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ARTICLE INFO ABSTRACT

Handling Editor: Giovanni Zanchetta Chemical, sedimentological and micropaleontological records were used to track recent climatic and ecological
events recorded in eastern Mediterranean shelf sediments. By studying a high-resolution record of well-dated
sediment from the Israeli shelf, natural and anthropogenic influence during the past 270 years were differen-
tiated and pinpointed to major events.

The most prominent changes occurred in sediment source at the end of the Little Ice Age (LIA), in 1830-1840
CE. Coarse, quartzose sand comprised only 5% of the sediment during the LIA, and increased significantly after
the LIA to levels of up to 15%. There was a further increase in the coarse, quartzose content to >20% following
the damming of the Nile River (Aswan High Dam, in 1964), continuing the earlier post-LIA increase.

The geochemical data suggests a shift in the composition of the finer-grained sediments at the end of the LIA.
During the LIA, clay-rich sediments were found to have lower levels of KO and higher levels of Ni compared to
sediments post-LIA. These likely indicate a change in the source of sediments to the eastern Mediterranean shelf,
shifting from a dominance of Nile-derived sediments and Nile Delta soils during the LIA, to more Saharan-
derived, fine-grained dust and coarse-grained quartzose sands in the post-LIA period. The prevalence of Nile-
derived sediments during the LIA suggests wetter conditions in coastal East Africa during that time period, as
opposed to post-LIA.

The foraminiferal data also indicate a shift at the end of the LIA, mainly in group composition and abundance.
A major increase in miliolid shell-type abundances after the LIA, aligns with a transition to warmer temperatures
post-LIA. An additional increase is detected in species richness and abundance after the damming of the Nile
River. However, this is superimposed on the ongoing increase since the LIA termination.
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to the coast. Thus, acquiring high-resolution records from marine
shelves is critical for studying historic change and for quantifying the
rates of change that seafloors undergo today.

The Levantine basin, the southeastern-most section of the Mediter-

1. Introduction

Human activities since the Industrial Revolution have left their
impact on marine systems (e.g., Crutzen, 2002; Galgani, 2015), strongly

influencing characteristics of shelf seafloors. Attempts were made to
objectively assess the relative contribution of natural processes and
anthropogenic factors in shaping these changes (Dietl et al., 2015),
however, in the absence of high-resolution well-dated records it is
challenging to pinpoint the timing and extent of the controlling factors.
Detailed, long-term records that precede known human interventions
are vital for providing the framework for understanding the extent of
human effect on current seafloors. In particular, shallow marine envi-
ronments are sensitive to human activity due to their relative proximity

* Corresponding author.
E-mail address: yael@gsi.gov.il (Y. Edelman-Furstenberg).

https://doi.org/10.1016/j.quascirev.2025.109185

ranean Sea, has been subjected to widespread environmental changes
during the last centuries (e.g., Rilov and Galil, 2009; Lionello et al.,
2023). These include both natural and anthropogenic changes, for
example, the pronounced cooling of the Little Ice Age (Incarbona et al.,
2010; Cosentino et al., 2017), the construction of the Suez Canal in the
19th century (Golani, 1998; Katsanevakis et al., 2014), the damming of
the Nile River in 1964 (Stanley, 1988; Nixon, 2003; Zviely et al., 2007),
coastal development, the discharge of untreated industrial and human
waste (Kress et al., 2004) and other human-driven activities. As a result,
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the eastern Mediterranean shelf has experienced significant changes in
the composition of benthic micro- and macrofauna (e.g., Galil and
Zenetos, 2002; Hyams-Kaphzan et al., 2008, 2009; Coll et al., 2010;
Comay et al., 2015; Leshno et al., 2015; Avnaim-Katav et al., 2020), in
sediment characteristics (Sandler and Herut, 2000; Zviely et al., 2007;
Katz and Crouvi, 2018) and in chemical composition of its seafloor (e.g.,
Bookman et al., 2021). Therefore, the eastern Mediterranean shelf is
ideally positioned to act as a sensitive recorder of recent change.
Furthermore, the proximity of the eastern Mediterranean coast to the
discharge of Nile River sediments resulted in exceptionally high sedi-
mentation rates during the early Holocene (Schilman et al., 2001;
Avnaim-Katav et al., 2019; Bookman et al., 2021). The high sedimen-
tation was associated with both regional and global climatic fluctua-
tions, namely, the monsoonal climate system and ITCZ (Intertropical
Convergence Zone) (e.g., Almogi-Labin et al., 2009; Box et al., 2011;
Hennekam et al.,, 2014; Avnaim-Katav et al., 2019; Bookman et al.,
2021). These high sedimentation rates enable to study the record of the
late Pleistocene and Holocene in high resolution. However, information
on the past ~250 years of globally-growing human influence is rare and
data relevant to understanding the cause-effect relationship of human
activity in the region are scarce due to limited high-resolution dated
sedimentary records.

