decreased during interglacial stages. Here, we measure
the dissolution state and the mass of the shells of the planktonic foraminifera species Globigerina

bulloides from a Tropical Eastern North Atlantic site over the last two glacial–interglacial climatic
transitions, and we report no major changes in plankton calcite production with the atmospheric pCO2

variations. We attribute this consistency in foraminifera calcification to the climatic and hydrological
stability of the tropical regions. However, we recorded increased shell masses midway through
the penultimate deglaciation (Termination II). In order to elucidate the cause of the increased shell
weights, we performed δ18O, Mg/Ca, and µCT measurements on the same shells from a number
of samples surrounding this event. Compared with the lighter ones, we find that the foraminifera
of increased weight are internally contaminated by sediment infilling and that their shell masses
respond to local surface seawater density changes.

Keywords: planktonic foraminifera; shell weight; climate variability; sea surface density; carbonate
production; X-ray microscopy (µCT); δ18O and Mg/Ca analyses

1. Introduction

Planktonic foraminifera are important marine calcifiers, and the ongoing change in the oceanic
carbon system makes it essential to understand the influence of environmental factors on the
biomineralization of their shells [1]. Although shell weight is a prominent, easily measured feature
of foraminiferal tests that has direct implications for the carbon cycle and carbonate budgets, it is
currently not being widely recorded or discussed because its exact environmental meaning is unclear.
The amount of calcite deposited by planktonic foraminifera during calcification has been hypothesized
to reflect a range of environmental factors. Through the years, changes in planktonic foraminifera shell
weights have been linked to different biotic and abiotic parameters such as dissolution [2], carbonate
ion concentration [3], optimum growth conditions [4], phosphate concentrations [5], temperature [6],
or salinity [1], and thus the various studies have used foraminifera shell weights each time as a different
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proxy. Recent studies have shown that planktonic foraminifera can alter their shell mass according to
ambient seawater density [7] and that the degree of this alteration in time is a function of latitude [8].

Planktonic organisms are able to biosynthesize out of equilibrium with their ambient environment
by maintaining chemical gradients. However, as passive floaters, they must always retain equilibrium
with the seawater in order to remain afloat at certain depths. It can thus be argued that plankton
physiology is more sensitive to the physical rather than chemical characteristics of seawater.
Because planktonic organisms lack active floatation devices, their only inert way to counterbalance
seawater buoyancy changes and remain at certain depths is to modify their shell mass [9].
Shell biomineralization must thus be a function of both chemical and physical seawater properties.
Although the effects of ocean chemistry on plankton have been extensively studied, there is currently a
lack of literature on the effects of physical oceanic properties such as buoyancy, density, or pressure,
which very likely affect foraminifera physiology and morphology [10]. Here, we examine the shell mass
of the planktonic foraminifera species Globigerina bulloides (NCBI:txid69025) from a sediment core of the
northeastern tropical Atlantic Ocean through the two most recent climatic cycles. After assessing the
preservation of the foraminifera tests, we report consistent shell weights, and thus steady foraminiferal
calcification, independent of atmospheric pCO2, in agreement with a Pliocene Caribbean record [11].
We thus attribute this consistency to the stability of the hydrological conditions over time at the tropics,
because the tropical environment is strongly associated with the notion of physical and chemical
stability [12,13].

The stability in the foraminifera shell weights is briefly interrupted midway through Termination II,
where elevated weights are recorded. In order to understand this feature, we used standard geochemical
analyses (δ18O, Mg/Ca) for a set of samples that we combined with high resolution X-ray computed
tomography (CT) to evaluate potential changes in the thickness of foraminifera shells [14] along with
other biometric characteristics. The geochemical analyses confirmed a relationship between shell mass
and water density, which is further supported by the µCT data that indicate clay contamination as the
cause of the elevated shell weights. The µCT analysis also allowed the determination of cell volumes,
volume normalized weights (i.e., shell density), or porosities, and has proven a valuable tool in the
study of foraminifera shells. The present record provides new evidence on the response of planktonic
calcifiers to ocean acidification that will help to better constrain the role that shell mass variations have
on the sedimentary calcite budget and the carbon cycle.

2. Location and Oceanographic Setting

GeoB 8502 (19◦13.27′ N, 18◦56.04′ W) is a Tropical North Atlantic pelagic site at the lower reaches
of the Cap Timiris Canyon, approximately 250 km offshore the Mauritanian coast (Figure 1). The canyon
head abuts the Tamanrasset River System, which, although not discharging under present-day climate
conditions, ranks among the largest river systems worldwide. The mouth of this potential river system
is located off Cap Timiris, but its flow pathways are at present covered by extensive Saharan sand
dunes [15]. Presently, the Senegal River is the northernmost active drainage system of West Africa.
Core GeoB 8502-2 was retrieved from 2956 m water depth on the lower Northwestern (NW) African
continental rise and consists of levee sediments that are predominantly hemipelagic deposits.

Modern climate over the NW African margin is governed by the dynamics of the West African
Monsoon, which is associated with the seasonal latitudinal shifts of the intertropical convergence
zone (ITCZ) [16]. In winter, the equatorward displacement of the ITCZ (5◦ N) causes a southward
shift of dry subtropical air masses and is associated with the development of strong easterly Saharan
Air Layer winds. The southward shift of the ITCZ and wind development cause dust transport
from the Sahara [17]. The dust plume is generally located between 15 and 25◦ N along an E–W
axis over the tropical Atlantic Ocean [18]. During boreal summer, dry subtropical air is shifted
northward as the ITCZ is located around 20◦ N (Figure 1). This represents the onset of the rainy season
(summer monsoon), with heavy rainfall and changes in atmospheric circulation [19]. Trade winds
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from the southern hemisphere, loaded with water vapor, penetrate north to the West African continent.
The moisture-laden air spreads over the ocean and continent, permitting heavy rains over the area.

As part of the Eastern Boundary Current system, the Mauritanian upwelling region is one of
the major upwelling areas in the Atlantic Ocean [20]. Along the NW African margin, the temporal
dynamics of the coastal upwelling is driven basically by the intensity of the northeast trade-winds,
itself dependent on the seasonal intertropical convergence zone (ITCZ) migration [21,22] on a perennial
basis, producing cold nutrient-rich surface waters with modern sea surface temperatures (SSTs) as
low as 16 ◦C. The studied area is under the influence of the major return branch of the subtropical
gyre, the Canary Current (CC), flowing southward along the north-west African coast, then becoming
the North Equatorial Current (NEC) when turning southwestward and leaving the African continent.
Further south, the westward flowing North Equatorial Counter Current (NECC) is encountered,
which transports low salinity water in the area and is known to show a strong seasonal cycle position
with maximum velocities when the ITCZ is located at the northernmost position and weak velocities
in northern spring [22].

The main water masses encountered in the upwelling region are the Tropical Surface Water (TSW),
the North and South Atlantic Central Waters (NACW and SACW), and the Antarctic Intermediate
Water (AAIW) [22]. Because of the Cape Verde frontal zone (CVFZ), which is the transition boundary
zone between NACW and SACW, the upwelling is fed by two different subsurface water masses
depending on latitude [23]. The CVFZ is located at about 20◦ N off Africa oriented southwestward to
about 16◦ N in the central tropical Atlantic. The front is associated with a convergence at the coast
between the CC conveying NACW southward and a northward flow of SACW. With SACW and
NACW occupying the same density range, the front is density-compensated and results in a multitude
of intrusions, filaments, and lenses [24]. The NACW is warmer and more saline compared with the
SACW. Both central water masses appear in the permanent pycnocline between depths of 150 m and
600 m at temperatures greater than about 8 ◦C, below which lies the AAIW [22]. At greater depths, the
core sediments are currently bathed in the carbonate saturated North Atlantic Deep Water (NADW)
and may have remained so during the glacials [25].

 

≈

μ

μ μ

Figure 1. Location of the studied core GeoB 8502-2 along the north-western African margin compared
with the atmospheric and oceanographic regional settings. The Cap Timiris Canyon pathway is marked.
The arrows show the pathway of the modern dominant surface currents in the area. Red and blue
bands identify the migration domains of the summer and winter intertropical convergence zone (ITCZ),
respectively. The dashed red band close to the core position denotes the Cape Verde frontal zone
(CVFZ) location. The Tamanrasett River paleodrainage valley is indicated, as suggested by [15].
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3. Materials and Methods

GeoB 8502-2 is 14.78 m long with an average sedimentation rate of ≈6 cm/ky and extends
back 200 ky to Marine Isotope Stage (MIS) 6. Samples were taken at a resolution of ~1700 years
(10 cm sampling interval) by extracting a slice of material, 1 cm in thickness, which corresponds
approximately to an average of 170 years of sedimentation. All samples were freeze-dried, weighed,
and washed through a 63 µm sieve. They were subsequently dry-sieved into several sieve fractions
and non-fragmented G. bulloides shells from the 315–355 µm size fraction were picked for mass analysis.
The very narrow size interval (40 µm) should be sufficient to overcome the greater proportion of
natural size variability without further normalization [26]. Furthermore, this size fraction is widely
used in paleoceanographic studies and can allow comparisons. However, any record of shell weight is
a composite signal of dissolution superimposed upon initial shell weight variability.

In order to assess whether the influence of dissolution is responsible for the observed shell
weights, the preservation state of the specimens underwent multiproxy assessment. Moreover, to better
understand the increase in G. bulloides shell mass during Termination II (T-II), the selected specimens
were analyzed both geochemically and by high resolution X-ray microcomputed tomography (µCT).
µCT was used to inspect the interior and the internal structure of the foraminiferal tests, and apart from
addressing the test’s integrity (manifestation of dissolution), we were also able to assess to what degree
the increased recorded masses are the result of interference from shell inclusions or of changes in test
thickness. Finally, the XMCT analysis led to total shell volume estimates that allowed the calculation
for the first time of volume normalized shell weights or G. bulloides shell densities, presenting a more
precise method of eliminating the contribution of shell size to shell weight.

3.1. Weight Analysis

Where available, ideally, 50 (minimum 38) G. bulloides shells were weighed in a preweighed
aluminum carrier using a Sartorius CP2P microbalance with a precision of ±1 µg. Average shell
masses were calculated by dividing the recorded mass by the total number of foraminifera weighed.
Subsequently, for each sample, each shell was weighed separately, in order to estimate standard shell
mass deviations. As explained above, performing shell weight analyses on a narrow size fraction
of foraminifera constrains the ontogenic stage of the specimens to a certain number of chambers,
and thus minimizes size-related weight differences [26–28]). The analytical error, estimated by triplicate
measurements of 50 random specimens, ranged from 0.42 to 0.58 µg, which is in accordance with the
error of the balance.

3.2. Dissolution Assesment

Because of the immediate impact of dissolution on shell mass, a multiproxy approach was applied
to determine the preservation state of the foraminiferal carbonate because indirect dissolution proxies
may respond to influences other than dissolution alone. First, the conventional fragmentation index
(F.I.) was counted in a sub-split of (~300) particles from the 315–355 µm sieve fraction. Subsequently,
30 of the weighed specimens was mounted for ultrastructural examination under the SEM using the
G. bulloides dissolution index (BDX′). As this species has a high dissolution susceptibility ranking [29],
it is a reliable indicator of the foraminiferal carbonate preservation state. The BDX′ [30] is based
on the direct assessment of corrosion of the specimen’s surface and consists of distinct dissolution
stages that are determined by the decreasing preservation state of the four ultrastructural test features:
pores, interpore space, spines, and ridges. As dissolution proceeds, pores are widened, the interpore
areas are etched, and ridges and spines become denuded until the specimen is finally broken down.
It thus consists of six stages worsening from 0 to 5, with severe dissolution starting above stage 3.
The SEM analysis was performed with a Zeiss DSM 940A SEM in the Department of Geosciences at the
University of Bremen.
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3.3. X-ray Micro-Computed Tomography (µCT)

For X-ray microscopic analysis, in total, 27 specimens were scanned from 3 samples (9 specimens
per sample) that correspond to the time interval of the increased mass event (132.2 ka), the penultimate
glacial maximum (139.1 ka) prior to the event, and a time interval of increased shell weights that
followed (122.5 ka). Each batch of shells was poured into a quartz cylindrical carrier 1 mm in
diameter [31]. They were stabilized with diluted tragacanth glue and left to dry prior to scanning.
The specimens were subsequently retrieved for the geochemical analyses. The micro-CT (µCT) scanning
was carried out with a Zeiss Versa 520 at the X-ray Microscopy laboratory of London Natural History
Museum. X-ray source and detector geometry were kept constant throughout the scans. Anode voltage
was set at 100 kV, the X-ray tube current was 90 µA, and the exposure time was 2 s at an optical
magnification of 4×. By processing approximately 1024 images per sample, a scan resolution voxel size
of ~1.2 µm3 was typically achieved using this set up in order to maximize the number of specimens
that could be analysed in a single scan. The images were combined to build a 3D rendering using
Avizo software, which was also used for segmentation. The segmentation resulted in the separation of
the tomographs into shell area, area occupied by clay infillings (dirt), and internal shell (protoplasm)
voids (Figure 2).
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Figure 2. Example of tomograph segmentation using computed tomography (CT) data visualization
software, where (a) in yellow, the foraminifera test is solely segmented; (b) in red, the area covered by
dirt was also segmented; (c) dirt and internal (chamber) voids were considered together to calculate
the area that was occupied by protoplasm (in blue); and (d) protoplasm and shell areas were merged
together (in cyan) to calculate the total volume occupied by a foraminifer.

Subject to the degree of segmentation, the X-ray microscopic analysis allows the determination
and study of a number of biometric characteristics of the foraminifera shells, such as total shell volume
(Figure 2d), thus shell density (volume normalized weight) and calcite (test) volume, and thus test
density [32] and calcite (test) surface (Figure 2a). The ratio of calcite volume/calcite surface provides
a linear unidimensional quantity in length units and can thus serve as a measure of average test
thickness. In this study, in addition to shell density, that is, the ratio of shell volume to shell mass,
we use the “specific surface area”, that is, the ratio of test volume/test surface, as a measure of average
test thickness [32] and the test density, that is, the ratio of test volume to shell mass, as an indication
of test porosity. Furthermore, by segmenting the area occupied by clay infillings, we were able to
calculate by volume percent the degree of contamination in weight measurements.

3.4. Geochemical Analysis

In order to reconstruct the oceanographic regime of the time interval surrounding the increased
shell mass event during T-II, 12 adjacent down core samples, covering the period of ~22,000 years
between 119 and 140 ka, were geochemically analysed to determine shell Mg/Ca ratios for seawater
temperature estimations and δ18O isotope (δ18Oshell). Mg-derived temperatures and foraminiferal
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δ18Oshell were used together to assess changes in seawater δ18O (δ18Osw) composition. Mg/Ca ratios
were converted to temperatures using an equation for temperate ranges [33]. δ18Osw was calculated
using a published paleotemperature equation [34], and a VPDB-to-SMOW δ18O conversion of
0.27‰ [35]. Salinity estimates were derived from δ18Osw using the tropical Atlantic salinity-δ18Osw

relationship [36] and corrected for deglacial whole ocean salinity changes using a 120 m scaled sea-level
curve [37] and an average ocean depth of 3800 m. Seawater densities were calculated from temperature
and salinity estimates using the equation state of the water [38] at a (G. bulloides calcification) depth
of 100 m. In order to test the correlation between shell mass and the different environmental and
oceanographic data, two-tailed regression analyses were performed using the reduced major axis
model, at n − 1 degrees of freedom (n representing sample size).

3.4.1. Oxygen Stable Isotope Determination

For oxygen isotopes determination, on average, five G. bulloides tests from each sample were
transferred into sample vials, crushed, and then dried in an oven at 50 ◦C. The vials were loaded into the
carousel and analysed using a Thermo Kiel device attached to a Thermo MAT253 Mass Spectrometer
in dual inlet mode at The Godwin Laboratory for Paleoclimate Research, Department of Earth Sciences,
University of Cambridge. The preparation system operates automatically, analysing samples in
sequence. Then, 100% orthophosphoric acid is dropped onto the evacuated vial and reacts with the
calcium carbonate sample. The evolved carbon dioxide is cryogenically dried and then admitted to the
dual inlet mass spectrometer for isotopic analysis by comparison with a reference gas. Each run of 30
samples was accompanied by 10 reference carbonates and 2 control samples. The results are reported
with reference to the international standard VPDB and the precision is better than ±0.06 per mil for
δ13C and ±0.08 per mil for δ18O.

3.4.2. Mg/Ca Determination

On average, 15 G. bulloides tests from each sample were used for Mg/Ca determination.
The specimens were cleaned using the standard protocol [39], omitting the reductive treatment,
and were analysed for Mg/Ca ratios by inductively coupled plasma optical emission spectrometry
(ICP-OES) using an Agilent 5100 instrument at the Godwin Laboratory for Paleoclimate Research,
Department of Earth Sciences, University of Cambridge. Samples were dissolved in 0.1 M HNO3 and
centrifuged to remove any undissolved material. After an initial run to determine Ca concentration,
samples were diluted to constant [Ca] (100 ppm). Mg/Ca ratios were determined by the intensity
ratio method of [40] using calibration standards prepared according to [41]. Cleaning efficiency and
diagenetic effects were monitored by measuring Fe/Ca, Mn/Ca, Al/Ca, Si/Ca, and Ba/Ca ratios.

The instrumental precision for the Mg/Ca ratios is ±0.51%, determined by replicate analyses
of a standard solution containing Mg/Ca ratios of 1.3 mmol mol−1 and a Ca concentration of
100 ppm. The accuracy of Mg/Ca ratios has been established by interlaboratory calibration [42].
Sample heterogeneity for Mg/Ca ratios has been shown to be much greater than instrumental
precision [39,43]. We estimate the reproducibility of planktonic foraminiferal Mg/Ca ratios as ~8%
from replicate analyses of G. bulloides picked from an Atlantic core-top sample.

4. Results

The record of G. bulloides shell mass attained from GeoB 8502-2 for the last 200 ky shows no distinct
mode of variability (Figure 3a). In general, shell weights are stable, fluctuating only on a small scale
(±1.1 µg, 1σ) around an average of 13.4 µg. They thus do not exhibit any glacial–interglacial cyclicity or
follow the atmospheric pCO2 fluctuations (Figure 3d). Lower shell mass weights are found within MIS
6, while values almost increase progressively after MIS 5.2. Superimposed on this pattern is a broad
maximum in shell weight centred on the MIS 5/6 boundary of T-II with a duration of approximately
2300 yr, during which shell masses increase by 30% above average.
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Figure 3. Climatic records of the last 200 ky (before present; BP): (a) G. bulloides average shell mass record
from GeoB 8502-2. The grey line denotes the record’s mean shell mass and the 1σ confidence interval is
indicated by the shading; (b) specimen’s preservation assessment using the Bulloides dissolution index
(BDX’); (c) the fragmentation index of the coarse fraction; and (d) the record of atmospheric CO2 from
Vostok [44] is shown for comparison. The 1σ confidence interval for the shell mass and BDX’ plots
shown as transparent polygons. Numbers refer to Marine Isotopic Stages (MIS) or substages and grey
shaded areas interglacial periods. Data are available in Supplementary Tables.

The multiproxy carbonate preservation assessment of the studied core is shown in Figures 2c and 3b.
The record of fragmentation strikingly parallels that of the atmospheric pCO2, indicating the influence
of carbonate chemistry changes on the study samples. Nonetheless, this influence does not prove
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sufficient to severely alter foraminifera shell mass. In general, foraminiferal carbonate is found to be
well preserved (Figures 2c and 3b), because any severe dissolution takes place after BDX’ values of 3 [30].
The BDX’ and the F.I. assessments (Figures 2c and 3b respectively) are in agreement, indicating that
the preservation becomes better during the course of the last glacial period. However, regardless of
the increase in foraminifera fragmentation after the Last Glacial Maximum, the G. bulloides specimens’
ultrastructure was not found to be corroded. A similar disagreement between the dissolution proxies
exists for MIS 6, where, although the surface ultrastructure of G. bulloides specimens shows signs of
corrosion, overall foraminiferal breakage is found to be limited. The deteriorated shell preservation
state during MIS 6, as suggested by the BDX’, might be adequate to explain to some extent the slightly
decreased G. bulloides shell weight values of this period, but on the other hand, the gradual decrease of
the BDX’ values towards the present may explain a gradual increase in mass.

The results of the geochemical analyses of the samples surrounding T-II are summarized in
Figure 4 together with a focused record of G. bulloides shell weights, atmospheric pCO2, and relative sea
level. δ18O ranges from −0.09 to 0.71‰ and, with the exception of the first sample in MIS 6, in general,
they are found to be more depleted within the glacial period. The most depleted value is found
near MIS 6.2 (133.9 ka), after which values start to increase and become heavier during the Eemian.
Mg/Ca ratios range from 2.33 to 4.15 mmol/mol, but are in general consistent around 2.8 mmol/mol
during this period. However, they are slightly more depleted prior to the termination and exhibit
a spike with a ~46% increase in their values during the MIS 6.1 interstadial. This increase should
indicate an environmental signal as all the contamination indicators (Fe, Al, and so on) were low for
this sample.

The results of the µCT analysis of the samples covering the 22 ky interval surrounding the 30%
increase in shell weight event during T-II are summarized in Table 1. Shells are on average ~16%
thicker during the time that they are heavier (132.2 ka), with a mean thickness of 5.7 µm. They are
also ~32% more voluminous/larger within the same sieve fraction during the same time, but with
the highest size variability. Apart from being larger and thicker, they are also found to be more than
threefold contaminated by clay infillings (19% of their interior void), thus the observed increase in
weight is a result of both enhanced biomineralization and contamination. Shell densities or volume
normalized weights do not change significantly (up to 7% from the densest during the time of the
highest masses to the lightest during the interglacial), but values show high variability. In terms of test
density or porosity, the heaviest and densest shells are only intermediate porous.

Table 1. Average biometric data of foraminifera from weighing and µCT (computed tomography)
analysis. Test thickness is the ratio of calcite volume to calcite surface, and shell and test density are
the ratio of the average shell weight to test and shell volume, respectively (see Section 3.3 for details).
Sediment infilling is the specimen’s internal volume percentage occupied by sediment impurities.
The µCT analysis results for individual specimens are published in an accompanying paper [31].

Sample
Age

(kyrs)
Test Mass

(µg)
Test Thickness

(µm)
Cell Volume

(µm3)
Sediment
Infilling

Shell Density
(g/cm3)

Test Density
(g/cm3)

785 122.5 13.6 ± 2.4 5.0 ± 0.4 22,326,089 ± 11% 5% 0.61 ± 0.12 35 ± 7
825 132.2 16.8 ± 2.2 5.7 ± 0.5 24,126,844 ± 22% 19% 0.69 ± 0.18 21 ± 6
865 139.1 11.0 ± 2.2 4.8 ± 0.5 19,091,400 ± 17% 4% 0.58 ± 0.15 17 ± 4

Sample 865 at 139.1 ka should record the Penultimate Glacial Maximum (PGM) in the present
archive, which, in the northern hemisphere, is placed at ~140 ka BP [45], because after that, the sea
level and atmospheric CO2 rise continuously (Figure 4). The low shell weights recorded during this
period indicate reduced calcification, which is further supported by the µCT scans, which reveal small,
thin, and highly porous shells of low density. The scanned shells closest to the peak of the Eemian
interglacial period were found to be of average mass, intermediate size, thickness, and density, but were
also the least porous. The interior of the Eemian and PGM specimens was found to be filled with
sediment by only 5% and 4%, respectively, thus with minimum distortions to the weight measurements.
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Figure 4. Climatic and geochemical records of the period surrounding the increased G. bulloides

shell mass events during T-II: (a) average G. bulloides shell mass from GeoB 8502-2. The grey line
denotes the mean shell mass of this period and the shading is the 1σ confidence interval. Enlarged
circles denote the samples that have been X-ray microscopically analysed. The thickness of their
envelope line is proportional to the average shell wall thickness shown in Table 1; (b) δ18Oshell of the
foraminiferal calcite; (c) Mg/Ca ratios of the foraminiferal calcite; (d) the relative sea level record [46]
is shown for comparison and (e) the record of atmospheric CO2 from Vostok [44] is also shown for
comparison. The 1σ confidence interval for the shell mass plot is shown as transparent polygons.
Numbers refer to Marine Isotopic Stages and substages. Geochemical and shell mass data are available
in the Supplementary Tables.

The geochemical analyses allow the reconstruction of the physical oceanographic parameters
that characterize the period surrounding T-II at the study area and are shown in Figure 5a–c.
Temperatures are relatively stable at around 17 ◦C and they are only slightly lower, in comparison with
during MIS 5.5, for most of the late MIS 6 glacial. During the MIS 6.1 interstadial peak, the temperature
rises to 20.3 ◦C, while after the Eemian peak, it drops to 14.8 ◦C. The salinity reconstructions show
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strong changes in the salt content during this time, with a drop in salinity from ~34 to 29 psu for
3400 years between 139.1 and 135.7 ka, and then a ~24% increase to ~38 psu after the PGM before
decreasing back to 34 at the peak interglacial. The same applies with the reconstructed densities
of the water column that reveal lighter waters during the glacial and denser waters after MIS 6.1.
Following the previous study [7], shell weights were plotted against the reconstructed seawater density
values and a significant (R2 = 0.43, p < 0.05, n = 12) relationship between these parameters was verified
(Figure 5d), which becomes even more significant (R2 = 0.74, p < 0.01, n = 12) if the (upper right)
two heaviest (most contaminated by clay infillings) samples are omitted. It is evident that these two
samples of excessive shell weights deviate from the resulting regression line. If this regression line
dictates shell mass according to the shell’s geochemical signal, then we can infer that these two samples
are contaminated with 2–3 µg of sediment.

 

μ
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Figure 5. Geochemically reconstructed physical oceanographic parameters for the period surrounding
T-II and their relation to average G. bulloides shell weights: (a) temperature estimates based on Mg/Ca
ratios; (b) salinity reconstructions based on coupled Mg/Ca and δ18O measurements together with
Barium (Ba) X-ray fluorescence (XRF) counts; (c) ambient seawater density reconstructions based on
the preceding temperature and salinity estimates; (d) shell mass and seawater density regression plot.
The two upper right points are the increased shell mass samples that deviate from the regression line by
2 and 3 µg, respectively. At the lower right, the contamination corrected regression equation is shown.
Enlarged circles denote the samples that have been X-ray microscopically analysed. The thickness
of their envelope line is proportional to the average shell wall thickness shown in Table 1. Data are
available in the Supplementary Tables and XRF data from [47].

5. Discussion

The sieved based weight analysis of G. bulloides shells from the tropical Atlantic core GeoB8502-2
revealed a typical value of 13.4 µg and only small variability in the average mass throughout the last
two climatic cycles, which does not follow the atmospheric pCO2 record. This stability in planktonic
foraminifera shell masses despite changes in atmospheric pCO2 has also been reported in similar
latitudes for the Pliocene [48], and may be the result of the environmental stability of the tropical regions.
The tropics are generally an environment in which the physicochemical factors are not undergoing
major changes through time [12] and this hydrological stability can explain the observed stability in the
foraminifera shell weight record that we report here. The incoming solar energy varies considerably
from tropical to polar latitudes. At the equatorial region, the average insolation is the highest with
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only minor peak energy changes, while at middle and high latitudes, the regular periodicities in the
Earth’s orbit and tilt influence the amount and distribution of incoming energy and temporal changes
are greater [49].

Test weights and the range of test weights in North Atlantic Pliocene and Pleistocene G. bulloides

are similar despite the higher pCO2 during the Pliocene [11]. However, the absolute G. bulloides

shell mass values for specimens 300–350 µm in size reported here for a tropical Atlantic site are low
compared with the North Atlantic records [48,50]. This is consistent with the influence of seawater
densities on shell weights [7], as the lowest sea surface density values are found in the tropical waters,
where salinity is lowest due to excess rainfall associated with the intertropical convergence zone,
and increases toward the poles [51]. At higher latitudes, G. bulloides shell weight changes by around
one-third over glacial–interglacial cycles [3,50,52], and a similar variability in test weight is seen
through the Pliocene glacial–interglacial cycles at a similar location [48]. At these higher latitudes that
are more sensitive to (latitudinal) changes in solar radiation through time, foraminifera shell weights
follow the pronounced hydrological changes between the climatic cycles, with the most sensitive
latitudes for explaining the glacial/interglacial ice-dynamics around 65◦ [53], leaving the tropical shell
mass records almost invariable. The consistency in foraminifera shell mass may reflect hydrological
stability in the study area, and thus stability of the ITCZ locations during the last 200 ky.

Both dissolution proxies (F.I. and BDX’) agree that the biogenic carbonate preservation is generally
good to very good. There is a clear match in the trends of both proxies for deterioration in the
preservation of foraminifera specimens from MIS 2 to MIS 5.5. Increased specimen dissolution is
also evident in the tomographs of the mid T-II sample [54]. This deteriorating trend, however, is not
sufficient to cause obvious reductions in the weights of G. bulloides shells during this time interval.
The two proxies disagree within MIS 6, where the degree of ultrastructural corrosion does not parallel
the degree of specimens’ fragmentation. This discrepancy points either to the application limits of the
proxies or is the result of different test architecture. The F.I. is an indirect measure of shell dissolution
and may be the result of ecologic factors like shell initial thickness or different environmental ones
(e.g., degree of bioturbation), but in this case, it closely follows the atmospheric pCO2, implying an
influence of carbonate chemistry. On the other hand, the BDX’ assesses specimen dissolution directly,
but it is more subjective than F.I. as a proxy. However, if specimens are smaller during the late MIS
6, as suggested by the CT analysis (Sample 865; Table 1), then they would have been less prone to
fragmentation [55] even at a higher degree of corrosion, and this could explain the offset in the indices.

Carbonate dissolution in the equatorial Atlantic was traditionally believed to be greater during
interglacial periods, mainly because of lower carbonate contents in the glacial sequences that fluctuated
in response to Quaternary climatic oscillations [56–59]. However, Broecker, et al. [60] showed, in a
core from the north Atlantic, that net carbonate input actually increased in the last glacial, but a
proportionately higher detrital terrigenous influx diluted the carbonate, in accordance with later
studies [61–63] showing that large glacial–interglacial differences in carbonate concentration are caused
mainly by increased dilution by non-carbonate material during low sea levels. On the basis of the
multiproxy dissolution assessment and the consistency of foraminifera shell weight, the present analysis
shows that biogenic carbonate dissolution has overall been minimal in the eastern tropical north
Atlantic, with a slight increase towards the peak interglacial. Slightly increased dissolution of fossil
shells is to be expected during interglacials as a result of the biomineralization of dissolution susceptible
higher-Mg calcite. Together with findings from the western equatorial Atlantic [63], the present study
indicates that the average carbonate productivity in the tropical Atlantic has been constant during the
last two climatic cycles. Furthermore, the strong carbonate preservation in the study site suggests that
the Cape Verde plateau has remained under the influence of the non-corrosive NADW during the past
200 ky, the carbonate chemistry of which closely followed the atmospheric pCO2.

The homogeneity of the G. bulloides shell mass record is interrupted by a spike in the mass values
during T-II, where weights increase by 30% above average. In order to explain this abnormality, a series
of geochemical and tomographic analyses were performed that point to sediment contamination as
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the cause of the increase of the measured weights. The first elevated masses are recorded at 132.2 ka
during MIS 6.1, where high Mg/Ca temperatures are also recorded, and persisted for approximately
2400 years. With the exception of MIS 6.1, when 20.3 ◦C was reconstructed, temperatures in the area are
relatively stable around 16–17 ◦C and only slightly reduced during glacial times. For comparison, in the
upwelling region of the area, the full range of glacial to interglacial temperature changes amounted to
more than 6 ◦C [64], and such variations in SST most probably result from changes in the intensity of
coastal upwelling, and in turn the consequence of fluctuations in trade-wind strength [65]. Peak warm
stages, accordingly, correspond to a cessation of upwelling and trade winds. Indeed, temperatures of
25 ◦C are characteristic of the subtropical Atlantic outside the upwelling region [66]. T-II is defined
by the fairly gradual δ18Oshell decrease between substages 6.2 and 5.5, as has been manifested for the
study area before [67]. Coupled δ18Oshell – Mg/Ca derived salinities and densities reveal that, because
temperatures are relatively stable during this time interval, it is salinity that dictates the sea surface
density (SSD) and major hydrological changes in the area take place after MIS 6.1, when salinities
return to normal marine conditions.

During the late MIS 6, the geochemical data suggest salinities as low as 29 for ~3500 years.
The presence of a less-saline water surface layer will most often lead to reduced production, as higher
density differences will slow down the upwelling system. T-II contains two major meltwater pulses [68]
(MWP-2A and MWP-2B) that, on one hand, can explain low salinities, which are centered on 139 ± 1
and 133 ± 1 ka [69], and coincided within uncertainties with two North Atlantic cooling episodes [70].
MWP-2A indicates an early phase of ice-sheet retreat. MWP-2B is more convincingly resolved and
marks a steep ~70 m sea-level rise (~70% of the glacial–interglacial change) at rates of 28 ± 8 m
ky−1 [68,69]. Although small scale perturbations in SSSs and SSDs such as during MIS 5.5 may have
been explained by changes in the position of CVFZ and, accordingly, shifts in the influence of NACW
and SACW, salinities in the order of 29 indicate the influence of continental discharge, as similar
values are found at sites closest to the river mouth in western Africa [71–73]. Fluvial delivery is also
suggested by the increase in Ba2+ core X-ray fluorescence (XRF) data (Figure 5b), which are used to
infer freshwater inputs [72,74]. Seawater Ba concentrations at oceanic sites influenced by riverine
runoff have a notably high inverse correlation to salinity, because dissolved Ba is high in riverine
water [75]. Saharan aquifers were found to be recharged during glacials [76] and such humid periods
trigger the reactivation of the Tamanrasset river system in Western Sahara [15], part of which is the
Cap Timiris canyon.

Shell weights closely follow SSD changes (R2 = 0.43, p < 0.05, n = 12) during the time interval
analyzed (Figure 5d). The two samples that exhibit abnormally elevated shell masses within the record
are also shown to be outliers in Figure 5d plot and, according to the CT analysis performed in one
of them, the specimens were four times more contaminated by clay impurities than the rest of the
scanned samples. If these two contaminated samples are omitted, the correlation between weighed
shell mass and geochemically reconstructed seawater densities becomes more significant (R2 = 0.74,
p < 0.01, n = 10). There is a weaker correlation with salinity (R2 = 0.41, p < 0.05, n = 10), while there is
no significant correlation between shell weights and atmospheric pCO2 (R2 = 0.16 p < 0.10, n = 12)
during this period. Using the shell mass–density regression line to correct the elevated weights,
a contamination of 2–3 µg is found. If these corrections are applied then the slope of the regression line
(0.38; Figure 5d) matches that of Zarkogiannis, et al. [7] (0.39), which appears to be characteristic for
G. bulloides. On the basis of this relationship, the low shell weights recorded prior to MIS 6.1 (Figure 4a)
can be explained by the freshening of Mauritanian waters. Furthermore, during this time interval,
the µCT analysis showed that foraminifera shells have the lowest volume normalized weights and they
are smaller, thinner, and of highest porosity (Table 1). The lowest porosities are found close to the peak
interglacial, when all other shell characteristics are intermediate. The heaviest, thickest, and densest
shells are indeed recorded during the increased shell mass event (132.2 ka), when specimens are also
largest, but of intermediate porosity (test density). Increased shell wall thicknesses and shell and
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test densities are characteristics of increased biomineralization efforts and play a partial role in the
observed increased shell masses.

Shell mass is an easy to measure, central feature of fossil planktonic foraminifera that reflects
their physiology and provides clues regarding the ocean carbon cycle. Furthermore, the whole-shell
weights of planktonic foraminifera picked from a narrow size range can provide a measure of the
extent of surface ocean density changes. The consistency of the different shell mass records from
Pliocene core material [11] to Miocene land section samples [77] proves that foraminifera weighing is a
robust method for assessing the extent of pelagic biomineralization. However, the present study has
shown that the degree of shell cleanliness can greatly affect weight measurements, imposing distortions
to paleoceanographic interpretations. Nonetheless, the cleaning procedure remains unstandardized,
and different laboratories currently use a variety of treatment methods. It becomes apparent that,
in studies of planktonic foraminifera shell weight variations, it is of particular importance to ensure
the removal of the detritus trapped within shell chambers and µCT scanning should complement such
studies. Except for the degree of contamination, CT provides a wealth of information on the biometry
and the preservation of the tests.

6. Conclusions

On the basis of a record of planktonic foraminifera shell weights from a sediment core in the
eastern tropical north Atlantic, we provide evidence of steady carbonate productivity in the equatorial
Atlantic Ocean during the last two climatic cycles. A multiproxy dissolution assessment found
foraminiferal carbonate to be well preserved, and the consistency in the measured shell masses is
a reliable indication of stable foraminifera biomineralization strength, independent of changes in
atmospheric pCO2. We attribute this invariability in the mass of G. bulloides shells to the stability of the
local hydrologic conditions, which also reveals stability in the position of the ITCZ during the last
two glacial–interglacial stages. Furthermore, the enhanced preservation of the foraminiferal record
indicates that the Cape Verde plateau remained under the influence of the non-corrosive NADW
during the study interval.

The geochemical analysis of the samples surrounding the termination revealed a freshening of
the surface waters prior to PGM, which coincided with freshwater pulses or the reactivation of a
sub-Saharan drainage system. Furthermore, the reported relationship between G. bulloides shell weight
and ambient seawater densities was verified, reinforcing the use of foraminifera shell weight as a
hydrological indicator. The X-ray tomographic analysis of selected samples allowed the determination
of volume normalized weights and revealed that the spike observed in the G. bulloides shell weight record
during T-II is an artifact of specimen contamination by clay infillings. Overall, the tomographic analysis
proved to be a very powerful micropaleontological tool for the determination of key shell characteristics
(e.g., cell volume, shell thickness, porosity), which are important for paleoclimatic studies.
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Abstract: Paleoclimatic and paleoceanographic studies routinely rely on the usage of foraminiferal
calcite through faunal, morphometric and physico-chemical proxies. The application of such proxies
presupposes the extraction and cleaning of these biomineralized components from ocean sediments
in the most efficient way, a process which is often labor intensive and time consuming. In this
respect, in this study we performed a systematic experiment for planktonic foraminiferal specimen
cleaning using different chemical treatments and evaluated the resulting data of a Late Quaternary
gravity core sample from the Aegean Sea. All cleaning procedures adopted here were made on the
basis of their minimum potential bias upon foraminiferal proxies, such as the faunal assemblages,
degree of fragmentation, stable isotope composition (δ18O and δ13C) and/or Mg/Ca ratios that are
frequently used as proxies for surface-ocean climate parameters (e.g., sea surface temperature,
sea surface salinity). Six different protocols were tested, involving washing, sieving, and chemical
treatment of the samples with hydrogen peroxide and/or sodium hexametaphosphate (Calgon®).
Single species foraminifera shell weighing was combined with high-resolution scanning electron
microscopy (SEM) and synchrotron X-ray microtomography (SµCT) of the material processed by each
of the cleaning protocols, in order to assess the decontamination degree of specimen’s ultrastructure
and interior. It appeared that a good compromise between time and cleaning efficiency is the
simultaneous treatment of samples with a mixed hydrogen peroxide and Calgon solution, while the
most effective way to almost completely decontaminate the calcareous components from undesirable
sedimentary material is a two-step treatment—initially with hydrogen peroxide and subsequently
with Calgon solutions.

Keywords: cleaning protocol; unconsolidated core sediments; shell weight; climate reconstruction;
synchrotron X-ray microtomography (SµCT); foraminiferal-based proxies

69



J. Mar. Sci. Eng. 2020, 8, 998

1. Introduction

Foraminifera shells (tests) are widely used in paleoceanographic and paleoclimatic studies as
biostratigraphic or ecological indicators and through physicochemical analyses as proxies of past oceanic
conditions [1]. The tests of different foraminifera species can provide environmental information by
means of both physical and chemical analyses. Despite the main focus for environmental reconstructions
based on stable isotope [2,3] and trace metal geochemistry [4–6] of foraminifera tests a wealth of
information can be attained by their physical analyses that include the study of shell fragmentation [7],
abundancies for ecological [8] or biostratigraphic purposes [9] and shell biometry [10–12] including
size [13,14] and weight [15,16].

A necessary preliminary step for the use of foraminifera tests in paleoenvironmental studies is
the isolation of the test specimens from the muddy sedimentary matrices, that consists of several
components. A number of methodologies have been employed to transform the bulk sediment samples
into useable micropaleontological material [17,18] as a first level treatment. Although the additional
cleaning protocols to isolate primary calcite for geochemical analyses are advanced and several cleaning
experiments have sought to quantify the effects of each of these methods on measured elements [19–22],
there are only a few studies that assess the efficiency of different treatment procedures on the physical
properties of the foraminifera shells such as their weight [21,23].

Studies that focus on foraminifera shell weight measurements are particularly vulnerable to the
degree of test contamination, due to their foraminous nature, these specimens have the potential to
include contaminants (i.e., sedimentary residuals), which can alter or skew the record toward heavier
values [24]. Residual clays or nano-ooze in poral spaces and shell surface obstruct the study of test
ultrastructure that yield information about the degree of carbonate dissolution [25] or test porosity [26].
Furthermore, such coatings or infillings (in apertures) often precludes automated recognition software,
which is based on morphological features of foraminifera shells [27], from classifying their images
correctly [28] and greatly complicate specimen segmentation when using high resolution X-ray
tomographic techniques [29]. In the present study, by using light microscope imaging, SEM and X-ray
tomography to assess the cleanliness of tests treated with reagents that are established not to alter the
fossil geochemical signal, we propose a methodology that effectively diminishes surface and internal
specimen contamination.

2. Materials and Methods

For the cleaning test, Globigerinoides ruber albus (NCBI:txid2606480) sensu stricto specimens were
used, from the 45 cm interval of unconsolidated sediments from the North Aegean Sea core M22-67
(245 m water depth; 38◦21.87′ N, 25◦56.96′ E) with a radiocarbon date (AMS 14C) of 14.5 ka before
present. The core consisted mainly of fine-grained hemipelagic muds and clays and represents a
sedimentary archive of the last 85 kyr. The predominant clay minerals in the area are [30] and have been
during the study interval [31] illite and smectite. The carbonate content of the sample was measured to
be ~42% and since it was not from a sapropel or sapropelic layer its organic content is estimated to be
less than 0.6% [32]. G. ruber albus s.s. was chosen for species under investigation because of its high
abundance in the sample and its importance in paleoclimatic studies. It is likely that foraminiferal
tests from different settings, and possibly different foraminifera species of different size, will respond
differently to cleaning.

The sample was oven-dried overnight at 50 ◦C and was weighed unprocessed 24 g. Subsequently,
it was divided into six aliquots (~4.10 g each) that were transferred into different 50 mL glass beakers
and underwent treatment for 20 min at room temperature before wet sieving over a 63 µm mesh,
using six processing methods: (1) addition of Calgon® (sodium hexametaphosphate, (NaPO3)6);
(2) 2.5% hydrogen peroxide (H2O2); (3) 2.5% hydrogen peroxide and subsequent treatment with Calgon;
(4) simultaneous treatment with 2.5% hydrogen peroxide and Calgon; (5) 4% hydrogen peroxide (H2O2);
and (6) distilled water without chemical additions (see Table 1 for procedures). Hydrogen peroxide
tends to acidify the solution by oxidizing the organic residuals, while Calgon is an alkaline dispersant
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that neutralizes the charge of clay particles. Both reagents have traditionally been used in sediment or
rock processing methods and in the present study they are applied in a specific order that aims to best
use their effects.

Beaker 1 received treatment with Calgon by filling up the beaker with 5% Calgon solution (50 g
Na6P6O18 diluted in 950 mL distilled water) as proposed by [23]. Beaker 2 received treatment with 30%
hydrogen peroxide by adding 4 mL of the reagent and filling up the beaker to 50 mL with distilled water,
producing a 2.5% hydrogen peroxide solution. Beaker 3 received a “two step treatment”. The sample
was initially treated with 2.5% hydrogen peroxide solution, like beaker 2, and after washed through
a 63-µm sieve the remaining coarse fraction was transferred back to the beaker and treated with 5%
Calgon solution, similar to beaker 1 (HyPerCal treatment). Beaker 4 received simultaneous treatment
with hydrogen peroxide and Calgon by adding 4 mL of 30% hydrogen peroxide in 46 mL of 5% Calgon
solution. Beaker 5 received treatment with 4% hydrogen peroxide solution by diluting 4 mL of 49.5%
hydrogen peroxide in 46 mL distilled water, and beaker 6 only received treatment with distilled water.
All beakers were gently agitated periodically sonicated every 2 min for 4 s, since a 4 s sonication step
has been found to provide a greater detritus cleaning effect and minimize test breakage [23].

After their treatment the sample aliquots were thoroughly washed with tap water over a 63 µm
wire mesh sieve and left overnight in the oven to dry at 50 ◦C. They were subsequently dry-sieved
and the first random 15 non-fragmented G. ruber albus s.s. specimens from the 300–355 µm sieve
fraction were picked from each aliquot for further analyses. In order to minimize the effect of
specimen size (i.e., size of apertural openings, chamber size) in the cleaning efficiency tests from a
narrow size fraction were used. This particular sieve fraction was chosen because of its frequent use in
paleoceanographic studies. For assessing the effect that each treatment had on the surface ultrastructure
of the foraminifera specimens, 5 specimens from each sample were mounted and gold-coated for SEM
imaging. The samples were examined with a JEOL JSM-6390 instrument at a 1100× magnification,
a working distance of 2.1 mm and an accelerating voltage of 20 kV in the Department of Geology
and Geoscience of the National Kapodistrian University of Athens. In order to evaluate the extent
of detritus removal from the interior of the specimens and quantify weight loss from each chemical
treatment method, 5 additional specimens from each sample were weighed and subsequently scanned
using X-ray computed tomography. The tests were initially weighed as a group of five individuals to
obtain their average mass and subsequently in three groups of two individuals in order to record the
weight variation in each sample. After weighing the tests were oriented and photographed (Figure 1)
using a Leica M165 C stereo microscope with an integrated camera at the Department of Geology and
Geoscience of the National Kapodistrian University of Athens. The weight analysis took place using a
Sartorius microbalance (1 mg precision) also at the University of Athens.

The specimens were subsequently tomographically scanned using Synchrotron X-ray radiation
at the Diamond Manchester Imaging Branchline (I13-2) at Diamond Light Source. The tests were
transferred into quartz capillaries of 1 mm inner diameter (similar to [29]) that were subsequently
attached to magnetic cryo-cap holders and mounted on to a goniometer. The data was acquired with
partially coherent, pink X-ray beam which has broader energy spectrum centered around 27 keV.
For each of the sessions exposure time of 0.5 s were used, at a 0.09 degree rotation step size producing
an acquisition of 2000 projections with 2560 × 2160 pixel resolution using a pco.edge 5.5 camera at
a 4×magnification, which resulted in an effective pixel size of 0.8125 µm. The reconstruction of the
acquisition data and their downsampling to 8bit tomographic images were performed with Savu
package [33]. Links to the raw tomographic data are given the Appendix A below. The images
were subsequently analyzed in Avizo software, where the test and sedimentary infilled areas were
segmented and discriminated as described in Section 3.3 of [24].
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Table 1. Table summarizing the different cleaning methods followed.

Method Method Name
Chemical Treatment

Treatment Time
Processing

Step 1 Step 2 Step 3 Step 4 Step 5

1 “Calgon” 50 mL Calgon 5% - -
20 min sonicated

every 2 min for 4 s
Wet sieving over
>63 µm mesh

Dried
overnight

2 “30% Peroxide”
2.5% hydrogen peroxide

(4 mL of H2O2 were added
to 46 mL distilled water)

- -
20 min sonicated

every 2 min for 4 s
Wet sieving over
>63 µm mesh

Dried
overnight

3
“HyPerCal
treatment”

4 mL of 30% H2O2 added to
46 mL distilled water

(2.5% hydrogen peroxide)

Wet sieving over
>63 µm mesh

4 mL 5% Calgon
were added in 46
mL distilled water

20 + 20 min
sonicated every 2

min for 4 s

Wet sieving over
>63 µm mesh

Dried
overnight

4
“Mixed Calgon
and peroxide”

4 mL of 30% H2O2 added in
46 mL of 5%

Calgon solution
- -

20 min sonicated
every 2 min for 4 s

Wet sieving over
>63 µm mesh

Dried
overnight

5 “4% Peroxide”
4 mL of 49.5% H2O2 added

to 46 mL distilled water
(4% hydrogen peroxide)

- -
20 min sonicated

every 2 min for 4 s
Wet sieving over
>63 µm mesh

Dried
overnight

6 “Control”
Treatment only with

distilled water
- -

20 min sonicated
every 2 min for 4 s

Wet sieving over
>63 µm mesh

Dried
overnight
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Figure 1. Images of the analyzed specimens after their treatment with the different cleaning protocols.

3. Results

There are some general observations of the behavior of the different sample solutions that deserve
to be noted here. Due to the cohesion degree of the core sample not all treatment solutions were capable
to completely disintegrate the sample’s mass. The most effective reagent to turn the sample solution
into homogeneous mud slurry was H2O2 regardless of its concentration or admixture. The sample
aliquots that were treated with water or Na6O18P6 solution did not completely disintegrate and small
chunks of sediment were left still standing in the beaker that required some extra mechanical effort to
dissolve better. Finally, beaker 4 which contained simultaneously both H2O2 and Na6O18P6 exhibited
strong foaming during treatment time.

3.1. Scanning Electron Microscopic Analysis

The results of the SEM analysis are shown in Figure 2. It can be seen that the surface ultrastructure
of the tests that underwent HyPerCal treatment, initially with H2O2 and subsequently with Na6O18P6,
is almost completely free from detrital particles and clay impurities (Figure 2k–o). This treatment method
removed detritus from all the different ultrastructural test features such as pores, ridges, interpore area
and spine bases, even in the case of dissolved and etched interpore surfaces (Figure 2n). The treatment
with H2O2 of diverse concentrations (Methods 2 and 5) showed that the different ultrastructural
features of all the specimens were covered to some degree with detritus. Treatment with Na6O18P6 or
water had some better cleaning effects especially for some of the specimens (Figure 2a–e,z–ad) and the
same is true for Method 4, of simultaneous treatment with hydrogen H2O2 and Na6O18P6.
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Figure 2. Scanning electron microscope images of the ultrastructure of the specimens after their
treatment with the different cleaning methods: (a–e) tomographs of specimens after treatment with
Na6O18P6, (f–j) images of specimens after treatment with 2.5% H2O2 solution; (k–o) images after
treatment first with 2.5% H2O2 and subsequently with Na6O18P6 solution (HyPerCal); (p–t) images
after treatment simultaneously with 2.5% H2O2 and Na6O18P6 solution; (u–y) images after treatment
with 4% H2O2, and (z–ad) images after treatment with only with distilled water.

3.2. Synchrotron X-ray Absorption and Weight Analysis

Tomographic slices of the scanned specimens that underwent different treatment are shown in
Figure 3 and the results of the tomographic analysis together with the weight measurements are
summarized in Table 2. The visual inspection of the tomographs clearly shows that the HyPerCal
treatment of Method 3 is the most effective way to eliminate contamination from the internal tests
cavities of foraminifera. As it can be seen in Figure 3k–o even the smallest chambers or the secondary
apertures and pores are free from detrital material. The two-step treatment with H2O2 and subsequently
with Na6O18P6 shows also reduced contamination in the smaller chambers but there is still sedimentary
material attached to the interior of the larger chamber walls. Na6O18P6 alone is less effective in removing
contamination, especially in the smaller chambers, while treatment only with water leaves the test
infilling in an aggregated form. Treatment with H2O2 has left the tests with considerable amounts of
detritus and the cohesion of this remaining detrital mass seems to increase with H2O2 concentration.
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Figure 3. X-ray tomographic images of the interior of the specimens after their treatment with
the different cleaning methods: (a–e) tomographs of specimens after treatment with Na6O18P6,
(f–j) tomographs of specimens after treatment with 2.5% H2O2 solution, (k–o) tomographs after
treatment first with 2.5% H2O2 and subsequently with Na6O18P6 solution (HyPerCal), (p–t) tomographs
after treatment simultaneously with 2.5% H2O2 and Na6O18P6 solution, (u–y) tomographs after
treatment with 4% H2O2, and (z–ad) tomographs after treatment with only with distilled water.

Table 2. Table showing the results of the X-ray tomographic and weight analyses. The degree of
contamination is given as a percentage of cell’s volume. Furthermore, the difference in the measured
weights in regard to the average shell weight of the least contaminated tests.

Method Method Name № of Tests
Contamination

(%)
Weight (µg) Weight Diff.

1 “Calgon” 5 14 (±12) 23.8 (±1.6) 21%
2 “2.5% Peroxide” 5 18 (±6) 28.2 (±2.8) 44%
3 “PerCal treatment” 5 0 (±1) 19.6 (±1.4) -

4
“Mixed Calgon and

peroxide”
5 5 (±5) 22.0 (±2.0) 12%

5 “4% Peroxide” 5 21 (±6) 24.4 (±0.9) 25%
6 “Control” 5 12 (±6) 26.4 (±3.8) 35%

Apart from the visual inspection, the X-ray analysis allowed the determination of the total
foraminifera cell volume and that of the area in the interior of the test, which is occupied by sedimentary
infill. Thus the degree of contamination of each test is presented in Table 2 as the percentage of detritus
within the cell’s volume. It can be seen that the HyPerCal treatment of the sample with H2O2 and
Na6O18P6 in two steps has almost completely removed the sediment infill (0%, Table 2) from the test’s
interior, as this is also evident in Figure 3k–o. The simultaneous treatment with H2O2 and Na6O18P6

within the same solution had adequate results since detrital contamination was reduced to only 5%
by volume. Treatment with Na6O18P6 or water had a similar effect on detrital removal by reducing
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contamination to 14% and 12% respectively, while treatment with H2O2 (of different concentrations)
had the minimum efficiency in specimen cleaning.

Shell weight is found to be a function of the degree of contamination as shown in Figure 4. It can
be seen that samples treated with hydrogen peroxide solution group in the right corner of the graph,
while samples treated with aqueous solutions (i.e., water or Calgon) group in its middle. The heaviest
tests were the ones that were treated with 2.5% hydrogen peroxide (Method 2). Their average shell
weight was 44% greater than that measured for the least contaminated tests. Although treatment with
4% hydrogen peroxide produced consistently lower shell weights its effect on contamination removal
was the lowest, suggesting possibly calcite dissolution by the unbuffered solution [34]. Treatment with
water produced weights increased by 35% compared to the actual/uncontaminated ones. From the
single-constituent solutions Calgon was the one to have the greatest effect on shell weight but also with
the greatest variability (12%) in the extent of sediment detrital removal. The simultaneous treatment
of the sample with Calgon and hydrogen peroxide is found to be an effective method for specimen
cleaning since contamination was found consistently reduced to 5%. Finally, the most effective method
that almost completely removed contamination (0% ± 1%) was the HyPerCal treatment.

 

(

 

δ δ

0% 10% 20% 30%

Contamination

16

20

24

28

32

HyPerCal

Calgon

2% H. Peroxide

4% H. Peroxide

Water

H. Peroxide
+

Calgon

S
p

ec
im

en
W

ei
g

h
t 

(μ
g

)

Figure 4. Plot of G. ruber albus s.s. shell weights after treatment with the different cleaning methods
against their contamination as per volume percentage.

4. Discussion

We performed a systematic experiment with chemical treatments commonly utilized to
disaggregate marine sediment and which are known to not significantly affect foraminiferal based
proxies, such as species abundance, shell fragmentation, δ18O, δ13C, and Mg/Ca. The chemical
agents used in solutions were hydrogen peroxide (H2O2) in two different concentrations, 5% Calgon
(sodium hexametaphosphate, Na6P6O18), a swap and a combination of them. We find that the
most effective way for preparing foraminifera samples for their subsequent micropaleontological
or geochemical analyses is the initial cleaning of the sedimentary material with H2O2 followed by
treatment of the sieved sample residual with Na6O18P6 solution and we refer to this procedure as
HyPerCal. In the present experiment the samples were treated for 20 min in every solution and were
sonicated every 2 min for 4 s in order to minimize shell breakage [23] but duration of treatment may
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vary depending on the cohesion of the sedimentary mass. After cleaning, single-species specimens
from a certain sieve fraction were picked, weighed, and subsequently inspected using light microscope,
SEM and SµCT. The analyses showed that the different procedures had a variable effect in contamination
removal (Figure 4) from the surface and the interior of the examined specimens and that the HyPerCal
treatment left the specimens free of (surface or internal) sedimentary residuals, shiny and translucent
(Figure 1c).

Sodium hexametaphosphate is a common dispersing agent in research of marine sediments and is
more effective than water in removing clay clumps from tests interiors [35], while foraminifera shell
weight loss has been previously reported with [21] and without [23] the use of it during cleaning.
Our tomographic analysis supports previous studies and confirms that weight differences are the result
of sediment contamination removal. The initial treatment with H2O2 promotes the degradation of
organic matter, which is the major binding agent in benthic sediments [36] and thus minimizing the
adhesive forces within the medium. Cohesive forces are at molecular scale the result of the attractive
interactions in vacuum between contiguous particles of the same medium, while the adhesive forces are
defined as the additional binding forces between particles, due to the presence of a second, interparticle
medium [37]. The dispersing action of Na6O18P6, as a second treatment step, helps to neutralize
the attraction electrostatic forces between (clay) particles [38] and is thus reducing particle cohesion.
The use of only one of these two reagents alone (Na6O18P6, H2O2) in specimen cleaning did not
produce satisfying results both under the SEM and SµCT analyses. The use of both reagents in the
same solution, compared to HyPerCal, produced fairly satisfactory results by reducing contamination
to only 5%. The high efficiency, however, of the HyPerCal treatment can also stem from the fact that
during a two-step treatment the sample processed and sonicated twice as much or from the fact that
Na6O18P6 is only applied on the coarse fraction of sample, free of a substantial amount of material.

Due to the highly reactive nature of the used reagents, there is number of studies that accuse them
for foraminifera specimen dissolution [21,34,39]. The release of CO2 during organic matter oxidation by
the unbuffered H2O2 increases ambient pH and raises dissolution concerns, while Na6O18P6 is known
to react with calcite [40]. Nevertheless, both of our imaging analyses do not reveal signs of foraminifera
calcite dissolution. Dissolution can be assessed by the preservation state of four ultrastructural test
features such as pores, interpore space, spines, and ridges [25]. As dissolution proceeds, pores get
widened, the interpore areas is etched, ridges and spines become denuded. However, such features are
not observed on the well decontaminated ultrastructural surface of most of the tests that were cleaned
with HyPerCal (Figure 2k–o) that have thus undergone treatment with both reagents. Further evidence
of negligible dissolution can be found by the examination of the SµC-tomographs that show intact
chamber walls and well defined initial juvenile chambers (Figure 3k–o), since dissolution first attacks
the high-Mg calcite parts of the test. The first signs of dissolution apparent in CT images is that chamber
walls become blurred and paler in color, especially in the middle, while the smallest inner chambers
start to vanish [41]. Such alterations are not here observed possibly also due to the low organic content
of the oligotrophic in nature Mediterranean Sea.