The goal of this study was to track major natural and human-driven
changes recorded in the eastern Mediterranean by investigating a high-
resolution well-dated sediment core from the Israeli shelf at ~60 m
water depth. In particular, the focus was on the controlling factors
governing the sediment composition of the area and on how they relate
to known, recent, historic events. Detailed sampling and sediment
dating, particle size distribution (PSD), microfossils (benthic forami-
nifera), mineralogical and geochemical analyses (major and trace ele-
ments, total organic carbon) were combined to better understand the
rate and extent of human activity in shaping current seafloor patterns,
and especially the past ~250 years of anthropogenic influence in the
eastern Mediterranean.

1.1. Eastern Mediterranean Israeli shelf

The Levantine basin in the eastern Mediterranean is land-locked and
is strongly affected by fresh water and sediment input from the Nile
River. Sediments are primarily distributed eastward across the Nile
Delta and then northward as far as northern Israel (Stanley, 1988, 1989)
and farther. They are transported along the inner shelf by longshore,
anticlockwise currents, while wind-induced currents transport the sed-
iments deeper into the sea (Rosentraub and Brenner, 2007; Schattner,
2021). The 180 km long Israeli coastline, trending N-NE to S-SW, is part
of the eastern border of the Levantine basin (Por, 1989), the easternmost
section of the Mediterranean Sea. The shelf narrows from 25 to 30 km in
the south to less than 10 km in the north (Rosentraub and Brenner,
2007), with bathymetric contours aligned sub-parallel to the coastline.
The upper 120 m of the Levantine water column is stratified during most
of the year but becomes homogenous during winter when surface
cooling causes deepening of the mixed layer (Herut et al., 2000; Rose-
ntraub and Brenner, 2007).

The Nile River is one of the most important rivers flowing into the
Levantine basin. The construction of the Aswan High Dam in 1964
significantly decreased the input of nutrients and sediments into the
Mediterranean (Stanley, 1988; Halim et al., 1995; Krom et al., 1999;
Herut et al., 2023). This decline was superimposed on the already
extreme environmental conditions characterizing the Levant Basin: oli-
gotrophy, high salinity and high surface-water temperatures (Por, 1989;
Herut et al., 2000, 2023; Coll et al., 2010). The majority of shelf sedi-
ments post-Aswan Dam are siliciclastics originating from the erosion of
the Nile River delta, with a lesser contribution from local sources (Nir,
1984; Zviely et al., 2007). The dominant northern flow of surface water
(Zviely et al., 2007) created a south-north gradient of seafloor sub-
strates, with Nilotic siliciclastic sediments abundant in the south and
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decreasing northwards, where biogenic, carbonate-rich sediments are
dominant (Hyams-Kaphzan et al., 2008). An east-west bathymetric
gradient of grain size is characterized by sand dominating in shallow
waters (up to ~35 m water depth) and silt and clay in deeper waters
(Nir, 1984; Almagor et al., 2000; Almogi-Labin et al., 2012).

1.2. The Little Ice ge

The Little Ice Age (LIA) is mostly a North Atlantic phenomenon, but
not only (Matthews and Briffa, 2005). It started ~1350 and terminated
around 1850 and was characterized by low summer temperatures
combined with high winter precipitation, and a general advancement of
mountain glaciers (e.g., Grove, 2001; Biintgen et al., 2005; Matthews
and Briffa, 2005), with the coldest interval from ~1550 to 1750 CE
(Bradley and Jonest, 1993). On land, the temperature drop resulted in
damaged crops and restriction of the vegetation period (Glaser and
Riemann, 2009 and references therein).

A shift to cold ocean conditions at the onset of the LIA probably
resulted in an increase in the cold, low-salinity polar waters in the north
Atlantic (Moffa-Sanchez et al., 2014). This LIA cooling is also observed
in calcareous nannoplankton and benthic foraminiferal assemblages
from the Mediterranean and north Atlantic (e.g., Incarbona et al., 2010;
Perner et al., 2013).