The effectiveness of sediment cleaning procedures is a function sediment matrix mineralogy,
grain size and degree of consolidation. The present sediment core material consists of fine-grained
(hemipelagic) sediment and originates from the Southeastern Mediterranean basin, which is known for
the fine particle size of its clay minerals [42]. The chemical treatment tested here has proved appropriate
for removal of the fine material that are usually found in sedimentary basins and should remain
so for recent sediment, where the depth of burial is not considered important to initiate diagenetic
alteration of the clay minerals [43]. The efficiency of the HyPerCal procedure in the cleaning of calcitic
microfossils makes it complementary for foraminifera shell weight studies since it was shown to bring
the measured weight closer to that of an “original” shell. Furthermore, it paves the way for its use in
modern analytical techniques that require some degree of automatization, such as image recognition
software that are unable to recognize a lot of foraminifera images, whose umbilical aperture is not
fully cleaned and is infilled with remaining nannofossil ooze [28]. On the other hand, it has proved
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beneficial for the upcoming practice of microfossil X-ray tomography, since CT image analysis software
cannot easily discriminate between contaminated areas and areas referring to the foraminifera tests
unless (subjective) manual labor intensive segmentation is employed [24].

5. Conclusions

In the present study a sediment core sample of late Quaternary age was divided in six aliquots
each of which was treated with reagents that do not alter foraminifera calcite geochemistry following
different cleaning procedures and the efficiency of each method in specimen cleaning was assessed
using SEM and X-ray tomography. The results of the visualization analyses were combined with shell
weight measurements and allowed us to conclude that the method that has proven the most effective
in removing fine detritus trapped within foraminiferal tests is a two-step treatment of the sedimentary
material, named here HyPerCal treatment, initially with 2.5% hydrogen peroxide and subsequently
with 5% Calgon solutions. The proposed protocol minimizes discrepancies in foraminifera shell weight
measurements and greatly facilitates microfossil X-ray imaging analyses.
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Appendix A

The SµCT reconstructed data of (individual) specimens that were cleaned with the different
cleaning methods are available online at: (1) https://doi.org/10.6084/m9.figshare.13333772 for those
treated with 5% Na6P6O18, (2) https://doi.org/10.6084/m9.figshare.13335002 for those treated with 2.5%
H2O2, (3) https://doi.org/10.6084/m9.figshare.13335833 for those that underwent HyPerCal treatment,
(4) https://doi.org/10.6084/m9.figshare.13335890 for those that treated simultaneously with 2.5% H2O2

and 5% Na6P6O18, (5) https://doi.org/10.6084/m9.figshare.13335908 for those treated with 4% H2O2,
and (6) https://doi.org/10.6084/m9.figshare.13335935 for those treated only with distilled water.
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Abstract: Studies of the spatial distribution and size of modern planktonic foraminifera are still
lacking in the Mediterranean Sea. In this study, 17 core-top sediments collected from a north-south
transect along the central Mediterranean have been analyzed for planktonic foraminiferal content, in
terms of their distributional pattern and intraspecific size variability. Among the analyzed planktonic
foraminiferal species, Globigerina bulloides and Globigerinoides ruber (w) were the most abundant,
presenting an antagonistic behavior and an overall decreasing trend in their average size values from
Adriatic to Ionian sub-basins. Intraspecific differences have been also documented for G. ruber (w),
with the dominant sensu stricto morphotype to present generally higher frequencies and more
constant shell sizes than sensu lato. The greater size variability of the latter is possibly related to its
adaptation in particular hydrographic conditions based on its depth habitat preference and ecological
characteristics to reach the (sub)optimum growth conditions. The rest of the species occur in minor
percentages and show on average 11% increase with decreasing latitude characterized by distinct
species-specific size variations along the transect. Our results show that the relationship between
planktonic foraminifera shell size and abundance or sea surface temperature are either absent or
weaker than previously reported for other regions and that in central Mediterranean assemblages’
size may be mainly related to nutrient availability. Besides the environmental parameters (sea surface
temperature, primary productivity, water depth, stratification), the possible hidden cryptic diversity,
still lingers to be consistently determined, could give a better understanding of the geographic and
morphological differentiation within the Mediterranean planktonic populations.

Keywords: planktonic foraminiferal biogeography; surface sediments; morphometrics; shell size;
environmental biomonitoring; ecological optimum conditions; primary productivity; depth habitat
preference; cryptic speciation; central Mediterranean hydrodynamics

1. Introduction

Foraminifera are one of the most abundant and diverse heterotrophic protists in the
oceans consisting of a major group of calcareous marine microplankton [1]. Due to their
great abundance and their good fossilization potential, foraminifera are commonly used
for bio-ecostratigraphic [2–7], paleoceanographic/paleoclimatic [8–19], and/or paleobio-
geographic [20–24] studies. Particularly, planktonic foraminifera are the most frequently
applied microfossil group in this manner because they have an excellent fossil record
with global distribution, high abundance in sedimentary archives, and further present an
enhanced sensitivity to varying sea surface conditions [25,26]. The geographic ranges and
abundance of these organisms can also provide valuable quantitative and qualitative proxy
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data through the estimation of several paleoceanographic and paleoclimatic indices for
reconstructing paleoenvironments [27–29]. Both their abundance and shape-size-related
changes are strongly related to surface ocean physico-chemical properties, most notably
temperature, but also nutrient and oxygen availability, water column stratification, salin-
ity, turbidity, and carbonate saturation [8,25,30–38]. Elucidation of the factors governing
their distribution, and processes involved in their ontogenetic development are therefore
essential for reconstructing paleoceanographic conditions.

Compared to the large body of knowledge on the taxonomy, physiology, and ecology
of planktonic foraminiferal species, their spatial distribution and size response to hydrocli-
mate remains poorly studied, especially for the oceanic sub-basins and/or marginal seas,
which are often more responsive to paleoceanographic and paleoclimatic changes than
global oceans. Moreover, as a significant constituent of microzooplankton, they are key
components of pelagic food webs and the main predators of phytoplankton in (sub)tropical
oligotrophic waters regulating thus the carbon flux in such environments [39–43]. Although
at a global scale, their abundance follows the overall pattern of primary productivity
(PP; [44]), at a regional scale this relationship is weaker possibly due to the omnivorous diet
of the planktonic foraminifera in the marine food web, and phase shifts in the production
of phytoplankton and zooplankton [1]. Species abundance varies with season, water mass,
and water depth [36]. Both the highest horizontal and vertical separation of species are
recorded from temperate to subtropical waters, owing to a wider diversity of meso-scale
local hydrographic features and biotic variables, which make their distribution patchy on
temporal and spatial scales [45,46].

Based on the species-specific ecological tolerance limits of modern planktonic
foraminifera [1,47], the potential reduction in abundance is related to their departure
from optimum conditions [48], and the subsequent size-related and/or weight-related
changes on the planktonic fauna [49], since planktonic foraminifera must compensate for
their greater shell weight to maintain buoyancy [50]. Changes in size can be attributed
to different processes (volume or surface area dependent) linked to the ecology of each
species [51–53]. Particularly, isometric features increase with the cube of linear dimensions,
while surface area-related features increase merely with the square of linear dimensions.
Consequently, surface area-dependent processes, such as feeding, respiration, and skeletal
support of foraminifera have to keep up with volume and weight changes.

The main goal of this study is to evaluate and further quantify the spatial and size-
related distribution of modern planktonic foraminifera from the central Mediterranean
Sea. In our attempt to better understand the paleoecological and paleobiogeographical
significance of size variability in planktonic foraminiferal fauna of Adriatic and Ionian
basins, the relative importance of environmental factors controlling rates, magnitudes,
spatial scale, and biotic change are also examined. This allows for the establishment of a
detailed reference record for the central Mediterranean in terms of planktonic foraminiferal
ecosystem functioning (including species composition, diversity, and size variability),
providing, on the one hand, a solid eco-morphological microplankton response to environ-
mental conditions for the study area, and facilitating, on the other hand, paleoceanographic
correlations at a local (e.g., eastern Mediterranean—Aegean and Levantine basins; [24])
and a global, e.g., [37], scale.
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2. Study Area

2.1. Regional Oceanographic Setting

The Mediterranean Sea is a land-locked Sea characterized by an anti-estuarine cir-
culation pattern which is forced by negative hydrological balance and density gradient
compared to the open Atlantic Ocean [54]. Particularly, the central Mediterranean basin
consists of the Adriatic and Ionian Seas (Figure 1), which are characterized by complex
geomorphology and oceanography, as well as different productivity regimes. The Adriatic
Sea is a small semi-enclosed shelf area connected to the eastern Mediterranean through the
Otranto Strait. According to its topography, it presents strong bathymetric contrasts from
north to south with its northernmost part being the shallowest (~50 m), the middle Adriatic
deeper (~270 m) and the southern Adriatic the deepest (up to 1250 m) [55]. The same exists
for the Ionian Sea, which constitutes distinct sub-basins with different bathymetric and
hydrological characteristics. For instance, the Salerno area is characterized by a broad
continental shelf with rocky bottoms, the Calabrian sector by numerous narrow submarine
canyons [56], while the central Ionian by the homonymous abyssal plain. Overall, the
Ionian Sea is affected by the inflow of water from the Levantine, Aegean, Adriatic and
western Mediterranean basins and therefore different water masses propagate into the
Ionian Sea and mixing between them can occur. The general hydrographic conditions
determine substantial differences in temperature and salinity values within the study area
and the large-scale circulation pattern undergoes seasonal changes resulting in diverse
physical, biogeochemical, and ecological conditions [57,58].

Figure 1. Bathymetric map of the central Mediterranean depicting the sampling locations in the
Adriatic and Ionian sub-basins along with the upper ocean current system in the study area.
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2.2. Water Masses and Circulation

The Ionian Sea is affected by the inflow of diverse water masses from the Levantine,
Aegean, Adriatic, and western Mediterranean. At the entrance of the Sicily Strait, inflowing
surface waters occupying the upper 200 m (Modified Atlantic Water; MAW) flow eastward
along the north African coast and separate into two branches: one turns northward along
the Sicilian coast into a broad anticyclonic pattern, while the other continues in an easterly
direction along the African coast with increasing salinity, following a large-scale counter-
clockwise pathway [59,60] (Figure 1). The northern branch, called the Atlantic Ionian
Stream (AIS; [61]), is complicated by quasi-permanent mesoscale gyres and their spatial
variable in terms of shape, position and strength lobes, meanders and transient eddies
contributing to the MAW transport into the eastern Mediterranean off the southern coast
of Sicily [59,62]. Such meso-scale eddies are often very efficient in transferring particles
and passive tracers vertically or horizontally, contributing in this way to the propagation
and mixing of water masses. The eastern-most MAW, termed Atlantic Tunisian Current
(ATC; [63]), shows a marked path in winter when it cools and undergoes a severe salt
enrichment forming the Levantine Intermediate Water (LIW). The LIW, enriched by Cretan
intermediate water, flows westward into the Tyrrhenian Sea at 200–600 m depth as the salty
outflow waters. Its role is particularly important since it is the preconditioning agent for the
dense water formation of both the Adriatic Deep Water (AdDW) and Aegean Deep Water
(AeDW) below 800 m [60,64–66] and their communication to the western Mediterranean
basin [67].

The surface circulation of the Adriatic Sea consists of a basin-wide and seasonal
variable cyclonic gyre with a northward flow along the eastern side, the Eastern Adriatic
Current (EAC; [68]), and a southward return flow along the Italian coast on the western
side (Western Adriatic Current; WAC; [69]) which flushes the nutrient-rich water out of
the northern Adriatic [70]. During autumn and winter, a cold and relatively fresh dense
water mass (AdDW) is also formed in the northern and central Adriatic Sea. Outflowing
AdDW is accompanied by inflowing warmer LIW from the Ionian Sea, and this thermal
circulation is driven by winter cooling of the Adriatic [71]. Overall, there are three main
forcing factors affecting the circulation pattern: (a) river runoff causing heat loss and
low-salinity water gain; (b) atmospheric forcing responsible for dense water formation and
seasonal differences in circulation; and (c) exchange via the Strait of Otranto balancing the
water budget by the intrusion of warm and salty waters from the Ionian Sea. As a result,
temperature, salinity and circulation display marked spatial and temporal variations [72].
Moreover, the Adriatic Sea typically presents lower surface salinities than the rest of the
central Mediterranean, mostly due to large freshwater inputs from rivers, acting as a
dilution basin [73].

2.3. Productivity Regimes

River runoff affects the circulation through freshwater input and impacts the marine
ecosystem by introducing large amounts of organic matter, nutrients, and sediments.
Particularly, Po and Apennine rivers play a major role in freshwater supply for the northern
Adriatic. Beyond the seasonal character of river discharges, the long-term changes of
nutrient concentrations in the northern Adriatic are also strongly influenced by atmospheric
conditions and therefore connected with climatic fluctuations, which can modify the
water column dynamics (e.g., vertical mixing, horizontal advection, water exchange rate
between north-central Adriatic; [74]). The southern Adriatic open waters show oligotrophic
characteristics comparable to the Ionian Sea, with nutrient supply to the euphotic zone
strongly depending on vertical stratification and mixing processes [75]. However, higher
phytoplankton densities have been observed in the surface waters along the south Italian
coasts driven by intensified freshwater inputs [76,77]. Horizontal or vertical advection
of nutrient-rich LIW from the Ionian Sea is also an important productivity factor [78] for
specific locations within the southern Adriatic Sea where phytoplankton blooms follow
deep convection events [79]. Physical and chemical parameters of these blooms [80] have
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shown a switch from typical Mediterranean phosphorous- to nitrogen-limited conditions
for this setting.

3. Materials and Methods

3.1. Sediment Sampling Strategy and Site Selection

The study is based on the micropaleontological analysis of the distribution abundance
pattern and size variability of the planktonic foraminiferal fauna in a series of modern
core-tops derived from 17 surface sediment sites across the central Mediterranean Sea.
The samples were collected by multicores during various expeditions (POSEIDON cruise
“CAPPUCCINO” in June 2006, Meteor cruise M71/3 in January 2007) and cover a latitudinal
NW-SE transect from the north Adriatic to the south Ionian Sea, spanning variable sea
surface parameters, different productivity regimes, and a wide depth range between 94 and
4088 m (Table 1 and Figure 1). Their chronology is based on 210Pb and 137Cs radiometric
dating applied on some of the present samples [81] and surrounding core-tops [82,83].
Although generally the core-top samples provide integrated information on a longer
time scale (decades, centuries or millennials depending on the sedimentation rate of the
selected sites) compared to the water column (e.g., plankton tow, sediment traps) derived
samples, the relatively low (0.06–0.91 cm yr−1, avg. 0.19 cm yr−1; [77]) sedimentation rates
(likely decrease with distance from the shore) in conjunction with the constant sediment
accumulation rate over the last century that characterizes the central Mediterranean surface
sediments [84] corroborate the recent character of the analyzed samples. Accordingly, all
studied core tops are suggested to have a modern age and in accordance with other core-top
studies within the Mediterranean Sea [18,20,24,77,85,86]. Thus, our dataset represents an
integrated record of some yr to 50 yr or a few 100 yr at most, depending on the core location.
The multicore provided topmost (0–1 cm) sediments with an undisturbed sediment–water
interface. More explicitly, we use 6 core-top samples along the south Adriatic Sea from
the Gargano Promontory to the Strait of Otranto, supplemented by additional 11 samples
from the entire Ionian basin (from the Gulf of Taranto to the Mediterranean Ridge offshore
Crete Island).

Given the availability of processed sediment samples with well-preserved foraminifera,
the analyzed core-tops are further carefully selected based on the major circulation fea-
tures in Adriatic and Ionian basins as well as the Italian river influences. Therefore, they
are strategically positioned to check the sensitivity of environmental parameters and
the subsequent planktonic foraminiferal fauna responses by assessing the adaptability
of each species, including both species-specific distribution patterns and size variations,
to different environmental regimes. For this reason, relative abundances and size off-
sets have been interpreted in regard to upper water chlorophyll-a (Chl-a) concentrations
and mean annual sea surface temperature (SST), salinity (SSS), and density values of the
central Mediterranean water masses. SST and SSS data were derived from the Emodnet
database (https://portal.emodnet-physics.eu/) (15 December 2020) of the years 1900–2013,
while density data obtained from the National oceanic and atmospheric administra-
tion dataset (https://www.ncei.noaa.gov/access/world-ocean-atlas-2018/bin/woa18.pl)
(15 December 2020) on a 0.1◦ grid resolution. The Chl-a concentrations at each core lo-
cation were used as satellite data retrieved from OBPG MODIS-Aqua Monthly Global
4 km database (http://oceancolor.gsfc.nasa.gov) (15 December 2020) for the time period
4 September 2002 to 30 June 2020 (Table 1).
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Table 1. Core-top locations, coordinates, scientific expeditions, seafloor water depths, lithology, and mean annual SST, SSS
and density data along with Chl-a concentrations.

Cruise Station Latitude Longitude Basin (Region)
Water
Depth

Lithology SST SSS Ch–a
Density

σθ

(◦N) (◦E) (m) ◦C psu kgCm−2yr−1 (kg/m3)

Poseidon
P339

#17. GeoB
10725 42.001 16.217 Gargano Promontory

(S. Adriatic Sea) 94 Mud 14.40 38.29 0.42 28.65

Poseidon
P339

#16. GeoB
10729 41.647 17.191 Gargano Promontory

(S. Adriatic Sea) 708 Sandy
mud 13.40 38.60 0.19 29.10

Poseidon
P339

#15. GeoB
10730 41.500 17.050 Gargano Promontory

(S. Adriatic Sea) 179 Sandy
mud 13.90 38.70 0.21 29.07

Poseidon
P339

#14. GeoB
10739 40.500 18.642 Strait of Otranto

(S. Adriatic Sea) 561 Mud 13.80 38.73 0.24 29.12

Poseidon
P339

#13. GeoB
10741 40.234 18.667 Strait of Otranto

(S. Adriatic Sea) 286 Sandy
mud 14.00 38.67 0.28 29.03

Poseidon
P339

#12. GeoB
10718 39.693 18.058 Gulf of Taranto

(NW Ionian Sea) 214 Sandy
mud 14.20 38.32 0.27 28.71

Poseidon
P339

#11. GeoB
10748 39.667 17.050 Strait of Otranto

(S. Adriatic Sea) 284 Mud 13.80 38.73 0.25 29.12

Poseidon
P339

#10. GeoB
10720 39.507 17.979 Gulf of Taranto

(NW Ionian Sea) 1384 Mud 13.60 38.69 0.19 29.13

Meteor
M 71-3 #9. H-11 39.283 19.333 Offshore Kerkyra

basin (NE. Ionian Sea) 1032 Muddy
sand 13.60 38.70 0.15 29.14

Meteor
M 71-3 #8. H-07 39.167 17.750 External Calabrian

Arc (NW. Ionian Sea) 1663 Mud 13.60 38.69 0.18 29.13

Meteor
M 71-3 #7. H-12 38.833 19.750 Offshore Kerkyra

basin (NE. Ionian Sea) 1459 Clay 13.60 38.70 0.14 29.14

Meteor
M 71-3 #6. H-06 38.500 18.500 Ionian Bathyal Plain

(N. Ionian Sea) 3018 Clay 13.80 38.71 0.14 29.10

Meteor
M 71-3 #5. H-05 37.500 18.500 Ionian Bathyal Plain

(C. Ionian Sea) 3157 Mud 13.90 38.72 0.12 29.09

Meteor
M 71-3 #4. H-04 35.917 16.000 External Calabrian

Arc (W. Ionian Sea) 3747 Muddy
sand 13.80 38.67 0.14 29.07

Meteor
M 71-3 #3. H-01 35.750 23.000 Offshore Cretan basin

(E. Ionian Sea) 2121 Clay 14.10 38.83 0.11 29.13

Meteor
M 71-3 #2. H-02 35.750 21.000 Mediterranean Ridge

(C. Ionian Sea) 3005 Clay 13.90 38.74 0.09 29.10

Meteor
M 71-3 #1. H-03 35.750 18.500 Ionian Bathyal Plain

(C. Ionian Sea) 4088 Clay 13.80 38.67 0.10 29.07

3.2. Micropaleontological Quantitative Analysis

The planktonic foraminiferal assemblages for the studied core-tops were picked from
10 cm3 of wet sediment after washing through a 125 µm mesh sieve and cleaning using
the HyPerCal protocol [87]. The 125 µm size fraction was selected in order to increase
the reliability of studied planktonic foraminiferal assemblages that derived from such a
subtropical oligotrophic-to-mesotrophic region with relatively low planktonic foraminiferal
abundance [22,88,89] by avoiding over/under-estimations in the percentages of smaller
(e.g., Turborotalita quinqueloba) or larger (e.g., Trilobatus trilobus) in size than the usual mean
size of other species. The adopted size fraction is commonly used in relevant investiga-
tions within and beyond the Mediterranean Sea, which analyze the modern foraminiferal
record [21,24,90–92] and implement a paleoclimatic analysis [8,9,93,94]. The dry residues
(~3 g) were split using an Otto micro-splitter into aliquots of at least 300 planktonic
foraminiferal specimens, which were identified to the species level according to the tax-
onomic concepts of Hemleben et al. [1] and Schiebel and Hemleben [95]. Raw data were
transformed into percentages of the total absolute abundance, and relative percentage
abundance curves were plotted versus latitude. Following Aurahs et al. [96], we distin-
guish Globigerinoides ruber pink (var. rosea) as a distinct morphotype, whereas for the
white variety (var. alba), we follow the concept of Wang [97] by distinguishing G. ruber
sensu stricto (s.s.) and G. ruber sensu lato (s.l.) morphotypes which have different depth
preferences [98] and reflect distinctive environmental parameters [99,100]. We further note
that G. ruber s.s. is equivalent to Morphotype A (type “Normal”), while those specimens
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are grouped as G. ruber s.l. correspond to the Morphotypes B and C (type “Platys” and
“Elongate”) of Kontakiotis et al. [21] from the Mediterranean Sea. The Globigerina bulloides
group includes the species G. bulloides and G. falconensis due to their similar ecological
preferences [95]. Finally, the ecological interpretations and biogeographic implications for
the studied species were based on the reference of [22,24,101–103].

3.3. Morphometric Analysis

For morphometric analysis, the picked specimens were transferred with a brush on a
chapman micro-slide, where each species positioned in separate cells. Given the minimized
difference in average areas for the umbilical or spiral sides for several species [104], we
oriented the foraminiferal shells in umbilical or spiral position (species dependent) to
capture the maximum silhouette area of each individual. The fixed specimens were
photographed in transmitted light under a 50-fold magnification by a modular Leica M165
C fully apochromatic stereo microscope equipped with an integrated 10 megapixel (MP)
Leica IC90 E color camera and processed using ImageJ software (version 1.50i). The derived
images were parsed into objects by thresholding and their shape and size parameters were
automatically extracted. Automated recognition of multiple foraminifera in the images was
succeeded due to the contrast between the bright background and the dark silhouettes of
the specimens. Following the pioneer work of Kucera and Kennett [105] and in accordance
with a recent study of Zarkogiannis et al. [24] for the eastern Mediterranean, the Equivalent
Circular Diameter (ECD) was measured as an aspect of the size of the species analyzed.
Calibration for the silhouette area and diameter measurements was performed using a
microscale image taken at the same magnification as the foraminiferal images optimizing
the reproducibility and accuracy of the measurements. Additional to size analysis, image
processing automatically performs planktonic foraminiferal counting, as well for each site,
resulting in the overall changes in their assemblages for the study area during recent times.

4. Results

4.1. Relative Abundance Data

Thirteen planktonic foraminiferal species were identified at the studied core-tops
along the N-S transect of the central Mediterranean Sea. The overall changes in their abun-
dances are illustrated in Figure 2. Overall, the planktonic assemblages are dominated by
G. bulloides, followed by G. ruber (including var. alba and rosea), while the species Globiger-
inella siphonifera, Neogloboquadrina pachyderma, Orbulina universa, Globoturborotalita rubescens,
and Globigerinita glutinata are common. Globorotalia inflata, Globorotalia truncatulinoides and
Turborotalita quinqueloba display a more sporadic faunal pattern with lower percentages.

Figure 2. Planktonic foraminifera species abundances in core-top samples from the eastern Mediterranean. The labels in the
vertical axis are representative of the core-top locations presented in Table 1.
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G. bulloides is the major contributor in the planktonic fauna in all samples with per-
centages up to 57%. However, the average contribution of this species significantly differs
between the two study regions with a clear geographic signal to have emerged in its distri-
bution. More explicitly, a sharp decrease in the abundance of G. bulloides with latitude is
marked with the average values of 43.9% for the Adriatic to be diminished to 26.3% for the
Ionian basin, respectively. It reaches high abundance values, constantly higher than 35%
within the south Adriatic Sea, while its distributional pattern displays minor (almost half)
percentages in the Ionian basin. Globigerinoides ruber (w) is the second ubiquitous and more
abundant species showing an average abundance of 29.8% in the central Mediterranean.
This species is continuously present throughout the transect, displaying almost an opposite
distributional pattern compared to G. bulloides. Such an antagonistic pattern is documented
for both s.s. and s.l. morphotypes. Except for two samples (H-03 and GeoB 10718), the s.s.
morphotype is the main constituent in the G. ruber (w) morphospace. This intra-specific
trend is more pronounced in the Adriatic basin, where the dominant morphotype presents
higher frequencies (i.e., at least the double percentages) compared to G. ruber s.l. in most
of the samples. Globigerinoides ruber rosea is present in lower percentages up to 11% being
more abundant in the southern part of the Ionian basin. Globigerinella siphonifera is present
in almost all locations, but its percentages become important by exceeded 10% only in
the westernmost sites (H-04, H-05) within the Ionian basin. Neogloboquadrina pachyderma
presents a highly variable distributional pattern, occasionally reaching significant per-
centages up to 20% (i.e., site H-11 at the northernmost part of the Ionian basin). Orbulina
universa, G. rubescens, and T. trilobus show comparable patterns with continuous although
limited presence (<8%) in both basins. Globigerinita glutinata is mostly found within the
Ionian basin with restricted occurrence in relatively small percentages (<7%), and it is
almost absent in the southern Adriatic Sea. Turborotalita quinqueloba, where present, exists
with very small percentages around 3%. Globorotalia inflata shows a geographically spo-
radic distribution pattern with percentages stably less than 10% and the deep-dweller G.
truncatulinoides is nearby absent from all regions, since it occasionally occurred at very low
percentages (maximum 4%).

4.2. Preservation Regime and Size Variability

The presence of pristine specimens of the tiny thin-walled species reinforces the recent
character of the analyzed material and further indicates the excellent preservation of the
samples, suggesting that the reported assemblages are not biased by dissolution. The
absence of differential preservation of thin-walled specimens of the analyzed species along
with the strong carbonate preservation potential of the study area [106] indicate minimized
modifications on the size spectrum of the planktonic association.

The mean population size of the identified planktonic foraminifera along with the
standard deviation values of species-specific sizes reflecting the overall variability per
basin analyzed are summarized in Table 2, while the species-specific size variations along
the study transect are shown in Figure 3. The number of individuals measured per species
varied from 2 to 170, averaging 21 individuals per species per sample. Generally, the mean
population size of the analyzed planktonic foraminiferal assemblages is skewed toward
larger sizes from north to south. Our dataset reports a 4–16% increase (avg ~11%) for all
species from Adriatic to Ionian settings, except for G. ruber (including both chromotypes
and morphotypes) and G. bulloides, which support the opposite pattern (Table 2). The most
consistent in size within the central Mediterranean sub-basins with the smallest standard
deviation between analyzed samples are the populations of G. bulloides, G. ruber (s.s. and
s.l.), and G. rubescens based on the number of specimens measured.
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Table 2. Intraspecific ECD ranges and their average values (in µm) per basin analyzed. nd: not
determined.

Species
ECD Range Average ECD

Adriatic Sea Ionian Sea Adriatic Sea Ionian Sea

Globigerinoides ruber s.s. 125–419 130–377 229 223
Globigerinoides ruber s.l. 162–417 157–469 308 269

Globigerinoides ruber rosea 135–574 126–579 344 302
Trilobatus trilobus 129–561 127–569 273 284

Globigerinella siphonifera 125–544 125–689 273 306
Globigerina bulloides 135–414 126–364 227 217

Neogloboquadrina pachyderma 130–392 127–400 213 234
Globorotalia inflata 162–551 171–612 303 357

Globorotalia truncatulinoides nd 153–818 nd 435
Globigerina rubescens 130–207 128–259 169 191

Orbulina universa 153–814 174–905 414 496
Turborotalita quinqueloba 126–199 127–252 166 175

Globigerinita glutinata 126–211 125–315 165 197

μ

 

Figure 3. Average population size of the planktonic foraminifera species identified together with their overall population
size. The gray shaded areas denote one standard deviation. The labels in the vertical axis are representative of the core-top
locations presented in Table 1.