2. Materials and methods

This study focused on a representative site at 60 m water depth in the
central Israeli shelf, off the coast of Herzelia (Fig. 1a). The site comprises
a soft-bottom seafloor within the silty sediment seafloor zone
(Almogi-Labin et al., 2012) and is positioned in waters deeper than any
known range of major pollution, especially far from coastal anthropo-
genic influence (Kress et al., 2004; Pasternak et al., 2019). A long gravity
core (190 cm) that penetrated deep enough to capture 21°Pb background
levels was retrieved (R/V Bat Galim cruise during summer 2018) in
order to estimate sedimentation rates. Upon retrieval on deck, care was
taken to keep the core vertical as to not disturb the top sediment.

The core (diameter 6.4 cm) was sliced into 1 cm increments down to
84 cm and used for analysis of 2'°Pb activity (dating), sediment gran-
ulometry, sediment chemistry, mineralogy, percent total organic carbon
(TOC) and microfossil (foraminifera) abundance.

2.1. Sampling and analytical methods

2.1.1. 219Pp sediment processing

Age determination was done using 2!°Pb on the fine fraction of the
sediment (<63 pm), which due to its larger specific surface area is richer
in adsorbed excess 2°Pb than the coarse sediment fraction. This
approach has recently proven to be successful in dating sediments with
low 21%pb activity (Edelman-Furstenberg et al., 2020).

A total of 36 sediment slices were weighed and then lyophilized for
the water content of the sediment. Approximately 25 g from each
increment was then wet-sieved with Milli-Q water (>17 MOhm/cm)
over a 63 pm sieve, left to settle for 14 days, and then the excess water
decanted. The remaining wet sediment was oven-dried at 50 °C to
determine the wt-% fines <63 pm. Part of the fine fraction was sent to
the Royal Netherlands Institute for Sea Research (NIOZ) for 210py,
analysis and determination of sedimentation rate, focusing on every
other cm down to 60 cm and then every 3rd and 6th down to 84 cm. This
was done to make sure of reaching supported 210pp, Jevels in the core.

2.1.2. Alpha spectrometry of 2°Pb

Due to the arid environment and limited precipitation and river
runoff into the Israeli Mediterranean, we chose to determine 2!°Pb
through alpha spectrometry measurement of its granddaughter isotope
210pg after chemical extraction from the sediment matrix. Alpha spec-
trometry counting is significantly more accurate and sensitive compared
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Fig. 1. (a) Study area and core site (marked by a star) in 57 m water depth, off the coast of Herzelia, Israel. (b) Simplified geological map of the Nile drainage area

(modified after Fielding et al., 2018).

to gamma-ray spectrometry (e.g., Baskaran, 2011), and was used in
other eastern Mediterranean locations for determining sediment accu-
mulation rates in surface sediment cores (Bareket et al., 2016; Ashkenazi
et al., 2022; Herut et al., 2023; Moshe et al., 2024). Lab procedures
follow those of Edelman-Furstenberg et al. (2020).

2.1.3. Particle size distribution (PSD) analysis

Grain size analysis was conducted in 2 cm intervals down to 84 cm
(total of 41 samples) using Malvern MS-2000 laser diffraction over the
particle-size range of 0.02-2000 pm. The measurement procedure
included dispersion (using sodium hexametaphosphate solution), stir-
ring for 5 min, and ultrasonication for 30 s. Three to six replicate
specimens of each sample were then subjected to three consecutive 5 s
runs at a pump speed of 1800 RPM. The laser diffraction raw values were
transformed into PSD using the Mie scattering model, with optical pa-
rameters of RI = 1.52 and A = 0.1.

2.1.4. Bulk mineralogy

Forty three samples were spiked with 20% (wt.) corundum, milled
using a ball-mill and side-loaded into aluminum holders. XRD patterns
were acquired in Bragg-Brentano geometry using a PANalytical X Pert
diffractometer with CuKo radiation operated at 45 kV and 40 mA. The
samples were scanned from 9 to 70° 20 at a step size of 0.013° 26, using a
PIXcel detector in continuous scanning line (1D) mode with an active
length of 3.35°. Mineral phase identification was done using HighScore
Plus® software based on ICSD database. Semi-quantitative phase
abundances were estimated using the normalized (peak area) relative
intensity ratio (RIR) method (e.g. Jenkins and Snyder, 1996), using in-
house RIR values measured on the same instrument under similar
settings.