Orbulina universa population is the largest one in both study basins, even more than G.
truncatulinoides and G. inflata which are followed (Table 2). Spherical shells of O. universa
reflected by their ultimate chamber that covers all the previous ones of the pre-adult
trochospiral stages seem to be very voluminous in the Ionian as well as in Adriatic basins.
Our results from the central Mediterranean show an inverse correlation between shell size
and latitudinal occurrence since their average shell diameters increase from the Adriatic
(414 µm) to the Ionian Sea (496 µm). A closer view of the central Mediterranean dataset,
regarding this species, indicates an intra-basin latitudinal relationship to the shell size, with
the smallest specimens (avg. = 414 µm) occurring in the south Adriatic basin, intermediate
values (avg. = 491 µm) are recorded in the north Ionian sub-basin and the largest specimens
(avg. = 503 µm) are found in the south Ionian sub-basin. Next in size is G. ruber rosea, which
is significantly larger than the white variety of the same species, similar to what was found
in the Aegean and Levantine sub-basins [24].

The oligotrophic, symbiont-bearing species T. trilobus and G. siphonifera present similar
shell sizes, indicating that they thrive in the same water masses constrained mostly by
the same productivity regime of the surface waters. Within G ruber (w) morphospace, the
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sensu lato appears larger (by ~20%) than the sensu stricto populations. This seems reliable
since the former includes the mixing of Platys and Elongate specimens (morphotypes B
and C of Kontakiotis et al. [21]). Neogloboquadrina pachyderma and G. bulloides present quite
similar intermediate-sized average values of about 220–230 µm, probably correlating with
the same levels of primary productivity of the sub-surface waters. Finally, the species
T. quinqueloba, G. glutinata and G. rubescens are the smallest ones recording ECD values less
than 200 µm. Although the two first species are known from the literature as small-sized
foraminifera, our results show that G. rubescens can also be added to this group confirming
the previous observations of Al-Sabouni et al. [82] and Zarkogiannis et al. [24] from the
Atlantic Ocean and the eastern Mediterranean Sea regarding its small size.

5. Discussion

5.1. Ecological and Oceanographic Context of the Planktonic Foraminiferal Biogeographic
Distribution in Adriatic and Ionian Basins

Changes in oceanographic parameters could lead to a geographic offset among modern
planktonic associations that may lead to differential abundance patterns and/or shell
mass variability towards the optimum growth conditions, modifying the size spectrum
of the entire population [20,21,24,49,89,107]. Therefore, the assessment of the dominant
environmental parameters controlling the planktonic foraminiferal communities within the
Mediterranean Sea, such as SST, SSS, and PP [8,28,89,108,109], along with their correlation
with the ecological characteristics of the identified species are crucial for explaining the
offsets mentioned above.

Although the Adriatic and the Ionian sub-basins are quite similar from the faunistic
point of view, some differences seem to exist regarding the abundance of the most sig-
nificant species. Both sub-basins are dominated by G. bulloides and G. ruber (w), which
exhibit an antagonistic faunal pattern. The maximum abundance peaks of G. ruber (s.s.
and s.l.) are coincident with minimum relative peaks of G. bulloides in the Ionian basin,
while the opposite trend is recorded for the Adriatic Sea (Figure 3), indicating the partly
replacement between these species in the planktonic fauna. The high percentages of the
opportunistic species G. bulloides are controlled by phyto- and zoo-plankton blooms [22]
mainly attributed to the fertilizing effect to the Po River discharge waters and additional
local eastern Italian freshwater inputs in the south Adriatic Sea. On the contrary, relative
abundance of this species gradually decreases within the Ionian Sea, where the plume
waters lose their characteristic features when mixed with other south-eastern Mediter-
ranean surface waters. Globigerinoides ruber is evenly abundant by showing a continuous
presence throughout the study transect, due to its ability to withstand large fluctuations
in temperature and salinity of the water column [22,110]. Its slightly higher contribution
(including both morphotypes) in the Ionian basin (Figure 3) could be attributed to more
favorable (compared to those of the Adriatic Sea) conditions for its flourishment in the
more oligotrophic water column. We highlight that such growth optimum conditions based
on depth habitat preference and environmental parameters would certainly help to explain
the observed regionally variable abundance patterns of the analyzed morphotypes.

The observed dominance of the normal morphotype in central Mediterranean sub-
basins possibly is due to its depth and ecological characteristics. G. ruber s.s. has a very
constant depth habitat (top 30–50 m; [99,111,112]) and prefers a temperature- and salinity-
stratified environment [113], which in the study area is attained by the halocline due
to riverine inputs and/or the seasonal thermocline due to surface warming during late
spring to early fall. The less abundant G. ruber s.l. reaches its highest percentages in
sample GeoB 10,718 south of the strait of Otranto and at sites H02, H03, and H-05 in the
central-eastern part of the Ionian basin, where recurrent or transient small-scale cyclonic
and anticyclonic gyres are formed and enhance the primary productivity (eastern Ionian
bloom of D’Ortenzio, et al. [114]), which primarily controls its distribution [21,100]. The
intermittent nature of these localized blooms (known as “intermittently blooming areas” of
D’Ortenzio and Ribera d’Alcalà [115]) due to their pronounced interannual variability in
the spatial shape and timing [114], in combination with the seasonal control of primary
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production trapped at the subsurface Deep Chlorophyll Maximum (DCM) layer [116],
which is estimated to be at times even more important than surface production in such
oligotrophic setting [117], could be considered the most plausible explanations for their
slight record in the satellite-sensed Chl-a data in the study area [114,115]. Moreover,
satellite data provide no information on subsurface production, which is known to be
important in the eastern part of the Mediterranean and does not always match the timing
of surface Chl-a peaks [118] (Figure 4).

Figure 4. (A) Chlorophyll-a (Chl-a), (B) sea surface temperature (SST), and (C) sea surface salinity
(SSS) distribution map for the study area.
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However, the additional factors of heterogeneous bathymetry and distance from the
coast could not be omitted as they have a large influence on the distributional abundance
pattern of this morphotype, as have already been indicated for the Adriatic [85] and the
Aegean Sea [21]. Given the above factors, the observed distributional pattern of G. ruber
s.l. could be correlated with a relevant trend to deeper habitats at these sites. As the
nutrient content decreases offshore [77,119], this regime causes unfavorable conditions for
this species, reflected by even more reduced percentages of the most productivity-sensitive
morphotype Elongate (belonging to G. ruber s.l.). Consequently, the representatives of G.
ruber s.l. are adapted to a different depth habitat, possibly beneath the halocline or deeper
in the mixed layer to avoid the highly stratified and oligotrophic surface waters.

Besides the two abundant aforementioned species, most of the species that live in
the central Mediterranean are surface/sub-surface symbiont bearing species (e.g., G. ruber
rosea, G. rubescens, O. universa, G. siphonifera, T. trilobus) each one displaying percentages
up to ~10%, while important components in some places are also the productivity- and
stratification-related indicators, such as N. pachyderma, G. inflata, T. quinqueloba, and G. gluti-
nata [1,120]. The significant cumulative percentage (up to 30%) of symbiont-bearing species
seems to reflect the ability of this group to cope with the oligotrophy of the study area. Par-
ticularly, G. ruber rosea and G. rubescens thrive in a warmer and overall, more oligotrophic
and stratified water column [28,103,121], and T. trilobus dwells in warm, oligotrophic to
mesotrophic waters but prefers less salty superficial waters [95,122]. Orbulina universa is
usually abundant in (sub)tropical to temperate waters and tolerates a wide range of salinity
and temperature [47,95]. Its increased percentages in the Adriatic and Ionian sites could
be interpreted as an increase in depth and possibly the extent of the thermocline. In only
some locations (e.g., samples H-11, GeoB 10729), these species are replaced by asymbionts
(e.g., T. quinqueloba, G. bulloides) and some deeper dwellers, mostly by N. pachyderma and
G. inflata, that are associated with deep winter mixing and generally more productive
environments [22,95,123]. The relatively low percentages of G. inflata and its general dis-
placement from the Ionian to the Adriatic basin could be explained by the fact that this
species is less frequent or absent in warmer, stratified, and nutrient-depleted regions of
the Mediterranean than in more productive areas (e.g., western Mediterranean; [22,109]).
The same applies to T. quinqueloba, which maintains a residual presence in the study area,
since its ecological preferences are mostly linked to cold and very productive surface
waters [103,124]. The cosmopolitan species G. glutinata comprises significant percentages
up to ~10% of the assemblage composition since it is able to survive both in oligotrophic
and mesotrophic environments [125] due to its dual behavior related to diet requirements,
being thus very sensitive to changes in productivity [42,126], while it is not dependent on
temperature, salinity or depth [1]. Its presence in the Mediterranean Sea has been attributed
to the spring bloom, triggered by the increased nutrients at the end of the winter mixing
and increased solar irradiation [22,127].

5.2. On the Environmental Component on the Latitudinal Size Variability

The average maximum diameter (282 µm) of the central Mediterranean (excluding
the Tyrrhenian Sea) assemblages is comparable with that of the eastern Mediterranean
(279 µm; [24]), but slightly lower than that reported for subtropical assemblages on a global
scale (309 µm; [37]). The ~8% offset in planktonic size could be considered reliable due
to the more oligotrophic nature of higher water density in the marginal Mediterranean
Sea compared to the global open ocean. Although tolerance limits of modern foraminifera
are not completely defined, the progressive increase in test size is initially believed to be
related to ecological optimum conditions [37,128–130]. Nevertheless, we note that the
majority (apart from Schmidt et al. [37] who analyzed 69 Holocene samples worldwide) of
the studies supports the optimum-size hypothesis focused on sediment samples collected
within a single oceanic basin [31,131–135], reflecting a limited part of the biogeographical
range of each species.
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Most shell-mass-related studies have shown that the planktonic foraminiferal shell
size increase with seawater temperature (e.g., [38]). In the case of the central Mediterranean
basin, the increase in sea surface temperature from the Adriatic to the southernmost Ionian
sites (Figure 4) could partly explain the average 11% increase observed in most of the
species. However, this trend does not exist for the most dominant species, since both
G. bulloides and G. ruber (w; s.s. and s.l.) present larger tests at higher latitudes. The
decreasing trend with latitude of these two species is quite similar to that (~10% decrease
towards the Levantine basin) reported by Zarkogiannis et al. [24] for the eastern sector
of the Mediterranean Sea, indicating the latitudinal influence on these species within the
entire Mediterranean Sea. This finding is also supplemented by the recent observations
of Mallo et al. [81] showing a W-E difference in size of the same species (more extreme
in G. ruber than G. bulloides, as similarly observed in our N-S transect), with the western
basin hosting the largest individuals, while the gradual decrease in shell size occurs in the
Tyrrhenian, eastern Ionian and finally in Levantine basin. Both latitudinal and longitudinal
trends clearly reveal that the most abundant and paleoceanographically significant species
for the Mediterranean Sea are possibly driven by environmental forces, beyond the SST, in
terms of the specific hydrographic dynamics of each sub-basin within the Mediterranean
Sea. Our findings are consistent with the observations of Rillo et al. [136] highlighting
that SST does not always explain shell size variations, and further show that contrasting
results can be obtained when analyzing intra-specific size patterns, even in a narrower
geographical range as that one adopted here. Furthermore, given the species-specific size
variability presented for the first time here, this study could be considered as a pioneer
since it fills the gap characterized by the lack of studies testing the intraspecific consistency
of the optimum-size hypothesis.

Nutrient availability can mediate the temperature-size relationships observed in the
plankton communities and has been shown to affect planktonic foraminifera size [136,137].
More explicitly, enhanced food availability in the water column facilitates faster cell growth
and larger final shell size [138,139]. On a global scale, surface primary productivity is
strongly correlated with plankton size. Below the value of 150 g C m−2 yr−1 there is a
positive relationship, while above this threshold the cell size decreases with increasing
primary productivity [37]. Within the low-productivity ecosystem of the Mediterranean
Sea (<150 g C m−2 yr−1; [140]) it would be expected shell size to be increased with produc-
tivity. According to the current and the already known from the literature’s Mediterranean
dataset, the above size-productivity relationship is evident for several species, mostly the
symbiont-barren taxa, and is more pronounced in a longitudinal way. For instance, O. uni-
versa presents larger size fractions in the eutrophic upwelling areas from the Atlantic to
the Strait of Sicily [89], relatively intermediate-sized shells in mesotrophic-to-oligotrophic
Adriatic and Ionian basins (this study) and lowermost sizes into the ultra-oligotrophic
eastern Mediterranean basin [24]. Into the general oligotrophic Adriatic and Ionian set-
tings, G. ruber and other photosymbiotic species seem to have an advantage due to their
symbionts which they use as an ecological strategy to survive in nutrient-limited environ-
ments [141]. The relatively stable shell sizes reported between Adriatic and Ionian domains
of the most abundant species G. ruber s.s. (229 vs. 223 µm; Table 2) and G. bulloides (227
vs. 217 µm; Table 2) clearly support this concept. Moreover, the fact that these species
were developed almost equally in size, presenting size structure values around roughly
220 µm, indicates that they possibly reach the optimum environmental conditions for the
study area. The less abundant species (e.g., G. ruber s.l., G. ruber rosea, and G. rubescens),
which are usually influenced by the competition with more abundant co-occurring species,
present significant size variability and thereby reach their highest shell sizes in sub-optimal
conditions. The comparison between the average intraspecific shell sizes for the central
and the eastern basins (Table 3) points toward which species reaches the optimum or
sub-optimum conditions and in which basin exactly within the Mediterranean setting. We
nonetheless note that an additional N-S transect in the western Mediterranean, where the
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eutrophic species dominate, is needed to complete full geographic coverage of the shell
differentiation into the entire Mediterranean Sea.

Table 3. Average population size of the identified planktonic foraminifera species within the Central Mediterranean (this
study) and comparison with the Eastern Mediterranean basin [24]. The number of sampling locations that each species was
encountered is also shown together with the total number of specimens counted. nd: not determined.

Species ECD (µm) St. Dev. (%) No of Sites
No of

Specimens

Central
Mediterranean

Eastern
Mediterranean

Globigerinoides ruber s.s. 224 218 8 17 897
Globigerinoides ruber s.l. 279 259 11 17 592

Globigerinoides ruber rosea 313 338 15 16 192
Trilobatus trilobus 280 315 18 16 122

Globigerinella siphonifera 292 305 15 17 260
Globigerina bulloides 218 207 9 17 1463

Neogloboquadrina pachyderma 227 220 14 12 211
Globorotalia inflata 337 266 17 11 90

Globorotalia truncatulinoides 435 nd 20 5 20
Globigerina rubescens 184 189 11 13 140

Orbulina universa 471 427 19 17 180
Turborotalita quinqueloba 171 192 14 12 79

Globigerinita glutinata 188 189 13 13 118

5.3. The Possible Role of a Hidden Biological Diversity in Mediterranean Assemblages

Numerous studies have shown that many planktonic foraminiferal species display mul-
tiple genotypes, which are genetically independent but morphologically similar [142–144].
These cryptic species may also have different geographical distributions exhibiting possible
morphological gradients with latitude [145] or longitude [107], occupy different niches [142],
and display different relationships between abundance, size patterns, and environmen-
tal parameters [146–148]. Among the identified species, variable relationships have been
discovered between their cryptic species and depth-, and/or environmental (SST, strati-
fication, productivity)-related specializations whose abundance, shell size, and porosity
vary with latitude. For instance, the size-abundance-environmental relationship has been
documented for species with cryptic diversity, namely O. universa [131,146,149–151], G. in-
flata [152], G. ruber [144,146,153], G. siphonifera [148,154,155], G. truncatulinoides [156,157],
G. bulloides [144,146,158,159] and N. pachyderma [160–164]. For most of them, both spinose
and non-spinose species, it is premature to invoke cryptic diversity and ecophenotypy
relationships due to the lack of large-scale inter-basin analysis within the Mediterranean
Sea. However, some of them, especially those presenting the greatest variability in shell size
ranges (G. truncatulinoides, G. inflata, and O. universa) could constitute good candidates for
better explaining the observed geographic differentiation in the study area. Therefore, we
interpret the documented latitudinal divergent trends among the fauna as the consequence
of a hidden biological diversity with different mean sizes within these taxa, adapted to par-
ticular hydrographic conditions. We further note that there may be additional undiscovered
genotypes in different lineages, especially in small and neglected species [165], possibly due
to their relatively low number of specimens that have been surveyed so far.
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5.4. Potential Depth Preferred Regulating Mechanism

We did not find any relationship between population shell size and abundance, cau-
tion thus against the concept of intraspecific size variation in parallel with population
abundances, in accordance with previous studies [38,166]. In the present study, species
richness which previously has been positively correlated with assemblage size [37] is
found constant along our transect, indicating that the population size variation cannot be
explained by assemblage changes. The relatively constant number of 13 species identified
in the majority of the studied core-top samples is by ~40% lower than that of the low pro-
ductivity oceanic gyre centers (>20 species; [167–169]), but similar to that of the marginal
seas [22,89,170]. The slightly higher number in species richness reported here, compared to
the number of 10 that characterizes the ultra-oligotrophic regions (e.g., Levantine Sea [20],
Red Sea [171]), results mainly from the presence of cold- and deep-water dwellers that are
associated with enhanced seasonal primary productivity [109,172]. The mechanism that
could explain the expected ecological optimum pattern of simultaneous large sizes and
high abundances involves higher feeding frequency (higher nutrient availability) leading
to higher individual growth and finally to higher population growth [130]. However, it
also implies that populations in different productive regimes have different generation
times, with the more generations at optimum conditions to lead in higher abundance in
the sediment, but relative to other populations of the same species, and not relative to
the local assemblage [136]. In the local basin-wide abundance, nutrient availability is the
same for all co-occurring species. Both satellite and in situ productivity data measured
across the central Mediterranean reveal an increasing N-S oligotrophy gradient, mainly
due to the limiting Chl-a concentrations from the Adriatic to Ionian Sea [115]. As would
be expected, it is not followed by a relevant decrease in abundance for several species
(e.g., G. ruber, G. siphonifera, G. glutinata), which means that the above mechanism can-
not be applied here, since the primary production pattern of the region cannot explain
sufficiently the observed decrease in mean foraminiferal size with latitude for the most
abundant species either the opposite trend for the rest of the species in accordance also
with their abundances. To understand the observed trends, we need to consider the effects
of vertical instability on planktonic assemblages. The mesotrophic to oligotrophic character
of the central Mediterranean basin is reflected by surface-dwelling oligotrophic and deeper
eutrophic faunas, both of which are growing outside their ecologically optimum ranges
(eastern and western Mediterranean respectively). In this setting, the overall assemblage
is thus characterized by many species with almost overlapping shell sizes (Table 2). The
species with a constant depth habitat such as G. ruber s.s, T. quinqueloba, and T. trilobus
obviously are within optimal conditions and therefore present the lowest size variability.
On the contrary, the species presenting a more variable depth habitat (e.g., G. bulloides,
G. ruber s.l., O. universa) in their attempt to find plentiful food should be adapted to greater
depths, representing sub-optimal ecological conditions for their survival.

6. Conclusions

In the present work, we studied the abundance and size distribution of recent plank-
tonic foraminiferal populations derived by 17 surface sediment samples spanning from
the mesotrophic Adriatic to the oligotrophic Ionian Sea. The fauna consists of subtrop-
ical species, mostly symbiont-bearing spinose species indicative of the mesotrophic-to-
oligotrophic nature of the study area. Even though the most abundant species G. bulloides
and G. ruber (w) show an antagonistic distributional pattern, both present the opposite
trend compared to the rest of the species with their average size decreasing with latitude.
The recent fluctuations in the relative abundance along with morphospecies-specific shell
size trends of the dominating species may reflect the current adjustment to ongoing sea sur-
face warming and a decrease in primary productivity in certain depth levels along the N-S
transect. Overall, our findings are consistent with previous studies, which suggest that sea
surface temperature, depth habitat, and food availability are the main controlling factors for
their latitudinal distributional differentiation in the central Mediterranean. Moreover, shell
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size variation in planktonic foraminiferal species analyzed cannot be consistently predicted
by the environment, with a hidden biological diversity with different mean sizes within
these taxa to be possibly appeared, as an adaptation to ecological (sub)optimum conditions.
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Abstract: Changes in the density structure of the upper oceanic water masses are an important
forcing of changes in the Atlantic Meridional Overturning Circulation (AMOC), which is believed
to widely affect Earth’s climate. However, very little is known about past changes in the density
structure of the Atlantic Ocean, despite being extensively studied. The physical controls on planktonic
foraminifera calcification are explored here, to obtain a first-order approximation of the horizontal
density gradient in the eastern Atlantic during the last 200,000 years. Published records of Globigerina

bulloides shells from the North and Tropical eastern Atlantic were complemented by the analysis of a
South Atlantic core. The masses of the same species shells from three different dissolution assessed
sediment cores along the eastern Atlantic Ocean were converted to seawater density values using a
calibration equation. Foraminifera, as planktonic organisms, are subject to the physical properties
of the seawater and thus their shells are sensitive to buoyancy forcing through surface temperature
and salinity perturbations. By using planktonic foraminifera shell weight as an upper ocean density
proxy, two intervals of convergence of the shell masses are identified during cold intervals of the
last two deglaciations that may be interpreted as weak ocean density gradients, indicating nearly or
completely eliminated meridional circulation, while interhemispheric Atlantic density differences
appear to alleviate with the onset of the last interglacial. The results confirm the significance of
variations in the density of Atlantic surface waters for meridional circulation changes.

Keywords: planktonic foraminifera; shell weight; ocean paleodensity; Atlantic Meridional Circula-
tion (AMOC); climate variability

1. Introduction

The Atlantic Meridional Overturning Circulation (AMOC) is a system of ocean cur-
rents that has an essential role in Earth’s climate, redistributing heat and influencing the
carbon cycle [1,2]. It is a basin-scale baroclinic ocean circulation with a northward flow
of warm water and a cold return flow at depth [3]. During its northward travel, the sur-
face water exchanges heat with the atmosphere, modifying the climate of the Northern
Atlantic region and contributing to the relatively mild climate in Europe. This overturn-
ing circulation is a meridional plane portrait of a much more complex three-dimensional
circulation in the Atlantic, which can be conditionally split into wind-driven and thermo-
haline circulations [4]. This latter circulation depends in part on oceanic density gradients
and hence on temperature and salinity gradients controlled by warming/cooling and
evaporation/precipitation at the surface of the ocean.

Progress in the reconstruction of past Atlantic circulation changes has revealed that
AMOC reductions coincided with colder episodes within the Last Glacial, especially
Heinrich Events [5,6]. Additionally, a prominent chemocline has been identified in the
North Atlantic during the Last Glacial Maximum (LGM) and Heinrich Event 1 (H1) [6],
which suggests an altered deep-water circulation state. However, so far hardly anything is
known about the past subsurface density structure in the North Atlantic [7], while it is still
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poorly constrained beyond the LGM. As this structure is fundamental for understanding
deep-water circulation [8], it is critically important that new means are established for
assessing changes in oceanic vertical density structures. I present new insight into this
structure in the eastern Atlantic from a novel approach that centers on the physical controls
on planktonic foraminifera biomineralization through time.

Although the effects of ocean chemistry on plankton are being extensively studied,
there is a lack in the literature about the effects of physical oceanic properties such as
buoyancy or pressure, which very likely affect foraminifera physiology and morphology [9].
Different foraminifera species have different optimum living depth habitats [10,11], to
which they adapt according to the oceanic inhomogeneity. These organisms are able to
biosynthesize out of equilibrium with their ambient environment by maintaining chemical
gradients [12–14]; however, as plankton they must thus always retain equilibrium with
the seawater to remain floating. It can thus be argued that plankton physiology is more
sensitive to the physical rather than the chemical characteristics of seawater. In order to
inhabit certain depths, planktonic foraminifera should regulate their (cell) density to match
that of the surrounding liquid in which they are immersed. Should this not be the case, then
the organisms must relocate until they reach a particular density horizon to equilibrate.

Foraminifera may have different strategies (e.g., storage of metabolic gases) for short-
term displacement or micro-positioning in the water column, such as diurnal migrations,
but compared to gasses and lipids the most inert way for non-motile plankton to regulate
buoyancy in the long term is by biomineralization [15,16]. Based on the foraminiferal need
for certain habitat acquisition and recent findings on the influence of surface ocean density
on their calcification [17], the application of foraminifera shell weights as a (paleo)seawater
density proxy is introduced here as a means to reconstruct paleoseawater density and
stratification of the surface Atlantic Ocean and thus the rigorousness of its meridional
overturning circulation. For this purpose, synchronous sieve-based shell weights of the
planktonic foraminifera species G. bulloides are compared across three Atlantic locations.
G. bulloides is a subsurface, cosmopolitan foraminifera species with a wide use in paleo-
ceanographic studies that thus allowed for the comparison of the results of a new S. Atlantic
core with two more shell weight records from the bibliography.

2. Oceanographic Setting of the Core Locations

The present study involves the analyses of three sediment cores from the eastern
margins of the Atlantic Ocean (Figure 1). The southernmost one is GeoB 1710-3 from
the northern Cape Basin and was taken from the southwestern African lower continental
slope (2987 m). The Cape Basin, located in the subtropical eastern South Atlantic Ocean, is
bordered to the east by the African continent, to the north and west by the Walvis Ridge
and the Mid-Atlantic Ridge, respectively, and to the south by the Agulhas Ridge (Figure 1).
The wind system is almost entirely dominated by the southeast trade winds [18]. Surface
waters in the Cape basin may be derived from three different regions: the Indian Ocean’s
Agulhas current, the South Atlantic current, and the Subantarctic Surface Waters [19–21].
Below the surface currents lies the Antarctic Intermediate Water (AAIW), which spreads
to the north between 500 and 1000 m water depth. The dominant modem deep water
mass, in the Cape Basin, is a mixture of ~60% Circumpolar Deep Water (CPDW) and
~40% North Atlantic Deep Water (NADW) from the western South Atlantic [22,23]. The
relatively warm, saline, southward-flowing NADW is injected in the equatorward-flowing
CPDW and extends between about 1700 and 3900 m water depth [24]. Between 1000
and 1700 m, the NADW is overlain by Upper Circumpolar Deep Water (UCPDW) and
underlain by Lower Circumpolar Deep Water (LCPDW) [25]. The LCPDW is formed when
Antarctic Bottom Water (AABW) is mixed with the slightly less dense overlying water [26].
The extremely cold, oxygen-depleted, nutrient-enriched, of low CO3

2− and high CO2
content AABW is encountered below 4000 m [27]. During glacial times, the conveyor
circulation was weak, and the abyssal Cape Basin was filled with less corrosive and aged
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deep waters [28]. The core location is currently bathed in NADW [27] and must have been
so for the last 245 Kyrs [29].

Figure 1. Location of the sediment cores and schematic of the Atlantic Meridional Overturning
Circulation. Red is the surface flow, blue the deep one, and yellow and green represent transition
flows between depths. Terrain after the general bathymetric chart of the Ocean.

GeoB 8502 (19◦13.27’ N, 18◦56.04’ W) is a Tropical North Atlantic pelagic site at the
lower reaches of the Cap Timiris Canyon, approximately 250 km offshore the Mauritanian
coast (Figure 1), and was retrieved from 2956 m water depth on the lower Northwestern
African continental rise and consists of levee sediments that are predominantly hemipelagic
deposits. As part of the Eastern Boundary Current system, the Mauritanian upwelling
region is one of the major upwelling areas in the Atlantic Ocean [30]. Along the NW
African margin, the temporal dynamics of the coastal upwelling are driven basically by
the intensity of the northeast trade-winds, itself dependent on the seasonal Intertropical
Convergence Zone (ITCZ) migration [31,32] on a perennial basis, producing cold nutrient-
rich surface waters with modern sea surface temperatures (SSTs) as low as 16◦C. The main
water masses encountered in the upwelling region are the Tropical Surface Water (TSW),
the North and South Atlantic Central Waters (NACW and SACW), and AAIW. Both central
water masses appear in the permanent pycnocline between depths of 150 m and 600 m at
temperatures greater than about 8◦C, below which lies the AAIW [32]. At greater depths,
the core sediments are currently bathed in the carbonate-saturated NADW and may have
remained so during the glacials [33].

Core ODP 982 was retrieved from the Rockall Plateau, which is an extensive shallow
water (~2000 m) area located south of Iceland and west of the British Isles (Figure 1). The
surface circulation in the Rockall area is characterized by warm, highly saline water of the
North Atlantic Drift Current (NADC), which forms the continuation of the Gulf Stream
heading to the Nordic Seas [34]. The NADC is the major surface water component of
the AMOC, which is one driving factors behind the global conveyor belt and NADW
formation [35,36]. The NADW may be divided into two main components: the upper
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NADW, in the intermediate depths, and the lower NADW (deeper than 2000 m). Interme-
diate depths in the North Atlantic, near the Rockall Plateau, contain three principal water
masses between the AAIW, Mediterranean Overflow Water (MOW), and Labrador Sea
Water (LSW). The upper NADW consists of a mixture of LSW, MOW, and overflows from
the Nordic Seas and is the densest of the intermediate water masses, occupying depths
between 1500 and 1600 m in the interior ocean. The lower NADW is composed of a mixture
of the dense overflows from the Nordic Seas and LSW [37]. The deepest water mass in
the Rockall area (≥ 3500 m) consists of modified AABW, which is characterized by lower
salinity than the waters above [38].

3. Material and Methods

3.1. Sediment Core Locations and Methodological Overview

The present study is based on the weight analyses of foraminifer shells from three
sediment cores (Table 1). G. bulloides shell weights from the 300–355 µm sieve fraction
existed for cores ODP 982 [39] in the North Atlantic and GeoB 8502-2 [40] in the Tropical
Atlantic and thus the weight analysis was extended to specimens from core GeoB 1710-3
in the South Atlantic. GeoB 1710-3 is 10.45 m long with an average sedimentation rate of
≈ 5 cm/ky [41] and extends back 245 kyr to Marine Isotope Stage (MIS) 7, yet the present
analysis was restricted to the last 200 kyr to match the extent of GeoB 8502-2. Samples
from GeoB 1710-3 were taken at a resolution of ~2000 years (10 cm sampling interval)
by extracting a slice of material, 1 cm in thickness, which corresponds approximately to
an average of 200 years of sedimentation. The coarse fraction of all samples was already
available from a previous study [42] and was subsequently dry-sieved into several sieve
fractions. Non-fragmented G. bulloides shells from the 315–355 µm size fraction were picked
for mass analysis. The very narrow size interval (40 µm) should be sufficient to overcome
the greater proportion of natural size variability without further normalization [43]. Since
any record of shell weight is a composite signal of dissolution superimposed upon the
initial shell weight variability, the cores considered here were already assessed for carbonate
dissolution using the same method (ODP 982 [17], GeoB 8502-2 [40], GeoB 1710-3 [44]) and
their foraminiferal carbonate is reported to be well preserved. The coarse fraction from
the studied cores was disaggregated with deionized water and then wet-sieved through
a 63 µm mesh. Since all samples underwent the same washing process, any offset due to
residual fine debris would be constant among samples. Although treatment solely with
water is not a very efficient cleaning method for weighing analyses [45], the examined
specimens did not show increased contamination (see Section 4).

Table 1. List of the core sites.

Core Latitude Longitude Depth (m)

ODP 982A 57◦30.99’ N 15◦52.00’ W 1135
GeoB 8502-2 19◦13.27’ N 18◦56.04’ W 2956
GeoB 1710-3 23◦25.9’ S 11◦41.9’ E 2987

The weight analyses revealed two instances where G. bulloides shell masses between
the studied cores converge and these convergence intervals were termed Shell Mass Con-
vergence Event (SMCE) I and II, during the last (~18.4 ka) and the penultimate (~122.4 ka)
deglaciations, respectively. In order to better understand the physiology of the shells during
these intervals, the selected specimens from GeoB cores were analyzed by high resolution
X-ray microcomputed tomography (XµCT). The tomographic analysis was extended to
the shells that mark the Last Glacial Maximum (LGM) in core GeoB 1710-3, which were
the heaviest found in all three records during the last 200 kyr. µCT was used to inspect
the interior and the internal structure of the foraminiferal tests. Apart from addressing
the test’s integrity, XµCT allowed for the assessment of the degree to which the recorded
masses are the result of interference from shell inclusions or of changes in test thickness.
Finally, the µCT analysis led to total shell volume estimates that allowed for the calculation
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of volume-normalized shell weights or G. bulloides shell densities, presenting a more precise
method of eliminating the contribution of shell size to shell weight.

3.2. Weight Analysis

Where available, ideally, 50 (minimum 31) G. bulloides shells were weighed in a
preweighed aluminum carrier in the Department of Earth Sciences at the University of
Oxford using a Sartorius SE 2 ultra-microbalance with a precision of ± 0.1 µg. Replicate
weight measurements of specimens from core ODP 982 were performed in the Godwin lab-
oratory at the University of Cambridge using a UMX2 Mettler Toledo ultra-microbalance at
the same precision. Average shell masses were calculated by dividing the recorded mass by
the total number of foraminifera weighed. Subsequently, for each sample, the average shell
weights of batches of five individuals (minimum four, maximum eight) were determined,
in order to estimate standard shell mass deviations. As explained above, performing shell
weight analyses on a narrow size fraction of foraminifera constrains the ontogenic stage of
the specimens to a certain number of chambers, and thus minimizes size-related weight
differences [43,46]. The analytical error, estimated by triplicate measurements of 50 random
specimens, ranged from 0.04 to 0.06 µg for both balances, which is in accordance with their
analytical error.

3.3. Determination of Atlantic Seawater Paleodensity

The acquired shell weight measurements were converted to paleoseawater densities
using Equation (1) that was derived by correlating weight and geochemical analyses of
equally sized G. bulloides specimens between both 250–315 and 300–355 µm from the
Atlantic Ocean [17]:

Seawater density=0.29( ± 0.01) * G. bulloides shell mass+1022.78( ± 0.11) (1)

This equation is based on the hypothesis that foraminifera shell masses can be used
as a direct (paleo)seawater density proxy and is considered to describe the ocean density
at 100 m depths. When G. bulloides shell weights approach zero, like the smallest juvenile
tests, the density approaches 1023 kg/m3, thus describing well the modern average surface
ocean density. The weight-derived ocean densities were also compared to published
geochemically derived seawater densities for the penultimate deglaciation from core GeoB
8502-2. The propagated error from the transformation of shell mass to seawater density is
± 0.23 kg/m3.

3.4. X-ray Micro-Computed Tomography (µCT)

For X-ray microscopic analysis, in total, 28 specimens were scanned from four samples
of cores GeoB 8502-2 and GeoB 1710-3 that correspond to the time intervals of shell mass
convergence during the last and penultimate deglaciations (SMCE I and II), and a sample
from the last glacial maximum in core GeoB 1710-3, where the highest shell weights of all
the studied records were recorded. The dataset was complemented with CT data previously
published in Zarkogiannis, et al. [40] that refer to the time-slice of SMCE II in core GeoB
8502-2. On average, seven (min four, max five) specimens were scanned from each of the
studied intervals. Each batch of shells was poured into a quartz cylindrical carrier 1 mm in
diameter [47]. They were stabilized with diluted tragacanth glue and left to dry prior to
scanning. The micro-CT (µCT) scanning was carried out with a Zeiss Xradia 510 Versa at
the Maxwell Centre of the University of Cambridge. X-ray source and detector geometry
were kept constant throughout the scans. The anode voltage was set at 100 kV, the X-ray
tube current was 90 µA, and the exposure time was 2 s at an optical magnification of 4 ×. By
processing approximately 1024 images per sample, a scan resolution voxel size of ~1.2 µm3

was typically achieved using this setup in order to maximize the number of specimens that
could be analyzed in a single scan. The images were combined to build a 3D rendering
using Avizo software, which was also used for segmentation. The segmentation resulted in

109



J. Mar. Sci. Eng. 2021, 9, 519

the separation of the tomographs into shell area, area occupied by clay infillings (dirt), and
internal shell (protoplasm) voids.

Subject to the degree of segmentation, the X-ray microscopic analysis allows for the
determination and study of a number of biometric characteristics of the foraminifera shells,
such as total shell volume, thus shell density (volume-normalized weight) and calcite (test)
volume, and thus test density and calcite (test) surface [40]. The calculation of the total cell
volume and the volume of shell calcite allowed for the determination of the percentage that
the shell occupies within the cell. The ratio of calcite volume/calcite surface provides a
linear unidimensional quantity in length units and can thus serve as a measure of average
test thickness. In this study, in addition to shell density, that is, the ratio of shell volume to
shell mass, we used the “specific surface area”, that is, the ratio of test volume/test surface,
as a measure of average test thickness [48] and the test density, that is, the ratio of test
volume to shell mass, as an indication of test porosity. Furthermore, by segmenting the
area occupied by clay infillings, the degree of contamination in weight measurements was
calculated as percent by volume. Links to raw tomographic data can be found in the data
availability statement section below.

4. Results

The record of G. bulloides shell mass attained from GeoB 1710-3 for the last 200 kyr
shows enhanced climatic cyclicity (Figure 2a) and variability between mass values of more
than 100%, but shell weights were consistent between replicates. During the cold MIS
6 interval, shell weights were generally increased but with considerable variation, of up
to 80% since some of the lowest mass values in the record are at 148 and 180 ka. During
MIS 5e, shell masses are low and they gradually increase after MIS 5d. The lowest shell
mass values followed MIS 5b, after which shell weights increase until they reach their
maximum value at 20 ka, which possibly marks the LGM interval for this core. During the
last deglaciation, mass values drop abruptly and they remained low during the Holocene.

In contrast to GeoB 1710-3, the shell weight record of the lower latitude core GeoB 8502-
2 shows no cyclicity between glacial and interglacial periods the last 200 kyr. G. bulloides
shell masses are stable, fluctuating only on a small scale ( ± 1.1 µg, 1σ) around an average
of 13.4 µg. Lower shell mass weights are found within MIS 6, while values almost increase
progressively after MIS 5b. The broad maximum in shell weight centered at the MIS 5/6
boundary of Termination II recorded for approximately 2300 yr, during which shell masses
increase by 30% above average, was attributed to contamination clay infillings. In core
ODP 982A, shell weights show again a clearer glacial/interglacial pattern, which is less
“nervous” than that of GeoB 1710-3. Here, G. bulloides shell masses consistently increased
at around 17.3 ( ± 1.3) µg during the cold MIS 6 interval. Low mass values are recorded
during the warmest MIS 5e interval, after which weights increase gradually during the
course of the last glaciation until around 21 ka. At this age, the highest mass values are
recorded, denoting the LGM period in this core, after which values drop and decrease even
further during the late Holocene.

By using Equation (1), the planktonic foraminifera shell weights were converted to
ocean density values and the results for the three records are summarized in Figure 3. The
superposition of the three records reveals a convergence in Atlantic Ocean densities for two
instances during the last 200 kyr. The first convergence event (SMCE I) takes place after
the onset of the last deglaciation around 18.4 ka and the second (SMCE II) around 122.4 ka
within the peak of the penultimate deglaciation. During both of these instances, the water
densities convergence to the same value of ~1026.82 kg/m3 and this value is similar to
seawater densities reconstructed for the modern core-top samples. It also appears that
most of the time the South Atlantic is densest. Prior to SMCE II, density gradients are more
or less constant between the different Atlantic localities, while after this convergence event
densities start to diverge between the tropical site and the sites at higher latitudes until
the LGM when the divergence becomes the maximum between the sites. After SMCE I,
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seawater density gradients between the different eastern margins of the ocean alleviate
considerably until today.

Figure 2. Shell weight records of the last 200 kyr (before present, BP) for: (a) core GeoB 1710-3 from the eastern South
Atlantic; (b) core GeoB 8502-2 from the eastern Equatorial Atlantic [40]; and (c) core ODP 982 from the eastern North
Atlantic. The 1σ confidence interval for each shell mass plot is shown as a color-shaded area. Numbers refer to Marine
Isotopic Stages (MIS) or substages and grey-shaded areas interglacial periods. Data are available in Supplementary Table S1.

The results from the intervals that surround the two SMCE events are summarized
in Table 2. The average G. bulloides shell masses during SMCE I across the different sites
are 13.9 ( ± 0.5) µg and 13.7 ( ± 0.2) µg during SMCE II, which equal to almost identical
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Atlantic seawater densities (1026.86 and 1026.79 kg/m3, respectively) also between the
two intervals. The density value of ~1026.8 kg/m3 to which Atlantic seawater densities
converged on average during the two SMCEs resembles that of the modern ocean. The
weight-derived Atlantic seawater densities are comparable within error to geochemically
reconstructed seawater density values from combined Mg/Ca and δ18O measurements on
the weighed G. bulloides specimens from core GoeB 8502-2 for this interval.

Figure 3. Atlantic Ocean density reconstructions for the last 200 kyr based on planktonic foraminifera shell weights from
three different sites. Note the convergence in seawater density/planktonic foraminifera shell mass values for two instances
in the records and how these values match the modern seawater densities.

Table 2. Summary of G. bulloides shell masses and the mass-derived seawater densities for the three different Atlantic
sites across the two SMCEs during the last two deglaciations. The reconstructed densities presented in the last column are
geochemically reconstructed seawater densities during SMCE II published in Zarkogiannis, et al. [40] for core GeoB 8502-2.

SMCE I—Last Deglaciation SMCE II—Penultimate Deglaciation

Sites Age (ka)
Weight

(µg)
Derived Density

(kg/m3)
Age (ka)

Weight
(µg)

Derived Density
(kg/m3)

Reconstructed
Density (kg/m3)

ODP 982A
16.42 15.6 1027.35 120.12 13.9 1026.85
18.40 13.4 1026.71 122.60 13.9 1026.85
21.38 20.6 1028.82 125.08 14.0 1026.88

GeoB 8502-2
16.95 13.9 1026.85 121.08 13.3 1026.69 1027.21
18.10 14.3 1026.98 122.51 13.6 1026.76 1026.10
19.26 15.3 1027.28 123.93 13.1 1026.62 1027.14

GeoB 1710-3
17.08 17.3 1027.84 119.49 14.2 1026.95
18.65 14.0 1026.89 121.96 13.6 1026.76
20.15 25.4 1030.22 124.40 14.8 1027.11

The results from the CT analyses are summarized in Table 3. The specimens that were
available for CT scanning are from the GeoB cores. The analysis mainly focused on the
specimens from SMCE I and II intervals and reveal other physical characteristics of the
specimens with the same mass across the Atlantic basins and time intervals. In addition to
these intervals, LGM specimens from core GeoB 1710-3 displayed the highest shell mass in
the studied records. The CT analyses showed that contamination by sediment infilling of
specimens is minimal (only ~5% by volume) and thus the reported shell mass values are
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not artifacts. Furthermore, the inspection of the tomographs (found in the data availability
statement section below) verified the good preservation of the specimens and thus the shell
weight variation due to dissolution can be considered minimal too.

Table 3. Biometric data of foraminifera from weighing and XµCT analysis. Test thickness is the ratio of calcite volume to
calcite surface, and shell and test density are the ratio of the average shell weight to test and shell volume, respectively.
Sediment infilling is the specimen’s internal volume percentage occupied by sediment impurities. The µCT analysis results
for individual specimens are given in Supplementary Table S2.

Period Site
Age

(kyrs)
Test Mass

(µg)
Test Thickness

(µm)
Cell Volume (µm3)

Sediment
Infilling (%)

Test %
Shell

Density
(g/cm3)

Test
Density
(g/cm3)

Last
Deglaciation

GeoB
8502 18.10 14.3 ± 2.2 5.1 ± 0.7 21,737,763 ± 15% 4% 23% 0.66 2.71

GeoB
1710 18.65 14.0 ± 1.7 4.7 ± 0.5 24,155,433 ± 7% 2% 22% 0.58 2.69

Penultimate
Deglaciation

GeoB
8502 122.51 13.6 ± 2.4 5.0 ± 0.4 22,326,089 ± 9% 5% 23% 0.61 2.62

GeoB
1710 121.96 13.6 ± 1.5 5.2 ± 0.7 21,270,578 ± 10% 7% 25% 0.64 2.60

Last Glacial
Maximum

GeoB
1710 20.15 25.4 ± 0.5 11.0 ± 17% 27,088,617 ± 6% 6% 42% 0.94 2.24

The merging of shell masses is also reflected in a convergence in the mean wall
thickness of the shells at ~5 µm (Figure 4a–h). Although the shell thickness is similar,
during SMCE I shell masses are slightly more elevated than during SMCE II but the shells
are found to be more voluminous. Thus, the shell thickness remains the same because
mass changes are compensated for by changes in total volume, and this is reflected in the
shell density values of Table 3. Furthermore, during convergence events the foraminifera
shell comprise 23% of the total cell, while the overall shell density (i.e., volume-normalized
weight) varies only by a little and is on average 0.62 g/cm3. The test density (an indication
of test porosity) of SMCE I individuals is slightly increased compared with that of SMCE II.
Test density values vary around the values of the calcite’s density.

Figure 4. X-ray tomographs of G. bulloides specimens of cores GeoB 8502-2 and GeoB 1710-3; (a–d) specimens from shell
mass convergence event SMCE I; (e–h) specimens from SMCE II; and (i–j) Last Glacial Maximum specimens from core
GeoB 1710-3.
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The LGM specimens of GeoB 17010-3 exhibit different characteristics to those of the
SMCEs (Table 3). Their mass almost doubles and so does their shell wall thickness. This is
also visually evident in their tomographs of Figure 4i,j, where the specimens are found to
be heavily encrusted. Internal chamber walls are very delicate and thin (Figure 4j), while in
most of the cases these chamber walls are completely dissolved and are thus not evident
within the shell (Figure 4i). LGM shells are ~20% more voluminous that the others and
this extra volume is due to the increase in their shell calcite, which now comprises the 42%
of the total cell volume (Table 3), while the total volume of the cavities that are filled with
protoplasm is similar to the SMCE specimens (Supplementary Table S2). The overall shell
density during the LGM is increased by more than 50%, while the test itself is found to be
less dense and thus more porous (Table 3).

5. Discussion

5.1. Foraminifera Shell Weights Are Tracers of Past Oceanic Circulation

The sieved-based weight analysis of G. bulloides shells from the South Atlantic core
GeoB 1710-3 during the last 200 kyr was combined with two additional eastern Atlantic
shell weight records and revealed reorganizations in the meridional circulation of the
Atlantic Ocean. The measured foraminifera shell masses were converted to seawater
density values using a lineal relationship that was calibrated for the Atlantic Ocean using
geochemical data [17]. The mass-based reconstructed seawater densities from the three
different eastern Atlantic localities describe their hydrography and unveil two occasions,
SMCE I and SMCE II, when the seawater densities between these regions appear similar
(Figure 3). Interhemispheric convergence of surface Atlantic densities denotes the absence
of seawater density gradients across the basins and thus momentary cessation of the
Atlantic Meridional Overturning Circulation (AMOC), which implies an increase in surface
ocean stratification [49] and abrupt, large changes in climate [50].

The basin-scale reconstructions of seawater densities using planktonic foraminifera
shell mass measurements have enabled the consideration of several aspects of the Atlantic
hydrography. Figure 3 showed that planktonic foraminifera can alter their shell mass con-
siderably and verifies that the degree of this alteration in time is a function of latitude [51]
with no overall response to atmospheric pCO2. The water from the S. Atlantic site is gener-
ally found to be denser than the other two eastern areas. This illustrates the northward
water movement towards less dense regions, which is known to feed the northern Atlantic
latitudes with southern-sourced waters [52]. The high S. Atlantic densities of enhanced
variability may be the result of the site’s location offshore the Kalahari Desert, which as
a hyper-arid area would favor the development of high salinity in the sea water, while
pulses of leaking warmer and thus lighter Agulhas waters may contribute to abrupt density
variabilities (see Section 5.2). Seawater densities at the tropical Atlantic site GeoB 8502-2 are
stable throughout the studied interval and G. bulloides specimens were the lightest between
records. As discussed in Zarkogiannis, et al. [40], this is a tropical region of insolation and
climatic stability, under the influence of the ITCZ, which is a zone of enhanced precipitation
and of low-density surface waters [53].

Planktonic foraminifera shell weights start recording the glacial/interglacial cyclicity
signal at mid-latitudes or at latitudes that are more sensitive to insolation changes. That
seawater densities are here reconstructed higher for the site at 23◦ S (GeoB 1710-3) than
that of 57◦ N (ODP 982A) might imply that the overturning circulation and oceanic density
gradients may not respond directly to the amount of summer insolation falling across
northern high-latitude regions. They are possibly dictated by moisture fluxes from Hadley
cells, driven by the Earth’s latitudinal insolation gradient (LIG) [54] and the latitudinal
temperature gradient (LTG) that it creates, which drives the poleward energy flux via the
atmospheric and ocean circulation [55]. Site GeoB 1710-3, where the highest shell weights
were recorded, is located directly at the descending limb of the Hadley cell. Furthermore,
since the LGM is an arid period [56,57] and may have been more arid that the penultimate
glacial maximum [58], the highest-density waters (of increased salinity and decreased
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temperature) were to be expected in the Atlantic basins of the mid-latitudes (Figure 5a).
The response of planktonic calcification to high-density waters is notably manifested in
Figure 4i,j.

Furthermore, Figure 3 suggests that the Atlantic Ocean was slightly lighter during MIS
6 than the subsequent glaciation as it can been seen in all three records. The penultimate
glacial, MIS 6, appears to have been approximately as extreme as the last ice age in
terms of global ice volume and sea level [59,60]. Yet, unlike the last glacial interval, no
major ice-rafted debris (IRD) deposits, known as Heinrich events [61,62] that suggest
increased iceberg formation, were recorded prior to the penultimate deglaciation in the
Atlantic [63,64], while on the Iberian margin, MIS 6 has been described as a warmer glacial
interval compared with the last ice age [63,65]. Thus, for occupying the same volume
at higher temperatures, its density should have been reduced. Except for this glacial
interval, which raises arguments that the interocean salt leakage is not as straightforward
as previously suggested [66], the South Atlantic has most of the time been the densest of
the three basins as it is today [67]. Furthermore, its record appears to be “nervous” with
increased variability.

The most important outcome of Figure 3 in terms of abrupt Atlantic hydroclimate
changes may however be the identification of intervals of surface seawater density con-
vergence. Independent indications of a collapse of the Atlantic meridional circulation
during SMCE I and SMCE II are provided by geochemical evidence of 231Pa/230Th records
from N. Atlantic cores. 231Pa/230Th is a kinematic proxy for the meridional overturning
circulation. For a given scavenging rate, lower rates of AMOC in the past would result in
comparatively less 231Pa export from the Atlantic and in higher sedimentary 231Pa/230Th,
reaching a maximum of 0.093 for a total cessation [68]. In the present study, the first
instance of surface ocean density gradient attenuation is recorded at ~122.4 ka (SMCE II),
shortly after the peak in the last interglacial (MIS 5.5) within a cold climatic phase [69,70].
During the same interval, the sedimentary record of core MD95-2037 from the north central
Atlantic shows increased 231Pa/230Th values that also indicate cessation of the overturning
circulation in the region (Figure 2 in [71]).

According to the density differences between the Atlantic regions of Figure 3 and in
line with previous findings, the overturning rate at the ocean surface was weak during
MIS 5e, and a change to a more vigorous circulation pattern occurred mostly during the
glacial inception, i.e., the transition from MIS 5.5 to MIS 5.4 [71–73]. Hence, during the
warm optimum of MIS 5.5, the structure of the AMOC was similar to the modern one
(Figure 5b). The records are also in agreement for a sluggish Atlantic circulation at ~100 ka,
since the weak density gradients that appear in Figure 3 are synchronous with an increase
in the 231Pa/230Th records [71]. Nevertheless, the weight-based reconstructed density
gradients show that the glacial Atlantic circulation mode started after 120,000 years ago
with an increase in the overturning rate [71] and thus a more vigorous behavior of the
AMOC [74,75] following the decrease in Northern Hemisphere summer insolation, which
favored the initiation of ice-sheet growth [76].
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Figure 5. The hydrographic properties of water parcels are strongly influenced by the atmosphere through air–sea interaction
and once subducted from the surface layer the density (temperature and salinity) of a water parcel is conserved and remains
constant since mixing across isopycnal surfaces is generally much weaker than mixing on isopycnal surfaces [77]. In oceanic
regions of normal salinity conditions, the latitudinal temperature changes determine the density of the subducted waters.
(a) During extreme glacial conditions, such as the LGM, enhanced atmospheric thermal gradients increase the number
of seawater subduction zones that lead to enhanced oceanic density gradients (Figure 3) and thus more vigorous oceanic
circulation; (b) during deglacial times of relaxed thermal gradients, surface ocean stratification prevails that can lead to the
cessation of the oceanic circulation (SMCEs). Note the density difference between the glacial and interglacial ocean, which
can be up to ~3.5 kg/m3 [78] due to ice cap buildup. However, the seawater density of tropical regions under the influence
of the ITCZ is expected to be stable with perhaps only small glacial/interglacial variations.

The surface ocean density values during MIS 5e (~1026.8 kg/m3) were found to be
remarkably similar to the values recorded for SMCE I during Termination I (~18.4 ka) and
for most of the Holocene. 231Pa/230Th radiochemical data from sediment core OCE326-
GGC5 from the western subtropical Atlantic also provide independent evidence of a
collapse and rapid resumption of the AMOC [5]. In that 231Pa/230Th record, the circulation
is found to momentarily cease at 17.5 kyr ago, during the H1 stadial. This is a few hundred
years later than suggested from the convergence of the planktonic foraminifera shell
weight records. This discrepancy may be due to the difference in the resolution of the
records and/or because the response time of sediment 231Pa/230Th to changes in circulation
is ∼500 yr [68,79]. Thus, the 231Pa/230Th profiles lag the information of surface ocean
circulation changes that is provided by the foraminifera proxy.

The two records also agree in the duration of the shutdown of the AMOC, which
appears to last 2000 yr by the 231Pa/230Th signal and 1600 to 2000 years in the foraminiferal
records. The synchrony between changes in 231Pa/230Th and foraminifera weights suggests
a connection between the AMOC and local surface hydrography, and the inferred near-
cessation of AMOC during early deglaciation appears to be directly linked to the freshening
and increased buoyancy of Northern Atlantic surface water during the H1 [80–82]. During
this event, decreasing G. bulloides shell weights were recorded in three additional cores from
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the N. Atlantic, all converging towards the beginning of the Holocene [43]. These findings
thus support earlier suggestions that melt water associated with catastrophic iceberg
discharge freshened the high-latitude surface ocean, stabilized the water column, and
weakened the AMOC [83,84]. The results indicate that the effect was dramatic, resulting in
a near-total collapse of the AMOC possibly during periods of substantial regional cooling.

Present planktonic foraminifera shell weight records reveal an attenuation of surface
Atlantic density gradients after SMCE 1 (~18.4 ka), and this is supported by investiga-
tions that provide ample evidence for large-scale glacial and deglacial AMOC reorgani-
zations [85–87]. While discrepancies remain between the different studies regarding the
timing, overall tendency, and amplitude of circulation variations [88], there is a general
consensus that AMOC variability was subdued during the Holocene compared with the
last glacial termination [89,90]. This is also supported by the present record, where similar
shell weight values are shown to characterize entire Holocene sections (14.1 ± 0.6 µg),
suggesting no major changes in AMOC during at least the past 18 kyr (Figure 3). The
slightly steeper gradients during the early Holocene imply a weakly increased rate of
AMOC, supporting previous findings [5], but the convergence of shell mass values in the
most recent sediment samples supports recent studies that suggest a decline in the AMOC
strength during the past centuries [91–93]. However, these results must be confirmed with
additional high-resolution analyses.

5.2. Assessing Atlantic Planktonic Foraminifera Shell Mass Records as Seawater Density and
AMOC Proxies

The use of planktonic foraminifera shell mass as a seawater paleodensity proxy has
revealed changes in the circulation mode of the Atlantic Ocean and has provided estimates
of absolute past density values of the seawater column at the depths where G. bulloides live
when they attain a cell size of 300–355 µm. The average Atlantic Ocean density during
the periods of quasi-total cessation of the AMOC was found to be ~1026.82 kg/m3. This
value is similar to 1026.72 kg/m3, which is the average density reconstructed for the
modern ocean by the three core top samples and refers to a depth of 130–170 m in the
study area today [94]. Such depths are in the range of the calcification depths reported
for G. bulloides for the southern Atlantic [95], the Indian [96] and Southern Ocean [97],
and the Atlantic [98,99], although for the N. Atlantic shallower depths have also been
reported [100]. Since calcification depths change with ontogeny and thus with size [99,101],
it is reasonable to assume that specimens as large as 355 µm calcify at greater depths
and so the proposed reconstructions are plausible. However, like many applications of
transfer functions on fossil foraminifera to reconstruct past environments, the shell-weight-
based seawater density reconstructions fundamentally rely on the assumption of stable
environmental niches in both space and time. Niche stability in environmental space is
found to be greatest for subpolar species such as G. bulloides across glacial and interglacial
intervals [102].

Planktonic foraminifera shell mass biomineralization responds very differently to
atmospheric pCO2 with latitude (Figure 2a,c) if at all (Figure 2b). Shell weight variability
is greater at intermediate latitudes and especially at those related to the descending limb
of the Hadley circulation, such as the region of core GeoB 1710-3. The increased shell
masses recorded during the last glacial maximum could also have been attributed to
enhanced upwelling, a wind-driven oceanic circulation, of denser water masses during
the LGM but this is definitely not the case for core GeoB 8502-2, which is beneath one
of the major upwelling areas in the Atlantic Ocean [30]. Furthermore, the intervals of
shell weight convergence between the records would suggest an instantaneous decline
in the wind-driven circulation and its attenuation of 18 ka for which no evidence exists.
Alternatively, the shell weight variations are overall better explained by changes in the
thermohaline circulation that match the 231Pa/230Th geochemical indications of AMOC
cessation and thus increased shell masses are related to densification of the Atlantic waters.
The geochemically reconstructed density estimates for SMCE II from GeoB 8502-2 in Table 2
agree within error (which is ± 1.73 kg/m3 [17]) with the weight-based density estimates;
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however, more geochemical analyses of the present records are required to confirm the
accuracy of the results.

6. Conclusions

Species-specific planktonic foraminifera shell weights have the potential to be a valu-
able tool for the determination of surface ocean paleoseawater circulation and thus a
powerful proxy for physical paleoceanographic applications in paleoclimatology. The
use of planktonic foraminifera shell weight as a direct seawater paleodensity proxy has
revealed two intervals in the Atlantic Ocean during the past 200 kyr, when the meridional
circulation may have been disrupted momentarily due to the absence of interhemispheric
seawater density gradients in the Atlantic. Shell-weight-based seawater density values not
only converge in the three studied cores within these extraordinary intervals but they also
converge between both of these intervals to the same value, which also characterizes the
modern Atlantic Ocean density at the same depth horizons. After the convergence at 18 ka,
the Atlantic seawater density gradients alleviate and this weakening suggests a decline in
the AMOC strength with only small variability thereafter.