2.1.5. Clay fraction mineralogy

The clay fraction from 43 samples (<2 pm) was collected from sus-
pensions settled according to Stokes Law after: 1) carbonate minerals
and salts dissolution by buffered acetic acid; 2) saturation in SrCl; (0.03
M); and 3) disaggregation by a low-intensity ultrasonic treatment for a
few minutes. Clay suspensions were pipetted onto glass slides and
analyzed after air-drying, glycolation (at least 8 h at 60 °C), and heating

for 2 h to 550 °C (Moore and Reynolds Jr, 1989). Samples were scanned
from 2 to 30° 20 with a step size of 0.013° 26 using the detector in
continuous scanning line (1D) mode with an active length of 1.01°.
Semi-quantitative clay abundances were estimated from the relative
peak areas of I-S, kaolinite, illite and chlorite following the method of
Biscaye (1965).

2.1.6. Chemical analysis

Whole sediments (47 samples) were used for the determination of the
chemical composition, while the <150 pm fraction (42 samples) was
used in order to enrich the amount of trace elements and total organic
carbon (TOC) in the samples. All samples were crushed using a ball mill
(Pulverisette 2, FRITSCH, Germany). Powdered samples were fully dis-
solved by fusion with lithium metaborate (LiBO4) for major elements
and with sodium peroxide (NayO-) for trace elements (Brenner et al.,
1980; Yu et al., 2001). Major elements were measured by Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES; Optima 5300,
PerkinElmer, USA), and trace elements by Inductively Coupled Plasma
Mass Spectrometry (ICP-MS; Nexion 300D, PerkinElmer, USA). Cali-
bration was performed using commercial elemental solutions. Various
certified reference materials (CRMs) were processed and analyzed along
with the samples for quality control of the major composition (BCR-32,
BCS-393, BCS-313, JB-1, SCO-1, SO-3, RGM-1, 1633A, and JP-1) and
trace elements (JB-1, SCO-1, SO-3, and 1633A) analyses. Loss on igni-
tion (LOI) was performed by 1050 °C combustion for 4 h and the weight
loss was recorded. The TOC analysis was determined by potentiometric
titration (Gelman et al., 2012).

2.1.7. Benthic Foraminifera analysis

Foraminiferal analysis was performed on every 2-3 cm down to 84
cm (34 samples in total). Bulk samples were dry weighed, washed over a
63 pm sieve, and foraminifera shells larger than 150 pm were dry-picked
and analyzed using a stereomicroscope. Large samples were randomly
split into sub-samples containing ~250-300 specimens. The foraminif-
eral tests were investigated as sediment particles in order to correlate
between variations in the grain size and foraminiferal numerical abun-
dances per gram dry sediment. The proportions of the three main shell-
type groups: perforate calcareous, miliolid and agglutinated, were
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calculated down the core as well as the number of species per sample.
Statistical analyses were performed using GraphPad Prism 7 software.
Analysis of variance (one-way ANOVA) followed by Bonferroni’s mul-
tiple comparisons tests were performed on foraminiferal abundance and
species diversity to identify the differences between groups.

3. Results
3.1. 219pp depth profile and model fit

The top layer of the core is of brown sediment that changed to grey
below a depth of 21 c¢m, and becoming finer-grained at the bottom of the
core (Fig. 2). Water content did not show strong shifts, however per-
centages were slightly lower in the top 30 cm increasing downcore, with
highest percentages deeper than 60 cm.

The profile of 2!%Pb is continuous, lacking an evident surface mixed
layer. The depth profile yielded activities of 2!°Pb ranging from 126 in
the top sample to ~10 mBq g~ ' at the bottom of the core. The depth
profile with the best fit was a CFCS model without a surface mixed layer
(Fig. 2). Accordingly, the biological mixing coefficient was taken as
negligible (D, = 0.0001 cm? y~1). The 2'°Pb activity is given in Sup-
plementary Table S1.

Extrapolating the modelled average sediment accumulation rate for
the fine fraction, of 0.32 cm y !, the bottom of the core dates to the year
1750. The core thus represents a time interval extending beyond the full
duration of the Anthropocene (Zalasiewicz et al., 2021). By interpola-
tion, the termination of the Little Ice Age (LIA) as suggested for Europe,
in 1850, is located 55 cm downcore, whereas the construction of the
Aswan High Dam on the Nile River during the mid-1960 is located at 17
cm down the core. The sedimentation rate found by fitting the CFCS
model (widely used in marine settings) represents an average over the
approximate 150 years where excess 21°Pb is present, thus, the derived
dates are only approximate.