Furthermore, it confirms that the surface South Atlantic has always been denser [67]
and that, after the last convergence (at ~18.4 Ka) towards the Holocene, the interhemi-
spheric surface Atlantic density gradients alleviate, possibly suggesting an attenuated
AMOC thereafter.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jmse9050519/s1, Table S1: G. bulloides sieve (300-355 µm) based shell weights from core GeoB
1710-3, Table S2: Biometric analyses of XµCT scanned G. bulloides specimens.
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Abstract: The study area is the Thriassion Plain, an important area, in antiquity, surrounding the
famous ancient town of Eleusis, 20 km west of Athens. The modern town and port and the entire area
were heavily industrialized (1965–1995) coupled with unregulated urban and agricultural development.
The presence of two crude oil refineries and other oil-related industries have strongly impacted the
entire environment, including soils, waters and sediments of the broader area. The purpose of this work
is to better understand how a multi-layered groundwater system affects the potential underground
spread of certain fuel volatile compounds, namely the BTEX (benzene, toluene, ethylbenzene and
total xylenes) as well as their attenuation after their direct or indirect release into the aquifer system.
The spatial distribution of BTEX in groundwaters show that they were concentrated mainly in four
rather restricted locations. Three of them were spotted, as expected, in the close vicinity of known
pollution sources (a military airfield and two crude oil refineries). The other one corresponds to an
abandoned site with no outstanding pollution sources where wells exist, eventually used for illegal
dumping of oily wastes. It is important that the concentrations decrease significantly from autumn
to spring. This decline could be characterized as natural attenuation, related to natural dilution
phenomena and a flushing out of pollutants discharging through underwater springs to the sea
during the rainy period (October to April). This, in turn, could be associated to the specific geological
conditions affecting the hydrology, such as the unconsolidated non-permeable deposits and the multi
layered formations of the area’s aquifers.

Keywords: BTEX natural attenuation; hydro-stratigraphy; multi-layered aquifer; Thriassion Plain;
confined and unconfined aquifer; coastal aquifer; Gulf of Eleusis
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1. Introduction

Our study area is the Thriassion Plain, in the Attica Prefecture, located 25 km west of Athens. It
covers a surface of 480 km2, characterized by a relatively smooth relief with altitudes up to 100 m and
comprises the town of Aspropyrgos, Eleusis (pronounced Elefsis) and Magoula (Figure 1). The broader
area is a historical and cultural landmark of Greece since prehistory. In the period 1965–1995, the
area experienced a rapid unprogrammed, industrialization, which, in combination with the lack of
environmental infrastructures, resulted in generation and accumulation of urban and industrial wastes,
natural resources degradation and environmental hazards [1–3], turning the area into one of the most
polluted Mediterranean regions. The drainage receptor of the study area is the Gulf of Eleusis, a
semi enclosed embayment within the Saronikos Gulf, one of the most important areas in terms of the
ecological status- and climate change-related coastal hazards [4,5] and biomonitoring [6] in the Eastern
Mediterranean Sea. The Gulf of Eleusis and the Saronikos Gulf represent the seaward boundary of
the metropolitan area of Athens and Piraeus whereas within the Thriassion Plain some of the biggest
industrial installations of the country exist, such as oil refineries, steel mills and cement factories, and
shipyards. The industrialization and land use changes have affected the sea bottom sediments [7–9],
the soil [10,11], and the water column dynamics of the Gulf of Eleusis [12,13] which is the final
receptor of human activities in the plain [14–17]. Among the industries involved with oil refining,
processing and transport, the Refinery of Aspropyrgos (known as ELPE), the Refinery of Eleusis, and
the relics of a petroleum recycling unit (CYCLON), along with the Military Airfield may potentially
be responsible for hydrocarbon leakages to the groundwater, which is used in industries and for
irrigation of agricultural lands. The first evidence of groundwater contamination from hydrocarbons
was reported by Kounis et al. [18]. Ever since, the presence of aliphatic and PAHs pollution in coastal
marine waters and tissues was documented [19] while some groundwater oil-remediation was merely
reported for the area of the Refinery of Aspropyrgos [20].

 

 

Figure 1. The study area.

The present study investigates the potential groundwater pollution from BTEX (benzene, toluene,
ethylbenzene and xylenes) within the complex aquifer system of the Thriassion Plain. It was carried
out by the National and Kapodistrian University of Athens and supported by the General Secretariat of
Research and Technology. The research was considered of critical importance by the Local Authorities
because it provided feedback to the environmental management of the area as well as a starting point
for further investigations necessary to address the complex pollution issues of the region.
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2. BTEX Characteristics and Fate into the Aquifers

The BTEX forms about the 16% of a typical gasoline blend and is associated with adverse impact
on human-health. Although the individual BTEX compounds are widely used as solvents and in
manufacturing, gasoline leaks from underground storage tanks and distribution pipelines are the
primary contributor of BTEX contamination in ground water [21].

Among the four BTEX compounds, benzene is classified as a carcinogen by the European Union
Council Directive 98/83/EC, the U.S. Environmental Protection Agency and the International Agency for
Research on Cancer. As a result of this concern, threshold levels in freshwater have been established,
namely the Maximum Contamination Limits (MCL) [22,23]. Nevertheless, respective thresholds or
permissible levels in groundwaters have not been set, so far. Table 1 presents the BTEX MCLs, expressed
in parts per million (ppm, or mg/L) in the EU and several other countries with high recorded oil pollution.

Table 1. The MCLs of BTEX.

EU
(mg/L)

US EPA
(mg/L)

China
(mg/L)

Canada
(mg/L)

New Zealand
(mg/L)

Japan
(mg/L)

Benzene 0.001 0.005 0.01 0.005 0.01 0.01
Toluene Not legislated 1 0.7 0.024 0.8 0.2
Xylenes Not legislated 10 0.5 0.3 0. 0.4

Ethylbenzene Not legislated 0.7 0.3 0.0024 0.3 Not legislated

It is well known that many organic contaminants exist in a liquid phase and are not soluble in
water. These are the Non-Aqueous Phase Liquids (NAPLs) which include fuels (gasoline, aviation fuel),
chlorinated solvents, and polychlorinated biphenyls. In a typical petroleum hydrocarbon contamination
incident, such as an underground leaking of a storage tank or pipeline, the escaping organic substance
(e.g., gasoline) usually moves downwards through the unsaturated or vadose zone until it reaches the
aquifer. There, the mobility of the organic substance (e.g., hydrocarbon) decreases as water saturation
increases respectively and accumulation takes place particularly at the interface, above the water-table.

Some important parameters determining the environmental fate of the organic substance are the
compound’s volatility (gaseous phase), solubility in water (aqueous phase), specific weight determining
floating or sinking in the aqueous zone, and affinity to minerals and other organic compounds
and surfaces, determining sorption (absorption/adsorption and dissolution) [24]. Furthermore, the
degradation rate of the compound depends on the presence of bacteria and fungi species, the
environmental conditions (temperature, aquifer minerals, organic matter content), and the availability
and concentration of carbon sources available to the microbial consortia. The rate of biodegradation
tends to slow down when DO concentrations are less than about 1–2 ppm. Anaerobic biodegradation of
benzene appears to be more aquifer specific than that for the other monoaromatic hydrocarbons [25–27].

3. Geology and Hydrogeological Characteristics of the Study Area

The Palaeozoic formations, 300 to 400 m thick, are the geological basement of the broader area.
The Palaeozoic is represented by (a) clastic materials, shales and sandstones, which alternate with
greywackes and conglomerates; (b) basic igneous volcanic rocks; and (c) lenticular intercalations of thin
bedded carbonate units. Weak metamorphosis, successive folds and schistosity are also observed. This
background is overlain by Mesozoic sediments such as: (a) phyllites and sandstone, (b) meta-pyroclastic
and meta-volcanic rocks hornstones and tuffs; (c) Triassic limestones, dolomitic limestones and dolomites;
and (d) Cretaceous limestones. The Cenozoic is represented by: (a) Paleocene flysch; (b) Neogene
deposits of marls with lignite intercalations in places, sandstone, marly limestone; and (c) Pleistocene
(clay, sands, gravels, torrential fans of loosely and cohesive conglomerates) and Late Quaternary alluvial
deposits (clay, loams, sands and gravels) at the top [28–30]. The geological settings are illustrated in
Figure 2.
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Figure 2. The geology of the study area.

The hydrogeology of the broader area has been extremely influenced by hydro-stratigraphic and
tectonic factors as well as sea level changes [29–34]. The paleogeographic evolution, the aquifer geometry
and thickness, the salinity controls, and the groundwater input are important features for the water
source management. In past studies two main aquifer systems were described: (1) the Plio–Pleistocene
sediments and (2) the Triassic limestone/dolomite and the Cretaceous limestone [18,28,35,36].

Recent detailed hydrogeological research studies [37,38] have recalculated the aquifer characteristics,
providing a revised hydrogeological model of three distinct groundwater hydrostratigraphic units
(including their subunits): (a) the Neogene-Quaternary sediments comprising (a.1) the Holocene -Upper
Pleistocene aquifer system, generally unconfined and semi-confined consisted of clays, sands and
gravels. It is recharged by rainfall and upward leakage from lower aquifers. The Holocene clays form
local barriers to groundwater flow, causing the formation of marshes and swamps and/or upward
leakage. The coastal clay strata prevent the lower standing aquifers from direct seawater intrusion where
groundwater of good quality was found 90 m below sea level (m.b.s.l.) [37,38]; (a.2) the Pleistocene
system, made up of marls with lignite layers in places, sands and marly limestones which is a
multi-layered confined aquifer. There is Pleistocene sediments recharge and preferential lateral flow
from the carbonate basement. The direction of the groundwater flow within the confined layers is SE,
where a partly upward leakage onto the coastal zone occurs while, the main water volume is moving
very slowly towards the Saronikos Gulf with hydraulic gradient 1–2‰. (b) The Cretaceous aquifer,
west of the study area, is fractured and forms an unconfined aquifer of high productivity with not
well-known thickness, but with hydraulic contact with the sea, and finally, (c) The Triassic aquifer,
either confined or unconfined which has been affected by karstification and tectonism. The latter is
comprised of limestones, dolomitic limestones and dolomites. The Cretaceous and Triassic aquifers
flow to the southwest and discharge partly through coastal springs near the city of Eleusis and the
entire North-Western coastline of the Eleusis Gulf and partly into Neogene–Quaternary deposits [39,40].
From this field work, the seasonal water level fluctuations in the unconfined aquifer were measured
0.4–0.5 m and within the confined aquifers 1.2–1.5 m. A conceptual model of the deposits in Figure 3
illustrates the multi-level aquifer conditions within the Pleistocene strata, where lenticular intercalation
consists of a water-yielding formation [31].
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Figure 3. Conceptual hydro-stratigraphic column of the Plio-Pleistocene.

4. Materials and Methods

The sampled area included all major potential polluting sources, from crude oil refineries and
other related industries and the Military Airfield, as well as the city of Eleusis itself. Thirty-four (34)
to forty-five (45) groundwater samples were collected, twice a year, in November and May, when
the water level was at the lowest and the highest level, respectively. The whole investigation lasted
three years, from 2003 to 2005. The results of the in-situ survey, including water level measurements,
and lithology identification of each sampling location, are reported in Table 2. Sampling, storage,
shipping and laboratory characterization of the target analytes were carried out according to USEPA
Analytical Method 524.2 [41] in the Laboratory of Environmental Chemistry, Department of Chemistry,
National and Kapodistrian University of Athens (NKUA). The samples were collected from the first
five centimeters of the water surface of the wells or by pumping from the boreholes. The Solid Phase
Microextraction (SPME) was applied to pre-concentrate the BTEX [42–44]. Gas Chromatography (GC)
was applied to separate the compounds from the water samples, and Mass Spectrometry (MS) to
detect them. The chromatography results were validated through the protocol procedures (linearity,
precision, recover, standards). The Limits of Detection (LOD) achieved with the method applied
were 0.095 ppb for benzene, 0.077 ppb for toluene, 0.099 ppb for ethylbenzene and 0.089 ppb for total
xylenes [44]. The quantified results were illustrated on a GIS database to assess the distribution of the
pollutants within the aquifers. The estimation of the groundwater spatial dispersion (spatial analysis)
was accomplished using an ArcGIS software. The data layers were digitized and stored in the database,
including sampling-well locations with the analytical data, main industries and drainage network,
road network and towns/settlements. The concentrations were presented on concentration-contour
maps. Using the Geostatistical analyst extension of ArcGIS, the initial values of each parameter
(i.e., concentration BTEX compound) for a sampling season were interpolated in grid layers with a
cell size of 20 × 20 m. The inverse squared distance (ISD) method was used to interpolate the data
obtained. The contour maps provided, refer to the concentrations of benzene for all sampling seasons.
The classification of the concentration values in the contour maps is different among the four target
analytes, therefore when a target analyte has a wide range of concentrations (e.g., xylenes) there are
more classes in the GIS map.
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Table 2. Hydrogeological characteristics of the wells; (U), (C) and (L) stands for unconfined, confined
and semi-confined aquifer respectively; hydraulic head.

Well (W)/Borehole (B) Id Age, Lithology, Aquifer Type Hydraulic Head (M.A.S.L.)

03
November

04
May

04
November

05
May

05
November

1B Triassic carbonate (U) 140.00 to 160.00

3B Triassic carbonate (U) 78.00 to 80.00

8W Pleistocene sediments (C) 4.35 4.68 4.37 4.77 4.63

12W Pleistocene sediments (L) 5.00 5.53 5.47 5.55 5.65

15W Pleistocene sediments (L) no data

16W Pleistocene sediments (L) 4.90 5.51 4.22 6.57 5.24

20W Pleistocene sediments (L) 4.85 5.35 4.99 5.47 4.88

22W Pleistocene sediments (U) 5.53 5.88 no data

23/24W Holocene clay (U) 5.98 4.15 4.16 4.01 3.13

27W Holocene clay (U) 2.91 3.56 2.82 3.43 2.91

29W Pleistocene sediments (C) 3.10 4.52 4.93 4.73 4.68

32W Pleistocene sediments (L) no data 2.95 3.46

37W Holocene clay (U) 2.20 2.95 3.38 3.35 3.40

38W Holocene clay(U) 1.85 2.22 2.80 2.32 1.75

44W Holocene clay (L) 1.96 2.23 1.93 2.17 1.78

45W Holocene clay (U) 1.65 1.90 2.36 1.96 1.48

46W Holocene clay (U) 2.38 2.70 2.40 2.10 1.69

47W Holocene clay (U) 1.13 1.40 1.45 1.45 1.20

54W Pleistocene sediments (L) 4.03 4.56 4.42 4.69 4.05

55W Pleistocene sediments (L) 6.10 4.93 3.09 5.08 4.21

58W Pleistocene sand with clay intercalations (C) 3.60 4.10 4.90 5.13 3.88

61W Pleistocene pebbles (L) 4.96 5.01 4.74 4.82 4.52

62W Pleistocene pebbles (L) 5.37 7.19 5.35 7.10 6.38

63W Pleistocene pebbles with clay intercalations (L) 3.60 4.39 3.89 4.67 3.92

66W Pleistocene sediments with clay intercalations (L) 1.00 1.40 1.20 1.50 0.77

67W Pleistocene with clay intercalations (L) 2.40 2.73 2.45 2.10 1.69

72W Pleistocene gravels (U) 4.90 5.70 5.38 6.04 5.43

86/88W Clay (L) 3.30 3.90 4.86 4.96 5.25

95W Pleistocene sediments (U) 1.12 1.82 0.62 1.92 1.22

98W Pleistocene sediments (U) 4.98 5.26 5.03 5.10 4.61

100W Pleistocene sediments (U) 4.20 4.40 4.15 4.25 3.90

102W Pleistocene pebbles (U) 2.65 2.95 2.90 2.88 2.35

104B Pleistocene pebbles (U) 26.00 to 27.00

106W Holocene sediments and pebbles (U) 0.70 1.20 0.55 1.28 1.60

134W Pleistocene sediments (C) 4.80 6.00 5.30 7.40 6.99

136W Pleistocene sediments (C) 5.20 6.05 4.95 5.90 7.01

142W Pleistocene sediments (C) 6.10 6.14 5.92 6.24 7.11

152W Pleistocene sediments (C) 95.00 to 102.00

169B Triassic carbonate (U) 85.00 to 88.00

187W Pleistocene (U) 3.26 3.76 3.40 3.74 3.19

1000W Pleistocene sediments (U) 3.66 4.02 3.95 4.12 3.89

2000W Triassic carbonates (U)

3000W Pleistocene aggregates (U) 1.50 1.65 1.84 1.50 1,76

5000W Pleistocene conglomerates (U) 3.29 4.40 3.70 4.65 4,60

4000W Pleistocene conglomerates (U) 6.29 6.63 6.42 6.48 6.15

(Petrola) 1 10300W Holocene clay (U) no data 6.92 7.00 no data

(Petrola) 10400W Holocene clay (U) no data 1.66 2.00 no data

(Pyrkal) 10500W Holocene clay (U) no data 0.25 0.25 no data

(Pyrkal) 10600W Triassic carbonate (U) no data 2.50 2.43 no data

1 Refinery of Eleusis.
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5. Results and Discussion

The nonspatial analysis which involves the results of the target pollutants laboratory determination,
is provided with the concentration values presented in Supplementary Material (Table S1 for benzene,
Table S2 for toluene, Table S3 for ethylbenzene and in Table S4 for the xylenes). All values are expressed in
parts per billion (ppb). The sample id “22” was considered unsuitable for chromatographic determination,
because its oily texture and odor appeared likely to provoke damage to the instrumentation. The produced
results of the first year indicated the need to broaden/expand the sampling area.

The BTEX are not commonly found in nature, as for instance the metals, and since they are
hazardous for human health, it could be considered that every concentration over a non-detectable
level may be regarded as “pollution” or “contamination”. Regarding benzene values, we remark that
seventeen (17) out of forty-five (45) samples exceeded the EU MCL in all autumn monitoring seasons,
and another five (5) once or twice again in autumn. Overall, benzene pollution might be alleged as
not-at-a high-risk, though significant. More specifically, in November 2003, the concentrations of
benzene range from the detection limit up to 29 ppb, in May 2004 the water level had an average
rise of 0.45 m and the maximum concentration was 14 ppb, whereas the concentrations of all other
samples were significantly lower than the ones in November 2003. In November 2004, new samples
were collected from the Refinery of Eleusis (id Petrola “10300”, Petrola “10400”) and the industrial area
of Pyrcal (id “10500”, “10600”, at the western boundary of the study area). Exactly at the same area,
the maximum concentration (57 ppb) was found. Between May and November 2004, the average fall
of the water level was 0.24 m. In May 2005 concentrations ranged from the detection limit up to 16
ppb, and the average rise of the water level was 0.39 m. Finally, in November 2005, the concentrations
ranged from the detection limit up to 20 ppb and it seems that they were slightly lower than in the
previous autumn sampling periods. Moreover, the sample id “22” was a mix of water and oil, which
raised the question of its origin (a “backdoor” discharge?). This sample was not chromatographically
characterized at all, to avert damage to the analytical instrumentation but has served as a “guide” for
new sampling in the surrounding area.

As for the concentrations of toluene, ethylbenzene and xylenes, their values were much lower
than their MCLs (Supplementary Material). More specifically, the pollution of toluene can be assumed
as negligible to low, since its concentration values are much lower than the MCL. The maximum
concentration of 45 ppb (still, lower than the MCL) was reported in the installations of the “Pyrkal”
industry (id “10500” and “10600”). For ethylbenzene, almost all values are close to the detection
limit. For the xylenes, the pollution should also be considered as negligible to low, compared to its
MCL. Moreover, it is remarkable that, after the winter rainfall, the BTEX concentration values in May
are significantly reduced, reaching very low to non-detectable levels. This may be attributed to the
significant dilution of the target compounds by the recharge of the aquifer, which at the end, discharges
to the sea through submarine water springs at the western boundary of the study area, mainly.

Concerning the spatial distribution depicted on the GIS contour maps, four separate locations of
benzene pollution are developed: (a) northeast of the Hellenic Refinery of Aspropyrgos (ELPE), (b) at
the western and the eastern boundaries of the Military Airfield of Eleusis, (c) south-east of the town of
Aspropyrgos and (d) next to the Refinery of Aspropyrgos (ELPE). Figures 4–8 illustrate the estimated
groundwater distribution. The spatial distribution of toluene, ethylbenzene and xylenes is the same as
benzene; therefore, the results are not presented and commented for each compound individually.

The standard deviation is very high only for benzene for all monitoring seasons. As for the other
compounds, the variability is potentially attributed to, either the existence of a non-permanent pollution
input or, an eventually differentiated natural attenuation. The examination of the (B + T)/(E + X) ratio
could provide some useful information on the original time of gasoline release [44,45]. Due to the
difference in their mobility, concentration ratios of the individual BTEX compounds (e.g., B/E, T/X, etc.)
in fuel-contaminated groundwater tend to change uniformly with time. The relative content of BTEX
compounds in manufactured gasoline has varied with time; initial ratio values are often unavailable,
which limits wide application of these ratios as time indicators. Although, in the study area we cannot
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identify numerous oil industries or fuel stations that have undertaken historically serious changes,
we could still use the BTEX ratio: Rb = (B + T)/(E + X) in an attempt to better comprehend some
environmental changes in dissolved plumes, if any.

 

Figure 4. The estimated groundwater distribution of benzene in November 2003.

 

Figure 5. The estimated groundwater distribution of benzene in May 2004.

 

Figure 6. The estimated groundwater distribution of benzene in November 2004.

130



J. Mar. Sci. Eng. 2020, 8, 1018

 

Figure 7. The estimated groundwater distribution of benzene in May 2005.

 

Figure 8. The estimated groundwater distribution of benzene in November 2005.

Kaplan’s multiple investigations [45,46], mostly empirical, have shown that near the source and
immediately after a gasoline spill, Rb reaches values between 1.5 and 6, which indicates a recent release
(typically <5 years). In the absence of NAPL, Rb in a dissolved gasoline plume is close to that of the
original gasoline (0.8 < Rb < 1.1). The ratio then decreases as a function of time, and values less than
0.5 usually reflecting gasoline residence time longer than 10 years. Rb = 6.6 confirms the presence of a
thick gasoline rich layer. In general, a two-fold decrease of Rb occurs in 2.3 years.

Applying the Rb values onto our reported concentrations, we may conclude that for the Refinery
of Eleusis (id “10300”, “10400”, “10500” and “10600”), located at the western boundaries of the contour
maps, where the highest concentration values were reported, the calculated Rb < 0.5 indicates a long
permanent BTEX occurrence. For the second most polluted area surrounding the Military Airfield,
(sample id “98”, “5000” at west, “3000”, “44” at south, “54”, “55” at east), the calculated 1.5 < Rb < 6
reveals a recent release of BTEX, consistent to the nature of the pollution source, including heavy local
atmospheric pollution from the fuel used in planes and the washing out of the atmosphere by rain.
The fact that the groundwater from the southern boundaries of the Airfield (id “102”, “104”, “106”)
seems not to be affected by BTEX release due to the confined nature of the groundwater system, might
be partly attributed to geomorphological and hydrological specifications not yet fully understood.
As for the concentrations near the Refinery of Aspropyrgos (id “8”), the Rb < 0.5 indicates a long
permanent BTEX source. Apparently, the city of Eleusis itself seems not to be polluted from BTEX,
though it is located at the furthest downgradient part of the aquifer flow lines. Theoretically, the
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pollution should “track” the groundwater flow into the Gulf of Eleusis and, thus pollution should
have visibly affected the southern areas, near the coastline. It is likely that the benzene has not reached
the gulf because of biodegradation along the flow paths. Biodegradation is an important process
attenuating benzene and other BTEX constituents in groundwater in many areas.

Finally, it is worthwhile to examine the occurrence of 0.6 ppb and 2.4 ppb at the boreholes with
id “1”, “3”, located within the Triassic carbonates (limestone/dolomites). There, the groundwater is
pumped within the Mesozoic limestones from a depth of 78 up to 160 m, with no evident pollution
source nearby. If we exclude an ad hoc illegal pollution, benzene contamination may be explained by
some hydraulic communication between the Pleistocene sediments and the carbonate ones.

Overall, the local character of the BTEX occurrence may be documented by the confined,
multi-layered hydro-stratigraphic system as well as, the existence of impermeable aquifer barriers.
Additionally, the very low concentrations of the spring sampling periods reveal both a good aeration
and a dynamic seasonal enrichment/dilution of the groundwater system.

6. Conclusions and Suggestions

The laboratory determination and the spatial analysis and study of BTEX, in the Thriassion Plain
lead to some useful general conclusions: Some high concentrations from BTEX were identified in
autumn when the water table is at the furthest downgradient level. Benzene concentration values
are much more elevated than those of the other BTEX compounds. The spring concentrations of all
compounds are very low. The considerably reduced rainfall of the summer months coupled with
enhanced abstraction through groundwater pumping could explain the difference between the autumn
and spring benzene concentrations. The high values of benzene as well as the empirical Kaplan’s
values, indicate that the pollution originates mainly from permanent sources namely oil refinery and
handling sources, located relatively close to the sampling points. The spatial distribution of BTEX
in groundwaters show that they were concentrated mainly in four, rather restricted locations. Three
of them were in the close vicinity of evident pollution sources (a military airfield and two crude oil
refineries), whereas, the other one corresponds to an abandoned site with no outstanding pollution
sources where wells exist, eventually used occasionally for illegal dumping of oily wastes. The town of
Eleusis seems not to be polluted from BTEX, despite the fact that it is located at the lowest part of the
aquifer flow lines. This could be attributed to impermeable strata working as water and pollution
barriers. The hydro-stratigraphic particularities, along with general hydrogeochemical conditions play
an important role to the BTEX fate and attenuation rate.

Recent developments in the expansion of the works of the refineries, including changes in the
operations of the Military airport, make it necessary, in our point of view, to proceed to a new and deeper
BTEX pollution investigation, to revisit our approached attenuation after 15 years of operation. In case
that further studies and monitoring demonstrate that the pollution persists, the National and Local
Authorities should take urgently active and effective measures to prevent further deterioration and
environmental damage. The designation of the city of Eleusis as cultural capital of Europe 2021, though
somehow disturbed by COVID-19, may offer an opportunity for also refocusing on environmental
pollution and the groundwater as a valuable natural resource that requires further attention including
by keeping it free from hydrocarbon pollution.
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Abstract: This study focuses on the hydrogeological conditions in the coastal (Thriassion plain) and
submarine (Eleusis Gulf) environment of West Attica, Greece. Up to now, the predominant aspect
for the Thriassion plain groundwater—hosted within the Neogene-Quaternary sediments—was its
direct hydraulic contact with the seawater. Due to that, the coastal plain groundwater is strongly
believed to be of brackish quality irrespective of the local hydrodynamic conditions. Our major goal
is to evaluate the actual mechanism controlling the groundwater flow, the origin and distribution of
saline water, and the existence of fresh groundwater in the submarine environment. We summarize
the following: (1) groundwater of the Thriassion plain is partly discharged as an upwards leakage
from deeper aquifers, (2) modern direct seawater intrusion is not possible in the Neogene-Quaternary
sediments, and (3) fresh groundwater possibly exists below the sea floor of the Eleusis Gulf. The results
may serve as hint of further research in groundwater resources below the Mediterranean Sea floor,
and, consequently, a new perspective on water resource management could emerge.

Keywords: offshore groundwater exploration; coastal aquifers; salt-/fresh-water relationship;
Mediterranean Sea; Attica-Greece

1. Introduction

The sustainable management of coastal aquifer resources requires a good understanding of the
relationship between salt and fresh water. Coastal aquifers have been extensively studied for more
than a century by many researchers [1–18]. The common problem in coastal aquifers, which are
hydraulically connected to the sea, is seawater intrusion mainly, but not exclusively, due to overpumping.
Overpumping forces the salt-fresh water interface shift landward, resulting in the contamination of the
fresh groundwater with seawater. This phenomenon is depended on (i) the geological-hydrogeological
and hydraulic characteristics of the aquifer, (ii) human activities, and (iii) tidal effects and coastal and
sea bottom conditions [5]. The hydrostatic equilibrium (Figure 1a) between salt and fresh water is
described by the Ghyben-Herzberg principle, Equation (1):

z =
ρf

ρs − ρf
hf (1)

where z = is the depth to the salt-fresh water interface below sea level, hf = is the height of the fresh
water above sea level, ρs and ρf = salt-water and fresh-water densities, respectively, and g = acceleration
due to gravity.
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Figure 1. Dupuit-Ghyben-Herzberg model flow (a) in unconfined and (b) confined coastal aquifers,
and the (c) actual groundwater discharge onto the sea floor; z = is the depth to the salt-fresh water
interface below sea level, hf = is the height of the fresh water above sea level, xo= he width of the
submarine zone through fresh groundwater discharge into the sea, and zo the depth of the interface
below the coastline.

In ideal conditions, the Ghyben-Herzberg principle states that the depth to the salt-fresh water
interface z beneath sea level is approximately 40 times the height h of the fresh water above sea level.
The application of the above principle is limited to conditions in which the two liquids are static, and it
is valid under the occurrence of horizontal groundwater flow. It can be also applied in unconfined and
confined aquifers (Figure 1b).

Based on the Dupuit–Forchheimer assumption that, in coastal aquifers, the equipotential lines are
vertical (horizontal flow) in combination with the Ghyben-Herzberg principle, a one-dimensional flow
can be used that yields the following expression for the x and z coordinates of the interface [2].

z2 =
2ρ f q′x

∆ρK
(2)

where q’ = fresh groundwater outflow at the coastline per unit width, K = the hydraulic conductivity,
and ∆ρ = the difference of the salt- and fresh-water densities.