CFCS model fit without SML

total 21°Pb (mBq g™)
(yr)
2018 0 0 5‘0 100 150
20 ,,_ -------------------
3
S 40 -
<
a
[0]
ke burrow 5
end of Little Ice Age
60 mWT T T T T T T T T T oo o s — ===
80 +
1750 Fine sticky sediment
Sedimentation rate [w]: 0.32 cm y?!

Fig. 2. Depth profile of total 2!°Pb activity measured in the fine fraction of the
studied sediment core retrieved from 57 m water depth. The exponential curve
over the data represents a constant flux constant sedimentation (CFCS) model
without surface mixed layer (SML), fitted to determine average sedimentation
rate. The top, brown sediment was coarser than the grey, finer sediment at the
bottom of the core. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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3.2. Particle size distribution

All PSDs are bi-modal, with a fine mode in ~5 pm (clay to fine silt)
and a coarse mode in 50-60 pm (coarse silt) (Fig. 3a). The two modes are
separated by a minimum located at 15-20 pm. The amplitude of these
modes changes along the core and with time — in the lower parts of the
core the fine mode is the dominant one, while the coarse mode becomes
more and more dominant up the core, towards the 20th century. This
coarsening trend with time is emphasized when plotting (1) a ratio be-
tween these two modes (the percent of >20 pm divided by the percent of
<20 pm, termed the 20 pm ratio, see Crouvi et al., 2008) and (2) the
percent of the sand fraction, along the core (Fig. 3b). The finest-grained
sediment, composed of 95% or more of silt and clay and only 5% or less
of sand, was deposited during the LIA. After the LIA and until the mid
1960’s distinctly coarser sediment was deposited (7-15% sand). After
the mid 1960’s a further coarsening is observed, with sand content
increasing to more than 20%.

3.3. Mineralogy

The complete mineralogical data is given in Supplementary Table S2.
The bulk mineralogical composition of all samples includes phyllosili-
cates as a dominant component. However, a clear trend of decreasing
phyllosilicates can be seen throughout most of the core, from a relatively
stable average value of ca. 75% in the samples deeper than 60 cm (LIA
period) to ca. 55% in the shallowest samples (Fig. 4a). Quartz and calcite
show an enrichment trend of from 6 to 3.5%, to 15.5 and 7.5%,
respectively (Fig. 4b and c). In particular, the quartz component shows a
significant increase from ~6 to ~11% within the depth interval of 60 to
50 cm, followed by relative stability between 50 and 20 cm depth and
then steady increase from ~11 to ~15.5% in the upper 20 cm of the core
(Fig. 4b). An intriguing trend is seen in the ratio of the feldspar minerals
(Fig. 4d). Below 60 cm depth the plagioclase/K-feldspar ratio is highly
variable with extreme values reaching 9-11, whereas above this depth
the plagioclase/K-feldspar ratio is relatively constant, at a value of ~1.
The decrease of phyllosilicates and the increase in quartz and calcite up
the core is consistent with the increasing grain sizes (Fig. 3b).

3.4. Geochemistry

The complete geochemical data is given in Supplementary Table S3.
Selected element trends throughout the studied core are presented in
Fig. 5. Silica (SiO3) content shows a continuous increase from near
constant values of ca. 47 wt% below 60 cm depth — the end of the LIA, to
ca. 52 wt% in the shallowest samples. Calcium (CaO) content indicates a
similar trend of enrichment although this enrichment trend seems to
start from 1800 and not from the end of the LIA. Alumina (Al;03) and
iron (FeoO3) contents display an opposite trend of depletion, from
relatively stable values of ca. 16 and 11 wt%, respectively, at the end of
the LIA, to ca. 13 and 9 wt%, respectively, in the surface samples. These
two elements also show a strong correlation of R? = 0.95 (Fig. 6a).
Potassium (K20) displays a conspicuous increase at the end of the LIA
from values of 1.4-1.5 wt%, to slightly, but distinctly, higher values of
1.6-1.8 wt% that persist to the top of the core (Fig. 5e and 6b). The
depletion in Al,O3 up the core is consistent with the decrease of phyl-
losilicates, and the enrichment in SiO5 and CaO is consistent with the
increase in quartz and calcite (Fig. 5a—d). The low K30 concentrations in
the samples below 60 m, dated to the LIA, is consistent with their low K-
feldspar content (Fig. 5e). Most of the studied trace elements show a
general trend of depletion upcore, along with the trends in Al,O3 and
Fey03 (e.g., Cu, Nd, Ni and Co; Fig. 5f-i).