Based on Glover’s analytical solution [12], Cheng and Quazar [16] determined the interface
depth as:

z2 =
2ρ f q′x

∆ρK
+ (
ρ f q′

∆ρK
)

2

(3)

where K = the hydraulic conductivity.
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The width xo (Figure 1c) of the submarine zone through fresh groundwater discharge into the sea
can be obtained from Equation (3) by setting z equal to 0, which provides Equation (4), and the depth
of the interface below the coastline zo by setting x equal to zero, which provides Equation (5).

x0 =
ρ f q′

2∆ρK
(4)

z0 =
ρ f q′

∆ρK
(5)

In real field conditions, this interface does not occur; instead, a brackish transition zone exists
where complex diffusion and mass transport theories are developed [19,20]. The overexploitation of
coastal groundwater leads to both submarine groundwater discharge reduction, as well as an increase
of seawater inflow and, consequently, an increase of the transition zone thickness [21].

Coastal aquifers, which are in hydraulic contact to the sea, are subject to fluctuations in the
hydraulic head due to the tides [22]. The fluctuation parallels to the rise or fall of the tides after a time
lag between the high tide and the peak of the groundwater level.

On the contrary, in confined aquifers extending below the sea floor without a sea front and which
are separated from seawater by thick confining layers of very low permeability, fresh groundwater can
be conserved against salinization. Identical geological-hydrogeological structures exist in many places
all over the world, such as The Netherlands [1]; Eastern England [5]; Spain [20]; the Bay of Bengal;
Bangladesh [23]; the USA [2,24]; and Estonia, Denmark, and France [25]. Thus, the boundary between
the aquifer and seawater does not exist, or it migrates far from the coast. Therefore, the Ghyben-Herzberg
seawater-fresh water interface does not occur near the coast. In these aquifers, fresh groundwater occurs
beneath the sea floor fed from the onshore outcrops [1,2,4,24–27]. Offshore groundwater occurrence is
a global phenomenon, but its direct observations are limited. The assessment of groundwater fluxes
into the sea, or the submarine aquifers often need specific techniques and procedures, as well [28].
However, at many regions, onshore hydrogeological and hydrochemical data provide strong indirect
evidence for the occurrence of fresh groundwater in submarine aquifers below the sea floor [25].

In this article, the functioning of the Thriassion Plain coastal aquifers was completely revised,
and an attempt to evaluate the actual mechanism controlling the groundwater flow, the origin and
distribution of saline water, and the existence of fresh groundwater in the submarine environment of
the Eleusis Gulf in the East Mediterranean was made

2. Study Area

The Thriassion Plain is a coastal area of about 120 km2 in extent (Figure 2) and lies from latitude
38.0 and 38.2◦ N and longitude 23.1 to 23.7◦ E. It is part of three hydrological basins of 475 km2 in
total extent. The plain is surrounded by the Mesozoic carbonate, which drains south into the Eleusis
Gulf. A semiarid climate prevails in the area. The annual precipitation is around 380 mm/y, while the
actual evapotranspiration is around 62% of the precipitation [29]. The mean groundwater temperature
is 20.6◦, which ranges between 17.5 and 22.8 ◦C [29]. The mean air temperature ranges between
9.2–29.9 ◦C in January and July, respectively. The mean sea surface temperature of the Eleusis Gulf
ranges between 13 and 25 ◦C, while the mean sea temperature at the bottom of the Eleusis Gulf ranges
between 12 and 13 ◦C. The Eleusis Gulf is a small and almost enclosed sea north of the Saronikos Gulf
in the East Mediterranean Sea, which covers an area of 67 km2, having a maximum depth of 33 m. It is
surrounded by the study area to the north and the Salamis Island to the south. Its connection to the
Saronikos Gulf is through two shallow channels of 8 m in depth at the western end and 12 m in depth
at the eastern end, respectively. This area has been degraded environmentally due to uncontrolled
agricultural and industrial development during recent decades [30–33].
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Figure 2. Study area.

3. Regional Setting

3.1. Geological Setting

The Thriassion Plain is located at the border between non-metamorphic and metamorphic
rocks of Eastern Greece and Attica geotectonic units, respectively [34]. The geological structure
(Figure 3) of the study area consists of: (1) a Palaeozoic volcano-sedimentary complex, 400–500-m
thick, composed of: (a) clastic materials (arkoses, greywackes, shales in alternations with phyllites,
conglomerate, and lenticular intercalations of limestone) and (b) basic-igneous volcanic rocks;
(2) Mesozoic sediments consisting of: (a) Lower-Middle Triassic phyllites and sandstones with
breccia-conglomerate intercalations; (b) volcanic rocks and tuffs; (c) Middle-Upper Triassic white
carbonate, crystalline in places, comprising limestone, dolomitic limestone, and dolomite; (d) Upper
Triassic black limestone, dolomitic limestone, and (e) Grey Cretaceous limestone; and (3) Cenozoic
sediments of: (a) Neogene (Pliocene marls with lignite intercalations in places, clay, conglomerate,
sandstone, and marly limestone); (b) Pleistocene deposits (clay, sand, gravel, and torrential fans of
loosely and cohesive conglomerate); and (c) Holocene deposits (clay, loam, sand, and gravel) [35].

 

– –

– –

–

–
–

Figure 3. Geological map of the study area. The numbering is the wells id.
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3.2. Structural and Lithostratigraphic Setting

The lithostratigraphic setting of the plain comprises sediments of the Plio-Pleistocene and Holocene
ages. East of the study area, this sequence is underlain by marls. Marly limestone and marls have been
found in some wells NE of Aspropyrgos City at depths between 63–71 and 96–170 m from the ground
surface, respectively [36,37]. Cretaceous limestone and Triassic carbonate occur at the depths of 20–40
and 80–100 m from the ground surface, respectively, N of Eleusis City. Arkoses, greywackes, and shales
of the Palaeozoic age have been found NE and SE of the study area in alternations with phyllites.

The Thriassion Plain was influenced by tectonic factors during the Neogene-Quaternary [34,35,38–40].
The Triassic carbonate is massive in a large extent, and, in some places, it is karstified, depending on the
extent to which it has been affected by karstification and/or tectonism. During Pliocene and Pleistocene,
intense tectonic actions created horsts and grabens (Figure 4). Geophysical research carried out in the
area by [38] showed that the Mesozoic basement is not found to the depth of 320–450 m at the central
part of the plain. The study area has been influenced by Pleistocene sea level changes, as well [41–44].

  

–

– –

–
– – –

gradient 1‰. Transmissivity (T) in the Cretaceous aquife

– –
–

Figure 4. Geological-Hydrogeological cross-section of the N-S direction.

3.3. Hydrogeological-Hydrochemical Setting

The history of pumping started in 1900. Since then, brackish water has been found in the upper
aquifers [45]. Some wells located west of the plain were connected by galleries, resulting in expanding
the contamination of fresh water with brackish water. In order to study the origin of the saline water,
the Institute for Geological and Underground Research monitored the tidal change impacts on the
Thriassion aquifers [46]. Five automatic recording devices were placed more than a year at the study
area. One device was placed in the Eleusis Gulf to monitor tidal changes. One device was placed at
the Holocene sediments 1 km from the shoreline, while two of them were placed at the Pleistocene
deposits 2 and 3 km far from the shore; the last one was placed in the Triassic carbonate 3.5 km from the
shore north of Eleusis City. No influence of tidal changes was recorded on the Pleistocene-Holocene
aquifers; instead, influence was observed in the borehole drilled in the Triassic aquifer. Groundwater
response was 2 cm after a time lag (tlag) between the high tide and the peak of the groundwater level,
tlag = 36 h. Tidal period was 24 h, and the tidal amplitude was 8 cm. The hydrogeological conceptual
model that was proposed so far [30,46–48] suggested the existence of two unconfined aquifers in the
plain: (i) the upper one, which occurs in the Pleistocene-Holocene deposits, and (ii) the lower one in
the Mesozoic carbonate rocks, which both discharge at the shoreline of Aspropyrgos and Eleusis Cities.
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A mathematical model, based on the previous conceptual model, failed to describe the hydrogeological
regime of the plain.

Saline water in the plain aquifers is limited to a zone of 2 to 3 km in width from the shoreline.
The Na/Cl molar ratio is between 0.73–0.87, and the chlorides are between 12–205 mmol/L. In the
western, eastern, and the northern parts of the study area where carbonate outcrops, saline groundwater
was found 8 to 9 km inland, with total dissolved solids (TDS) between 1500–6000 mg/L and the
chlorides between 15–90 mmol/L [29–33,46–49]. Groundwater flows SW with hydraulic gradient
1‰. Transmissivity (T) in the Cretaceous aquifer is around 5000 m2/d (0.5787 m2/s) [48]. During the
last five decades, due to the heavy pumping in the Plio-Pleistocene aquifers, at the central part
of the basin, the dynamic level was lowered below sea level; however, the static level fluctuated
between 5 m below sea level and 3 m above sea level, and groundwater of good quality (TDS values
between 400–1200 mg/L and chlorides between 1–9 mmol/L) was preserved for a long time, despite the
overpumping conditions [40,46–50].

Studies on the Eleusis Gulf seawater [51,52] presented data on its temperature, salinity, dissolved
oxygen (DO), and inorganic nutrients. Both the studies were in accordance with each other. It was
also reported [51,52] that the temperatures of the water at 1, 10, 20, and 30 m in depth remain stable at
12.5 ◦C in January and fluctuate between 12.5 and 17 ◦C in May. Salinity fluctuates between 38.3 and
38.5‰ in January and 38.2–38.5‰ in May [51].

4. Materials and Methods

Lithostratigraphic cross-sections from boreholes drilled in the Thriassion Plain during 1952–2007
by the Land Reclamation Service of Agricultural Ministry (LRSAM) were taken into consideration.
Water samples from 45 wells were collected in June 2012. Electric Conductivity (EC) and pH were
measured in situ on the head of the pumping column (HACH). The samples were analyzed in the
laboratory of Mineralogy and Geology in the Agricultural University of Athens. The average analytical
precision was better than 5%. Ion chromatography (Metrohm 732) was used for major component
determination, and the method of titration was used in determination of HCO3

−. Water level was
measured carefully 2–5 times/year for a 15-year period from 1999–2014 in 48 wells. Additionally,
pumping tests in 7 agricultural large-diameter wells were carried out in the Plio-Pleistocene deposits
during the 2009–2012 time period.

5. Results and Discussion

The study on the LRSAM data showed that the water level in most wells stood above the top
of the aquifers as high as 1–5 m during the drillings phase. In addition, the monitoring of the
water level, as well as the analysis and evaluation of the pumping test data, concluded that the
larger part of the aquifers is confined and semi-confined. Hydrochemical data (Tables 1–3) of the
onshore groundwater indicate that fresh groundwater is possibly hosted in the offshore submarine
aquifers. The Pleistocene-Holocene clay layers occur very frequently in different depths from 0–170 m
throughout the plain in alternations with gravel, sand, and conglomerates 2–10 m in thickness.
This Pleistocene-Holocene sequence being partly of shallow marine, partly of terrestrial origin contains
the coastal aquifers. Clay typically ranges from 0.5 m to 80 m in thickness.

Based on their hydrogeological and geological-lithostratigraphic characteristics, the aquifers are
grouped into three hydrostratigraphic units (HSU): the Neogene-Quaternary unit, the Cretaceous,
and the Triassic one. The first one is divided into the Plio-Pleistocene subunit, which is under
confined conditions, and the Holocene-Pleistocene subunit, which is confined/semi-confined and
locally unconfined.
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Table 1. Hydrogeological and hydrochemical data from the wells of the Triassic HSU. TDS: total dissolved solids.

HSU Well Nr
Distance

from
Shore (m)

Site
Elevation

(m)

Well
Depth (m)

Head
(masl)

TDS
(mg/L)

Cl−

(mmol/L)
Na+

(mmol/L)
Ca2+

(mmol/L)
Mg2+

(mmol/L)

K+

(mmol/L)
NO3

−

(mmol/L)
SO4

2−

(mmol/L)
HCO3

−

(mmol/L)

Tr
ia

ss
ic

ca
rb

on
at

e

6 2559 50 60 2074 21.7 20.8 7.7 6.2 0.5 0.8 2.7 6.9
18 4000 58 60 2476 29.9 23.8 7.4 6.6 0.5 0.4 2.5 7.8
111 5041 63.5 85 1463 16.4 12.0 6.6 4.4 0.2 0.6 1.4 5.5
121 5496 74 412 1.1 1.0 2.7 2.9 0.0 0.6 0.2 4.0
169 5690 69.51 85 1731 11.7 10.8 7.5 5.0 0.3 0.5 1.2 9.2
202 6080 76.5 80 6.17
147 6735 140 137 1259 12.3 10.7 4.5 3.6 0.5 0.2 2.3 5.0
162 6800 140 140 354 1.0 1.0 2.7 2.1 0.0 1.1 0.3 3.3
116 8625 115 154 13.63 900 7.2 5.8 5.9 3.0 0.2 0.6 0.9 5.0
117 9410 175 220 12.63 950

Table 2. Hydrogeological and hydrochemical data from the wells of the Cretaceous HSU.

HSU Well Nr
Distance

from
Shore (m)

Site
Elevation

(m)

Well
Depth (m)

Head
(masl)

TDS
(mg/L)

Cl−

(mmol/L)
Na+

(mmol/L)
Ca2+

(mmol/L)
Mg2+

(mmol/L)

K+

(mmol/L)
NO3

−

(mmol/L)
SO4

2−

(mmol/L)
HCO3

−

(mmol/L)

C
re

ta
ce

ou
s

lim
es

to
ne 96 3460 38 76 4.8 1980 21.1 16.4 6.1 9.3 0.4 1.0 1.8 8.3

118 4938 64 80 2695 36.5 28.1 7.2 7.3 0.5 0.4 3.1 5.6

130 5697 81.35 95 1452 16.5 11.8 8.2 5.3 0.1 2.3 2.7 3.7

120 7303 145 180 2044 27.1 20.9 5.3 5.4 0.4 0.2 2.1 5.0
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Table 3. Hydrogeological and hydrochemical data from the wells of the Neogene-Quaternary HSU.

HSU Well Nr
Distance

from
Shore (m)

Site
Elevation

(m)

Well
Depth (m)

Head
(masl)

TDS
(mg/L)

Cl−

(mmol/L)
Na+

(mmol/L)
Ca2+

(mmol/L)
Mg2+

(mmol/L)

K+

(mmol/L)
NO3

−

(mmol/L)
SO4

2−

(mmol/L)
HCO3

−

(mmol/L)

C
on

fi
ne

d
P

lio
-P

le
is

to
ce

ne
su

bu
ni

t

24 1586 14.88 20 4.83 2869 34.0 29.6 7.7 8.9 0.7 2.2 3.6 8.5
31 1862 23.91 24 8.39
29 1884 22.53 30 5.24
20 1897 34.8 45 5.87 1843 18.8 11.7 8.7 10.0 0.1 1.9 4.9 5.9
54 2125 19.77 25 4.66 1177 5.7 12.2 3.2 3.2 0.3 1.8 2.2 7.7
12 2152 23 23 6.33 1653 15.0 12.1 8.4 7.9 0.3 3.2 3.1 6.6
55 2459 23.45 25 4.93 717 1.8 3.1 4.7 3.9 0.1 1.7 0.8 6.5
88 2794 42.61 45 6.21
58 2814 38.53 40 3.72 1127 8.9 2.9 9.6 10.7 0.1 6.4 2.3 5.0

100 2944 33.7 56 751 2.0 1.7 6.4 3.0 0.1 1.2 0.4 7.3
61 3005 28.49 40 4.98
80 3105 41.28 45 7.46 1985 24.5 12.7 12.3 9.8 0.1 2.5 3.5 4.6
16 3196 36.2 41 6.24
62 3260 45.24 70 6 706 5.4 1.5 6.6 6.1 0.1 3.6 0.6 3.9
86 3467 50.72 60 6.32 849 6.7 2.2 8.1 6.3 0.1 3.5 1.3 4.1

142 3738 38.44 50 7.73
186 3750 51.07 50 17.54
132 3793 50.76 60 7.23
109 3910 43 45 3.41
83 3912 58.26 65 7.08 862 7.4 7.0 4.0 2.9 0.1 1.1 0.9 4.5

175A 4000 63.18 80 7.6 398 1.4 0.9 3.3 2.8 0.0 1.7 0.5 3.3
134 4082 56.1 80 7.83 690 2.6 1.9 6.3 6.0 0.1 4.7 1.4 4.6
74 4156 64.2 70 8.14

140 4313 73.25 90 8.58 441 1.9 1.0 4.3 3.1 0.1 2.0 0.4 3.3
131 4391 47.84 65 9.05 751 4.5 1.8 6.8 6.3 0.1 3.8 0.9 4.7
75 4690 61.5 106 783 3.9 1.7 7.5 5.8 0.2 4.3 1.0 5.4

138 4729 73.85 170 8.78 670 6.9 1.8 5.4 4.4 0.1 0.6 0.2 3.3
128 4764 51.34 80 9.68 698 4.6 1.5 7.2 7.0 0.2 6.3 0.5 3.9
136 4769 59.13 80 7 891 8.9 3.0 6.8 6.5 0.1 2.2 0.7 4.1
129 4940 58.7 80 16.05
165 5148 86.21 100 13.18
181 5172 56 107 25.68
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Table 3. Cont.

HSU Well Nr
Distance

from
Shore (m)

Site
Elevation

(m)

Well
Depth (m)

Head
(masl)

TDS
(mg/L)

Cl−

(mmol/L)
Na+

(mmol/L)
Ca2+

(mmol/L)
Mg2+

(mmol/L)

K+

(mmol/L)
NO3

−

(mmol/L)
SO4

2−

(mmol/L)
HCO3

−

(mmol/L)

U
nc

on
fi

ne
d

H
ol

oc
en

e-
P

le
is

to
ce

ne
su

bu
ni

t 41 800 8.81 15 3.03 1683 10.4 16.8 5.8 5.1 0.1 2.9 2.8 9.9
38 872 9.3 11 2.58 2337 26.4 18.1 11.1 8.6 0.3 1.2 3.9 7.3
45 883 4.72 6.2 1.9 4318 59.5 48.4 10.9 12.4 0.7 6.7 6.6 6.3

106 1010 5.91 8.5 0.96 3243 40.8 32.5 11.1 9.5 0.5 1.5 4.8 7.4
187 1100 13.02 14 3.85 1406 15.6 12.4 4.7 4.5 0.4 0.4 1.4 5.4
43 1156 5.1 5.93 1.8 2184 27.7 25.1 4.7 5.9 0.6 2.5 2.6 5.1
47 1200 10.5 11.93 1.64 5026 80.7 34.6 24.8 26.8 0.6 3.5 4.6 4.5
44 1222 7.51 9.8 2.52 1298 12.2 12.9 3.2 3.7 0.4 0.2 1.4 6.1
27 1423 16.36 16 3.79 2608 29.2 27.7 9.3 7.5 0.4 0.8 4.0 7.2
98 2200 25.98 32 5.26 1108 6.9 6.5 6.2 4.1 0.3 0.6 1.4 7.5

102 2228 14.39 20 3.13 2395 26.0 22.9 7.6 8.5 0.4 2.5 3.0 8.5
14 2601 28 30 4.68 3161 42.1 27.5 15.2 10.3 0.3 2.7 5.1 5.3

100′ 2945 33.9 35 9.36
154 3424 46.62 65 6.3 646 2.7 1.8 6.6 6.2 0.2 5.6 1.0 4.0
72 3469 50.88 60 6.88 889 7.0 3.6 6.2 6.0 0.2 2.1 0.9 5.0
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5.1. The Neogene-Quaternary Hydrostratigraphic Unit

The Holocene sediments, mainly made up of clay and sandy clay five m in thickness, confine
the underlying Late-Pleistocene aquifer. Locally, in palaeovalleys and/or sandy parts of the deposits,
the aquifer is unconfined (wells # 38, 41, 43, 45, and 47). The depth of the wells is 3–10 m. The annual
head fluctuation ranges from 0.15–0.48 m. In general, they exhibit upwards leaky conditions,
which form swamps and marshes in many sites on the ground. At the Kalimbaki site, artesian
wells (or once artesian) onto the ground surface, as well as manifestations of surface water, such as
springs, lakes (e.g., Koumoundourou Lake), or marshes on the coastal area of Eleusis and Aspropyrgos
Cities, could betoken part of groundwater discharge of either the Quaternary aquifers or the Triassic
carbonate. Salinization of the water may have taken place due to (i) the dissolution of evaporite relics,
(ii) evaporation of the irrigation water, and (iii) farms and domestic sewage [50]. It is also very likely
that salinization took place during the Holocene transgression or/and due to the presence of connate
water from the contemporary deposition of clay during the transgressions. Taking into account that
(i) groundwater is not subject to hydraulic head fluctuations caused by the tides of the sea, (ii) there is
an upwards leakage at many sites on the ground of the coastal area, (iii) the occurrence of Holocene
clay, which probably continues below the sea bottom and prevents seawater directly intruding through
the clay, and (iv) the hydraulic head is above sea level; it is considered that groundwater is not in
hydraulic contact to the sea, and, finally, modern direct seawater intrusion in Holocene sediments is
not possible.

Pleistocene sands, gravels, clay, or conglomerates are under confined conditions, as well. In this
strata sequence, up to six aquifers are developed 2–10 m in thickness (Figure 5) at depths 20–140 m
from the ground surface. Plio-Pleistocene marls, marly limestone, sandstone, clay, and conglomerates
form a confined aquifer that reaches up to 90 m below the sea level.

–
–

– –

Figure 5. Geological-Hydrogeological characteristics of the wells in the Thriassion Plain.
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Pumping tests carried out in the wells # 54, 86, 128, 129, 131, 154, and 154P2 in the Pleistocene
sediments were analyzed and evaluated for both confined and unconfined aquifers, using mainly
unsteady-state flow methods [53–56] and recovery methods. Drawdown after 6–12 h of pumping was
0.86, 1.11, 5.24, 9.74, 4.66, 1.31, and 1.26 m, respectively. The Schafer equation [57], which provides an
estimation of time tc at which the casing storage effect is negligible, was applied, as well. The analysis
showed that the hydraulic characteristics of the wells were variable, depending on the sedimentation
material that the aquifer was made up. Transmissivity T ranged from 3.5–275 m2/d (4× 10−5–3× 10−3 m2/s),
storativity S ranged from 1.75 × 10−3–8.9 × 10−3, and hydraulic conductivity K ranged from 0.4–25 m/d
(4.6 × 10−6–3 × 10−4 m/s). The Pleistocene sediments are confined (dug wells 29, 31, 54, 58, 61, 74, 83,
128, 129, 131, 132, 134, 136, 140, 142, 175, and 176 and boreholes 75, 100, and 138) or semi-confined
(12, 16, 20, 24, 44, 31, 54, 55, 62, 80, 86, 88, 109, 121, 165, 181, and 186), and, in some wells, unconfined
aquifers are developed (dug wells 14, 27, 41, 43, 45, 47, 72, 98, 100′, 102, 106, 154, and 187). The annual
head fluctuation ranges between 1.43–2.40 m in the confined aquifer, 0.63–1.22 m in the semi-confined,
and 0.36–0.58 m in the unconfined one. The head in the unconfined aquifer is between 1 and 34 masl
and, in the confined/semi-confined system, is up to +9 masl. Figure 6 shows the hydraulic head in the
Thriassion Plain aquifers in March 2014. An almost stagnant zone is developed under the coastal area,
where the minor discharge occurs as an upwards leakage through the aquitards, forming wetlands
or swamps on the ground surface. Groundwater discharge into the sea is negligible, as the seawater
salinity and the temperature at the bottom of the Eleusis Gulf remained at 38.3‰ and 12.5 ◦C for many
years [51,52]. It is very likely that the groundwater is prevented from progressing further beneath the
seafloor due to the barrier of the Salamina Island and, therefore, moves very slowly eastwards.

– –

– −5– −3

−3– −3 –
−6– −4

developed (dug wells 14, 27, 41, 43, 45, 47, 72, 98, 100′, 102, 106, 154, 
– –

–

at 38.3‰ and 12.5 °C for many years [51,52]. It is very likely that 
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Figure 6. Cont.
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(b) 

−

μS/cm. Despite the increased drawdown by heavy pumping the last 50 years

). The site altitude is 7.51 masl, and the well depth is 9.8 m (−2.29 mbsl). 
q’ = T*I = 200*0.001 

Figure 6. Potentiometric surface. (a) Triassic-confined and Triassic-unconfined Pleistocene aquifers
and (b) a Holocene unconfined aquifer.

It was observed that confined aquifers turned into unconfined ones in the wells # 181 and 129 and
136, 62, and 165 under overpumping conditions, with a drawdown around 30 m and 20 m from the
original static level, respectively. In the wells # 62, 131, 134, 136, 138, 140, and 154 located at the central
part of the basin, the water level stands below the sea level during pumping without deteriorating the
water quality; Cl− ranges between 1.2 and 8.1 mmol/L and EC between 810 and 1586 µS/cm. Despite the
increased drawdown by heavy pumping the last 50 years, the static level is still above the sea level.
Combined with the presence of good water quality, which occurs in the central part of the plain,
as well as the limited contaminated with seawater coastal zone up to 2 to 3 km in width for at least
100 years, it is deduced that seawater cannot intrude inland further. It is very likely that the thick clay
layers of the Pleistocene age extend under the sea bottom, and the multi-layered aquifer system occurs
beneath the seafloor, as well; therefore, there is no vertical or another boundary of the multi-layered
system with the seawater. Consequently, the Plio-Pleistocene aquifers are not in direct contact with
the sea.

Trying to determine a salt-freshwater interface, in the first calculations, consider the well # 44 located
1220 m far from the shoreline tapping the Pleistocene confined aquifer with a thickness of 5 m (Figure 7).
The site altitude is 7.51 masl, and the well depth is 9.8 m (−2.29 mbsl). The hydraulic gradient is 0.001,
and the head is 2.5 masl. It is also assumed that T = 200 m2/d; thus, q’ = T × i = 200 × 0.001 = 0.2 m2/d
and k = 200/5 = 40 m/d. Then, the depth to the interface at well # 44 based on Equation (2) where no
vertical flow occurs is z = (2×40×0.2×1220/40)0.5 = 22 m. In this case, seawater could not intrude into
well 44, since the depth to the interface exceeds the aquifer thickness; therefore, the seawater wedge
is missing [2]. In addition, based on Equations (4) and (5), the depth to the interface at the shoreline
is zo = 40×0.2/40 = 0.2 masl, and the width of the outflow face xo = 40×0.2/40 = 0.1 m. Sources of
uncertainty to calculate the groundwater flux and the depth to the interface could be the hydraulic
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(K, q’, and i) and geometric (thickness and slope) characteristics of the aquifer. Homogeneity of the
aquifer is also the source of uncertainty.
hydraulic (K, q’, 

 

–
– –

–
‰ SW seawards. Transmissivity T ranges from 1 – − −3

–
–

000 μS/cm has 

q’

Figure 7. High salinity of groundwater in well Nr 44 could not be attributed to modern direct seawater
intrusion, as the salt-freshwater interface is missing.

The hydrochemical data from such wells, as it is reported in the hydrochemical settings section,
show that groundwater in the coastal area of about 2 to 3 km in width was found brackish during the
drilling phase. This means that seawater intruded inland in a past geological time due to Pleistocene
seawater fluctuations [17] or that it is entrapped (palaeo)seawater. Groundwater quality due to
repeated irrigations with brackish water and the high evapotranspiration that is around 62% of the
precipitation made the water quality worse, which led to high values of salinization.

5.2. The Cretaceous Unit

The Cretaceous limestone hosts an unconfined aquifer (# 111, 120, and 130) with a hydraulic head
up to +8 masl. The water table annual fluctuation is around 0.60 m. Hydrochemical data indicate
that Cretaceous limestone is contaminated with seawater. Chlorides range from 16.4–36.5 mmol/L
and sodium from 11.8–28.1 mmol/L; the sodium/chloride molar ratio ranges from 0.72–0.77. In this
aquifer, passive seawater encroachment could take place, which means that the head is above sea level,
and groundwater still flows seawards. However, as the water was found brackish since the early 1950s,
seawater intrusion seems to be happened in a previous geological time. Due to the Pleistocene sea
level rise and, mainly, the last 12 ka and the fact that limestone is intensively fractured, the seawater
intruded 9 km inland.

5.3. The Triassic Unit

The Triassic carbonate west and north of the study area is under confined conditions in massive
limestone-dolomite (wells # 116, 117, 147, and 162), and it is unconfined in karstified and intensely
fractured limestone-dolomitic limestone (wells # 6, 18, 169, and 202), with a hydraulic gradient 0.5–1‰
SW seawards. Transmissivity T ranges from 15–350 m2/d (1.74 × 10−4 4.1 × 10−3 m2/s). TDS ranges
between 900–3000 mg/L. The confined units appear to maintain their fair quality with TDS between
400–1400 mg/L; instead, in the karstified units, the TDS is up to 2500 mg/L. The seawater front has
intruded 8 to 9 km inland. Brackish water with EC = 14,000 µS/cm has been found 10.5 km inland [36].

Trying to determine a salt water-fresh water interface, it is assumed the presence of two wells, A and
B, located 8000 m and 10 m from the shoreline are tapping the Triassic aquifer, which has a saturated
thickness of 50 m. It is also assumed that T= 300 m2/d and I= 0.001; thus, q’=T× i= 300× 0.001= 0.3 m2/d
and k = 300/50 = 6 m/d. Then, the depth to the interface (i) at well A based on Equation (2), where no
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vertical flow occurs, is z = (2 × 40 × 0.3 × 8000/6)0.5 = 179 masl and, (ii) at well B based on Equation (3),
where vertical flow occurs, the depth to the interface is z = (2 × 40 × 0.3 × 10/6 + (40 × 0.3/6)2)0.5 = 6.63 m.
In addition, based on Equations (4) and (5), the depth to the interface at the shoreline is
zo = 40 × 0.3/6 = 2 masl, and the width of the outflow face xo = 40 × 0.3/(2 × 6) = 1 m, respectively.

The hydrochemical data from such wells as it is reported in the hydrochemical settings section
show that groundwater was found brackish during the drilling phase. This means that seawater
intruded inland in a past geological time, probably due to Pleistocene seawater fluctuations, or that it
is fossil or entrapped (palaeo)seawater.

In recent years, water samples from wells # 54, 41, 83, 86, 16, 98, and 27 in the Pleistocene deposits
show that EC values and chloride concentrations have spectacularly been reduced. On the contrary,
in the carbonate aquifers, EC values remain at high elevations, and an increase of chlorides has been
observed in almost all the wells of this aquifer, e.g., # 120, 118, 18A, etc. [29–31]. In Figure 8, the TDS
versus distance from sea graph is shown. The TDS decreases with the increasing distance from the sea.
In the north part of the plain, however, it remains high.

–

− −

 

– –

Figure 8. Total dissolved solids (TDS) decrease with increasing distance from the sea. In the carbonate
located north (wells 120 and 147), it remains high.

All the data mentioned above provide the evidence that modern direct seawater intrusion could
occur nowadays only in the carbonate aquifers [56] around the plain but not in the Neogene-Quaternary
deposits. In addition, the occurrence of high fluoride concentration in the groundwater [50]
indicates rock dissolution, which requires hundreds or thousands of years to be accomplished [58].
Besides, the F−/Cl− molar ratio up to 500 times more than that in modern seawater indicates that there
is not an influence of modern seawater. It is very likely the occurrence of palaeo-seawater could explain
those values.

5.4. Conceptual Model

Stratigraphic and tectonic factors and Pleistocene sea level fluctuations strongly influenced the
hydrogeological regime of the study area. The existence of Pleistocene clays and Pliocene marls
has protected, in many places, the Pleistocene and part of the Triassic carbonate aquifers against
seawater intrusion. A complex groundwater salinity distribution is encountered, the origin of which
is mainly related to the geological history of the area that includes transgressions and regressions of
the sea during Pleistocene. The deposition of thick layers of reddish clay in alternation with coarse
materials during Pleistocene was crucial [59]. As a sequence, a multi-layered aquifer system was
established where the higher-standing aquifer was exposed to seawater intrusion and the lower
ones were protected against this phenomenon. During Upper Pleistocene (18 Ka BP), the subjacent
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marine strata was freshened up to depths of 100–120 m. The rapid increase of the sea level [41–43]
resulted in seawater invading through the lowlands and the buried river valleys, as well as through
fractured carbonate formations [60]. In this way, brackish water is encountered 8 to 9 km inland
from the present shoreline through Mesozoic carbonates [29,37,49]. After Holocene clay deposition,
seawater was entrapped due to the very low permeability of the clay, and the direct seawater intrusion
stopped (Figure 9). Moreover, groundwater discharges on the ground surface as an upwards leakage
through the preferential flow of clay deposition. Additionally, to the depth, marls protected the
overlying aquifers from seawater, which intruded through the carbonate formations underlain marls.
Fresh groundwater with fair quality, with EC values between 524 and 1481 µS/cm, is found at depths
between 5 and 90 mbsl in the following wells: # 61, 74, 75, 100, 138, 140, 142, 154, 155, 161′, 165, 175,
and 176.

groundwater with fair quality, with EC values between 524 and 1481 μS/cm, is found at depths 
′

 

Figure 9. Schematical hydrogeological history 12 ka BP and present day. It is very likely that
palaeo-seawater was entrapped in the Pleistocene sediments due to Holocene clay deposition.

Fresh groundwater is most likely to be found offshore under the seafloor of the Mediterranean Sea
(Eleusis Gulf) (Figure 10). This is an important issue that could be investigated in detail. New ways of
expanding the research in groundwater resources under the Eleusis Gulf seafloor could be sought.
It is feasible due to the shallow waters of the Eleusis Gulf, which is 34 m in depth at the maximum
(mean depth 18 m). In this way, a new perspective on water resource management could emerge.
The wide Neogene basin around Attica, Euboea, and Peloponnese at least 15,000 km2 in total extent
presents the same hydrogeological conditions; the same conditions could prevail in many other coastal
areas of Greece and even more around the world.
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Figure 10. Hydrogeological conceptual model of the Thriassion Plain aquifers. Potential fresh
groundwater under hydraulic gradient in submarine aquifers below the Eleusis Gulf is shown.

6. Conclusions

A completely revised hydrogeological conceptual model was proposed for the Thriassion Plain,
West Attica, Greece. We suggest that the saline water hosted in the Neogene-Quaternary coastal
aquifers is likely due to seawater entrapment prior Pleistocene-Holocene clay deposition. Due to that,
any modern direct-seawater intrusion is precluded. Moreover, an almost stagnant zone is developed
within the Pleistocene-Holocene sediments under the coastal area and the Eleusis Gulf seafloor. A minor
quantity of groundwater is partly discharged as an upwards leakage through the clay strata, forming
wetlands or swamps on the ground surface, whereas the major one moves very slowly southeast.
Finally, coupling our data (chemical water analyses and aquifer types) with the existing stratigraphic
ones (borehole data), we infer that the submarine fresh water possibly exists in the deeper aquifers
beneath the seafloor of the Eleusis Gulf.
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Abstract: In current studies, the physicochemical properties of water, such as total dissolved solids,
salinity, and electrical conductivity, are used mainly to investigate changes in the properties of surface
water and groundwater. In our experimental study, we aimed to introduce the physicochemical
properties of water bodies into the field of paleoenvironmental changes. We employed the physico-
chemical property indexes of sediment lixiviums in two research sections of the sea–land interaction
zone in the eastern margin of the Subei Basin (China). Preliminary tests determined that the optimal
solvent for preparing the sediment lixiviums is ultrapure water; the use of this water can prevent
errors caused by soluble solids in the solvent. Using a container with a lid to prepare the sediment
lixiviums could reduce errors caused by evaporation. Furthermore, we determined the appropriate
process and duration for testing the physicochemical properties of sediment lixiviums. The optimal
time for testing the physicochemical properties was 120 h (mixture fully stirred daily) or 168 h (no
stirring). The weight of the sediment, volume of the solvent, and test time should be consistent in the
same research section. Comparing the physicochemical property indexes of sediment lixiviums with
geochemical elements and diatom indicators, we found that these indexes show obvious indications
of transgression, and have an obvious advantage in indicating transgression.

Keywords: sea level fluctuations; soluble substances; coastal environment change; diatom; geochem-
ical elements

1. Introduction

Sea level fluctuations [1,2], hydrological dynamics and structural changes [3–5] are
among the factors that trigger transgression and regression events [6–8] commonly recorded
in coastal areas. In conjunction, these factors have an important impact on the evolution
of a region’s environment through time. In the past few decades, several researchers
have conducted studies using micro-paleontology [9–14], geomorphological [15,16], and
geochemical (stable isotopes and trace elements) [17–23] proxies with fruitful research
results. However, most of these methods require complicated identification processes and
professional skills, as well as expensive specialized instruments. Moreover, some indicators
obtained through these proxies are not easily preserved to obtain continuous data because
of the sedimentary environment [24]; some geomorphological markers and/or sedimentary
structures will be affected and even destroyed [25]. Obviously, these factors will have a
certain impact on the research results.

The question is, therefore, whether an index could be found that is relatively simple,
fast, and does not require highly professional skills or complicated instruments to test for
and reveal a transgression event. Considering the significant difference in the content of
various soluble substances (such as various ions and compounds) between seawater and
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fresh water, the amount of various soluble substances attached to the sediments in the
process of sediment deposition should also be variable. Consequently, the physicochemical
properties of the lixivium of these sediments should also differ significantly (Sediment
lixivium refers to the mixed liquid of water and sediment formed by soaking the pretreated
sediment in solution). Based on this concept, we propose a multiparameter water quality
meter for use in paleoenvironment research to measure the physicochemical properties of
sediment lixivium and to reveal these transgression and regression events.

The multiparameter water quality meter is an inexpensive and easy-to-operate portable
instrument. It can measure the physicochemical properties of water, such as total dissolved
solids (TDS), salinity (SAL), and electrical conductivity (EC), with high precision (±1%).
These properties are currently used mainly to study their changes in various forms of water,
such as surface water and groundwater [26–32]. Sylus [31] discussed the impact of regional
seawater intrusion on water quality through EC and TDS measurements of the coastal
aquifers of the Gurpur and Netravathi river basins in the Dakshan Kannada district in India.
Salmani [32] studied TDS and the water flow of the Karoun River in southwest Iran, and
proposed a model to predict the river flow and TDS changes. Yokoyama [33] studied the
sedimentary environment of Lake Biwa (Japan) through EC and discussed its relationship
with sulphate ions and sulphates. In fact, EC is not only related to sulphate ions and
sulphates but also to the solubility of electrolytes in water. Fang [34,35] used the EC of
clay turbid water to study the sediments in the old, drowned valley plain of the Liaodong
Peninsula (Northeast China), and reconstruct changes in the regional environment. In
these studies, in addition to applying the physicochemical properties of water bodies to
the study of surface water and groundwater quality [31,32], some attempts were made
to apply such properties to the study of paleoenvironmental changes [33–35]. However,
the preparation and testing process of the sediment solution was not described in detail,
sample spacing was large, and the resolution was not high. There is also a lack of research
on the direct rebuilding of coastal environment change by TDS, which reflects the total
amount of dissolved solids in water.

In view of the aforementioned discussion, we intended to introduce a multiparameter
water quality meter to the field of paleocoastal environmental change research. Through
preliminary experiments, we established an appropriate process for testing the physico-
chemical properties of sediment lixivium. According to the testing process, three physico-
chemical property indexes (TDS, SAL, and EC) of sediment lixivium of the Gangxi (GX)
and Caoyankou (CYK) sections, located in the eastern margin of the Subei Basin, are deter-
mined. After comparing the test results of sediment lixivium with the indicators of diatoms
and geochemical elements, we discuss the response of the physicochemical properties of
sediment lixivium to changes in the sedimentary environment, as well as the feasibility of
using these properties to reflect changes in coastal environment.

2. Regional Setting

The Subei Basin is located on the eastern coast of China in northeastern Jiangsu
Province. It is the onshore part of the Subei–South Yellow Sea Basin, including the Lixiahe
Plain and the coastal plain (Figure 1). The Subei Basin is a large-scale composite sedimen-
tary basin formed during the Late Mesozoic on the basis of the Yangtze Block [36]. This
basin is a key zone connecting the ocean and land, with significant interaction between sea
and land. The sediments in the Subei Basin comprise deposits left by the cross action of
rivers, lakes, and seas. After long-term deposition, the overall terrain of the Subei Basin
is low and flat, slightly higher in the southwest region and lower in the northeast. The
Lixiahe area has the lowest depression in the entire Subei Basin; the altitude of the center is
less than 2 m. There are dense river networks, developed water systems, and numerous
lakes in Subei Basin. The Huaihe and Yihe rivers and other water systems run through the
Subei Basin and flow into the Yellow Sea in the east. Lakes of various sizes, such as Hongze,
Gaoyou, and Dazong are distributed among these water systems, forming lake groups.
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The research materials were obtained from the GX (33°30′56.907″ N, 119°54′00.662″
E) and CYK (33°35′04.776″ N, 119°57′49.279″ E) sections in the northeast of Jianhu County 
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Figure 1. Location of the study area and sampling sites.

The Subei Basin is located at mid-latitudes between 32◦ and 34◦ north latitude. It has
a subtropical humid monsoon climate, an average annual temperature of 13.4 ◦C, with the
temperature gradually increasing from the northeast to the southwest. The average annual
precipitation is 1000 mm, with more precipitation in the east than in the west and more in
the south than in the north; the annual sunshine hours are 2130–2430 h, with the highest in
summer and the lowest in winter. The factors that influence the atmospheric circulation in
the study area are the same as those in the eastern coastal areas of China, i.e., monsoon
circulation. In winter, the northerly wind from the interior of the high-latitude continent
prevails and the climate is cold and dry, whereas in summer, the southerly wind from the
low-latitude Pacific Ocean prevails and the climate is hot and humid.

3. Material and Methods

3.1. Sedimentary Profile and Sampling

The research materials were obtained from the GX (33◦30′56.907′′ N, 119◦54′00.662′′ E)
and CYK (33◦35′04.776′′ N, 119◦57′49.279′′ E) sections in the northeast of Jianhu County
(Figure 1). In this section, we will describe the lithology of the sediments in detail; we
collected samples from the bottom to the top at a spacing of 2 cm. We collected 250 and
360 samples from the GX and CYK profiles, respectively.

The depth of the GX section is approximately 5 m, and the altitude is between 0.5 m
and −4.5 m. The sediment composition characteristics of the entire section change signifi-
cantly from bottom to top. The section between 500 and 446 cm depth comprises dark-grey
compact clay silt, with tubular plant residues (reeds) preserved in the sediment. At depths
of 446–426 cm, the sediment is mainly grey-black silty clay. At depths of 426–150 cm, clay
silt of various colors with horizontal bedding and vein bedding, or interbedding of clay
silt and silty fine sand, with the sediments containing calcified burrows and marine shell
fragments. The bottom of this layer (426 cm depth) comprises a large number of shells and
oysters. At 150–55 cm, the lithology of sediment is mainly dark-grey to greyish yellow
compact clay silt with a large number of iron manganese nodules. From 55 cm to 0 cm, the
sediment is disorderly and has no obvious natural sequence, which is the disturbance layer
resulting from human activities (Figure 2).
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Figure 2. Lithological characteristics of GX profile in Subei Basin.

The depth of the CYK profile is approximately 7.2 m, and the altitude is between 1.92
and −5.28 m. The sediment composition of the profile changes significantly from bottom to
top. At depths 720–658 cm, the sediment is grey compact clay silt with obvious sedimentary
discontinuities at 658 cm. At depths of 658–345 cm, it is mainly grey to blue-grey mud silt
with silt lamina. Grey mud silt with burrows is found at a depth of 345–240 cm. At depths
of 240–210 cm, the sediment is mainly grey clay silt with burrows. At depths of 210–158 cm,
there is grey clay silt with white silt lamina between the layers. At depths of 158–120 cm,
the sediment is mainly yellow-brown compact clay silt with rust spots. Between the depths
of 120 cm and 62 cm, the sediment is mainly dark-grey to grey-black clay silt, with the color
gradually darkening upward. At depths of 62–0 cm, the sediment is mainly grey-yellow
clay silt, the layer obviously affected by human activities (Figure 3).
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Figure 3. Lithological characteristics of CYK profile in Subei Basin.

3.2. Experimental Methods for Physicochemical Properties of Sediment Lixiviums

No systematic study has been conducted on the physicochemical properties (TDS,
SAL, EC) of sediment lixiviums. Therefore, to obtain relevant stable data, we conducted
several preliminary tests to determine the appropriate process and optimal test time for
measurements (the detailed experimental process was shown in part 4). Subsequently, we
obtained the physicochemical property indexes for the two profiles.
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3.3. Geochemical Element (Sr, Sr/Ba) Analysis Method

The sediment sample was first dried at low temperature, after which approximately
10 g was weighed, ground into a powder using an agate mortar, and passed through a
200-mesh fine sieve. Finally, the samples were pressed into pellets using the boric acid
pressing method [37] under high pressure. After completing sample preparation, the
samples were instrument tested. The geochemical element content was assessed using an
X-ray fluorescence spectrometer (PANalytical Co., Almelo, The Netherlands) at the Key
Laboratory of Environmental Evolution and Ecological Construction of Jiangsu Province,
School of Geography, Nanjing Normal University. The measurement error of the instrument
was less than 5%.

3.4. Diatom Analysis Method

We selected 26 and 25 samples for diatom identification from the GX and CYK sections,
respectively. Before identification, the sediments were pre-treated with hydrochloric acid
and hydrogen peroxide. Subsequently, the samples were made into slices for observation
under a microscope [38].

4. Test Process of Physicochemical Properties of Sediment Lixivium

Choice of solvent: Water is the most commonly used solvent; moreover, distilled,
deionized, purified, or ultrapure water is used often as a solvent in experiments. The
physicochemical properties of the different types of water obviously differ. As regards
distilled water, because of process differences, the lower the number of distillations, the
greater the TDS of the water; the TDS will be close to zero after multiple distillations.
Deionized water uses an anion/cation exchange resin to remove the anions/cations in the
water; the TDS of the water can be reduced to less than 20 mg·L−1. Pure water contains
a certain amount of dissolved solids, and the TDS is usually between 0 and 50 mg·L−1.
Ultrapure water removes the conductive medium in the water almost completely and
removes or reduces the non-dissociated colloidal substances and organic substances in
the water to an extremely low level; the TDS test result is zero. Accordingly, aiming to
minimize the influence of the solvent on the test results, we selected ultrapure water as
solvent to prepare the sediment lixivium.

Preparation of sediment samples: Sediment shows differences in water content, par-
ticle size, cementation degree, and the like, because of the influence of the sedimentary
environment, sediment source, compaction, and other factors. We intended to eliminate the
influence of the precipitation rate of the attached substances on the sediment in the solvent,
which is caused by the difference in the water content and the degree of cementation of
the sediment. To achieve this, we uniformly dried the samples at a low and constant tem-
perature. Subsequently, we ground them into powder and passed them through 200 mesh
sieves. The experimental samples prepared in this manner could precipitate the attached
soluble substances more quickly after being dissolved in the solvent.

Choice of container: Open containers are not suitable for storage during the experi-
ment, as the sediment powder has to remain in the container for an extended time after
dissolving. The solvent will evaporate and reduce, leading to a large error in the mea-
sured results. To minimize the error, a container with a lid should be chosen for the
production of the sediment lixivium and the container should be covered to prevent or
reduce evaporation.

Preparation of sediment lixivium and determination of the test time: For comparison,
the weight of the sample taken from the same section and the volume of added ultrapure
water should be the same. We weighed 5 g of dried and ground sample with an electronic
balance, placed it in a 150 mL container with a cover, added ultrapure water (100 mL), and
stirred the mixture using a glass rod. Subsequently, we measured the physicochemical
properties. After covering the container tightly and letting it stand for 24 h, we measured
the physicochemical properties again, and then used a glass rod to fully stir the mixture
again. This process was repeated six times. We discovered that the physicochemical
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properties tended to be stable (Figure 4). To determine whether stirring the sediment
lixivium every day is conducive to accelerating the dissolution of substances, we set up a
reference group for comparative experiments. The samples in the reference group were
stirred fully during the preparation but were not stirred again afterward. These samples
were also measured every 24 h. After seven tests, the results tended to be stable (Figure 2).
Based on the test results, we concluded that if the sediment lixivium were stirred fully
every day, the best test time should be 120 h. However, if the sediment lixivium were fully
stirred only when it was prepared and then left unstirred, the best test time should be 168 h.
The test instrument was a multiparameter water quality meter (model SX751; Shanghai
Sanxin Instrument Factory, Shanghai, China). During the test, the probe of the instrument
was immersed completely in the upper clarified solution of sediment lixiviums, and each
index was measured three times, after which the average value was calculated.

 

Figure 4. Change curve of the physicochemical property indexes of sediment lixivium with and without stirring with time
(different color symbol lines represent the test result of different sediment lixivium, with the top same color symbol line
being the test results under stirring, and the bottom the test results without stirring. (A): Change curve of TDS of sediment
lixivium with time; (B): Change curve of EC of sediment lixivium with time; (C): Change curve of SAL of sediment lixivium
with time).
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5. Results

5.1. Variation Characteristics in Physicochemical Properties of Sediment Lixivium

The three physicochemical property indexes TDS, EC, and SAL were measured in sed-
iment lixiviums of the GX and CYK sections, with all showing obvious changes (Figure 5,
Table 1). The changes in the three indices indicated that both the GX and CYK profiles
could be divided into three stages. In stage I, the three indices TDS, EC, and SAL were all
in the low-value stage and showed a gradual increasing trend. In stage II, the three indices
all showed high values, and there were certain fluctuations in the CYK section. In stage
III, the three indexes all showed low values. In addition, Figure 5 shows extremely good
consistency among the TDS, EC, and SAL, with the calculated correlations between TDS
and EC, and TDS and SAL all being close to 1 (Figure 6).

5.2. Variation Characteristics of Geochemical Elements Sr and Sr/Ba Ratio

The Sr/Ba ratios are also often used to indicate the changes in salinity and distinguish
continental and marine sedimentary environments [39–43]. Sr and Sr/Ba ratios were
selected for geochemical analysis (Figure 7, Table 2). The changes in Sr and Sr/Ba indicated
that both the GX and CYK profiles could be divided into three stages. In stage I, the Sr and
Sr/Ba ratios were low with small fluctuations. In stage II, the Sr and Sr/Ba ratios were
high, with obvious fluctuations, and in stage III, the Sr and Sr/Ba ratios became low again
with small fluctuations.

In addition, in stage II of the GX profile, it could be divided into two sub stages
according to the changes of Sr and Sr/Ba. In stage II-1, Sr and Sr/Ba increased rapidly
and then decreased, and the overall values were low (average values: 119.98 mg·kg−1 and
0.26, respectively); in stage II -2, Sr and Sr/Ba were overall high values (average values:
141.17 mg·kg−1 and 0.32, respectively) with small fluctuations.

(mg∙L−1 (μs∙cm−1 (g∙kg−1 (mg∙L−1 (μs∙cm−1 (g∙kg−1

 

Figure 5. Variation characteristics of physicochemical property indexes of sediment lixivium in GX (a) and CYK (b) profiles.

Table 1. Changes of physicochemical properties of sediment lixiviums of GX and CYK profiles.

GX Profile CYK Profile

TDS (mg·L−1) EC (µs·cm−1) SAL (g·kg−1) TDS (mg·L−1) EC (µs·cm−1) SAL (g·kg−1)

Mean 266.39 392.72 0.19 227.01 336.46 0.16
Max 1470 2020 1.02 778 1117 0.55
Min 33.6 51.9 0.02 35.4 54.8 0.02

C.V (%) 77.8 75.0 77.0 66.5 65.2 66.5
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–

Figure 6. Correlation between TDS and EC, and TDS and SAL in sediment lixivium study section (blue dotted line is the
trend line).

–

 

Figure 7. Variation characteristics of Sr and Sr/Ba ratio of sediments in GX (a) and CYK (b) profiles. 
Figure 7. Variation characteristics of Sr and Sr/Ba ratio of sediments in GX (a) and CYK (b) profiles.
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Table 2. Changes of Sr and Sr/Ba of sediment of GX and CYK profiles.

GX Profile CYK Profile

Sr (mg·kg−1) Sr/Ba Sr (mg·kg−1) Sr/Ba

Mean 126.69 0.27 131.27 0.28
Max 154.90 0.37 171.10 0.40
Min 101.70 0.20 96.40 0.18

C.V (%) 9.6 14.1 12.4 17.3

5.3. Variation Characteristics of Freshwater–Saltwater Diatom Proportion

The diatom fossils of 26 and 25 samples were identified from GX and CYK profiles,
respectively, and a total of 34 species of diatoms were identified. Among these were eight
freshwater and 26 brackish water diatom species. The changes in the combination of diatom
species indicated that the GX and CYK profiles could be divided into multiple diatom
distribution zones from bottom to top (Figures 8 and 9). The distribution zones reflected a
freshwater sedimentary environment, tidal flat–shallow sea sedimentary environment, and
freshwater sedimentary environment, respectively.

(mg∙kg−1 (mg∙kg−1

then decreased, and the overall values were low (average values: 119.98 mg∙kg−1

mg∙kg−1

–

–

 

Figure 8. Comparison of lithology, TDS, Sr/Ba, and diatoms of GX section and sedimentary.
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Figure 9. Comparison of lithology, TDS, Sr/Ba, and diatoms of CYK section and sedimentary environment.

6. Discussion

6.1. Reasons for Changes in Physicochemical Properties of Sediment Lixivium in Coastal Areas

The physicochemical properties of water reflect the amount of TDS, size of EC, and
level of SAL in the water. TDS in the water was significantly correlated positively with EC
and SAL (Figure 6). The physicochemical properties were related mainly to the amounts
of soluble substances attached (or adsorbed) by the sediment itself. When sediments
are deposited, the concentration of TDS in the water will differ when the sedimentation
environment differs (i.e., fresh water and salt water). These soluble substances can change
the total amount of TDS attached to the sediments through adsorption (precipitation),
precipitation (dissolution), ion exchange, and other methods. When the amount of TDS
in the water is high, the amount of TDS attached to the sediments is also large, and vice
versa. When the dried and ground sediment powder was dissolved in a sufficient amount
of ultrapure water, the soluble solids attached to the sediment were released because of the
extremely low TDS concentration in the ultrapure water, thereby increasing the amount of
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TDS in the solution. The larger the amount of TDS in the water of the original sedimentary
environment, the larger would be the amount of TDS released into the ultrapure water, and
vice versa. Therefore, the water environment of sediment deposition can be reconstructed
according to the dissolved TDS (EC, SAL) in the ultrapure water.

6.2. Physicochemical Properties Index of Sediment Lixivium: A New Index Reflecting the Changes
of Coastal Environment

Different sedimentary characteristics can be formed because of the differences in the
dynamic conditions and the biological species living in the environment, as well as climate
changes and sources of sediment. Therefore, sedimentary characteristics can also be used
to invert the sedimentary environment. The distribution of diatom species in the sediments
is controlled by environmental variables in the area, such as water temperature, salinity,
depth, size of the water body, water depth, pH, and nutrients [44]. Diatoms are extremely
important indicators for reconstructing the environment of ancient coastal areas [45–52].
The geochemical elements Sr and Ba are both soluble in water and migrate with water. The
concentration of sulfate ion in water increases because of evaporation or seawater intrusion
into the water environment. Then the Ba ions in the water body form barium sulphate
and precipitate first. The solubility of strontium salts (sulphate and carbonate) would be
slightly higher than that of barium salts, and the strontium salts would be precipitated after
barium sulphate precipitation [53]. The change in the Sr and Sr/Ba ratio could indicate
changes in salinity [39–43].

Sediment lithology, diatom species, geochemical elements and ratios, and physico-
chemical properties of sediment lixivium in the GX and CYK sections of the Subei Basin
corresponded well. Their changing trends indicated that both profiles could be divided
into three stages of sedimentary environments (Figures 8 and 9), implying that these
physicochemical property indexes could indicate the evolution of the coastal sedimentary
environment. Furthermore, Figures 8 and 9 show that the physicochemical property in-
dexes agree well with the geochemical elements and ratios, as well as the diatom species
generally. In particular, the stratigraphic boundary indicator at the beginning of transgres-
sion is highly consistent (the position of the dotted line in the lower part of Figures 8 and 9).
However, some slight differences are detected in the details of the record. The first differ-
ence is that in the process of transgression, some minor fluctuations recorded in the diatom
species, and geochemical elements and ratios are not reflected in the physicochemical prop-
erty indexes of sediment lixivium. For example, at a depth of 370–300 cm in the GX profile,
the diatom species, geochemical elements, and ratios fluctuated significantly; however, the
physicochemical property indexes of sediment lixivium were not recorded. This could be
ascribed to the rapid deposition rate, loose sediments, and easy infiltration of the upper
salty water when transgression occurred, which obscured the small fluctuation records.
The second difference is that at the end of transgression, the boundary line indicated by
the physicochemical property indexes of sediment lixivium was slightly lower than was
the boundary line indicated by the diatom species, geochemical elements, and the ratios.
This could be ascribed to the fact that after transgression, the research section was located
in a freshwater lake sedimentary environment and, because of the long-term immersion in
fresh water, the soluble solids in the adjacent strata were dissolved and diluted.

7. Conclusions

Based on a study of the experimental process and change mechanism of TDS, EC,
and SAL of sediment lixivium in the sea–land interaction zone of the Subei Basin, as well
as comparison with geochemical elements and ratios and diatom species, the following
conclusions can be drawn:

(1) Through preliminary tests, a reasonable method of preparing sediment lixivium and
the appropriate time for determining the physicochemical properties of sediment
lixivium were determined. Ultrapure water had to be used in the process to ensure
that the solvent did not contain soluble solids and to reduce the introduction of
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external errors. The reasonable time for testing the physicochemical property indexes
of the sediment lixivium was determined as 120 h (fully stirred daily) or 168 h (no
stirring) after the production of sediment lixivium. The physicochemical properties
measured at this time were stable, which could reflect the difference in the water
environment in the sediment deposition to the greatest extent. It should be noted that
the test time for the physicochemical properties of sediment lixivium on the same
profile should be tested simultaneously.

(2) The physicochemical property indexes (TDS, EC, and SAL) of the lixivium of sedi-
ments are extremely sensitive to changes in the water properties of the sedimentary
environment, and could correspond well with geochemical elements and ratios and
diatom species generally, indicating changes in the coastal sedimentary environment.

(3) Compared with other indexes, the physicochemical property indexes of sediment
lixivium have obvious advantages. Large (expensive) instruments or advanced
professional knowledge is not required. The test is simple, highly sensitive, accurate,
and inexpensive. Accordingly, this method could be considered a relatively ideal new
indicator for studying paleoenvironmental changes in coastal areas. Therefore, the
method has broad application prospects.

(4) The physicochemical property indexes of sediment lixivium have many advantages,
but also certain shortcomings. These include the fact that the records of the details
during the transgression process are not obvious and, after the end of the transgres-
sion, the TDS adsorbed on the sediments could be reduced owing to the dilution
effect of fresh water, resulting in a slight decrease in the boundary line that indicates
the end of the transgression.
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