The total organic carbon (TOC) content displays a general depletion
throughout the studied core, from 0.6 to 0.8 in the lower part to 0.2-0.4
wt % up the core. However, this trend can also be divided into a rela-
tively stable stage of higher TOC content during the LIA (below ca. 60
cm), followed by a stage of depletion in TOC towards the present that is
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Fig. 3. (a) Particle size distribution graphs, showing bi-modal distribution, and (b) the percent of the sand fraction and the 20 pm ratio along the core. See text for
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Fig. 4. Down-core profiles showing the concentrations of selected minerals. Dashed lines mark the approximate end of the Little Ice Age (1830 CE) and construction
of the Aswan High Dam on the Nile River (1964 CE).

especially pronounced after the damming of the Nile River by the Aswan

High Dam (Fig. 5j).

3.5. Distribution patterns of benthic foraminifera

The dead foraminiferal assemblages (>150 pm) demonstrate

remarkable differences in their numerical abundances downcore (Fig. 7;
Supplementary Tables S4a and b). In general, the numerical abundance
shows high fluctuations and increases to values of >200 individuals per
gram dry sediment in the top 17 cm (post Aswan High Dam). Medium
abundances of 50-100 were detected in the post-LIA samples, and fewer
fluctuations and very low abundances of 25-50 in the deepest part of the
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Fig. 5. Down-core profiles showing the concentrations of selected major oxides, trace elements and total organic carbon (TOC). Dashed lines mark the approximated
end of the Little Ice Age (1830 CE) and construction of the Aswan High Dam on the Nile River (1964 CE).

core (LIA) (Fig. 7). LIA species richness showed minimum values of 35-
19 at the bottom of the core. Between 60 and 17 cm (post-LIA samples),
diversity increases, ranging between 39 and 57 species. The highest
species number was detected in the upper 17 cm of the core (post-Aswan
High Dam), with 60-80 species per sample. A one-way ANOVA shows
significant variation in the foraminiferal numerical abundance [F(2,31)
= 35.67, p < P < 0.0001] and species richness [F (2, 31) = 55.19, P <
0.0001], and post hoc Bonferroni detected significant differences be-
tween all three time-intervals (Aswan High Dam, post-LIA and LIA).

The majority of the foraminiferal assemblages are composed of
perforate-calcareous species reaching a maximum of 80% (Fig. 8). The
ratio between the relative abundances of perforate-calcareous and mil-
iolid species is 4:1 at the end of the LIA decreasing to 2:1 afterwards
(Fig. 8). The miliolid shell-type group abundance increases to ~40% at
the post-LIA time period. Along with this increase in relative abundance
of the group an increase in miliolid species was observed. In the LIA and
post-LIA miliolids reached a maximum of 26 species, while at the top 18
cm of the core the miliolids comprise 47 species, (Supplementary
Table S4b).

4. Discussion

4.1. Sediment accumulation rates in the continental shelf of the eastern
Mediterranean

The sedimentation regime and rate of accumulation for the Israeli

slope and basin are generally known for most of the Holocene (e.g.,
Krom et al., 1999; Schilman et al., 2001; Box et al., 2011; Hennekam
et al., 2014; Hennekam, 2015 and refs therein), yet the recent past (i.e.,
the last couple of centuries), characterized by increasing human activity,
is less studied.

Holocene sediment accumulation rates reported for the Israeli shelf,
based on “C dating, range from ~60 to 420 cm/kyr (Tapiero, 2002;
Avnaim-Katav et al., 2019; Agiadi and Albano, 2020). For surface sed-
iments dated by means of 21°Pb, rates range from 50 to ~200 cm/kyr
(Bareket et al., 2016; Herut et al., 2023). At 40 m water depth off Her-
zelia, Almogi-Labin and other (2009) and Kalman and others (2022)
mentioned ~200 cm/kyr.

The present studied core from 60 m water depth, penetrated the
sediment deep enough to capture background levels of 21°Pb at ~40 cm
core-depth (Fig. 2). This allows us to improve the rates extrapolated
from other short cores taken in the Israeli Mediterranean shelf, which
were too shallow to detect the supported 21°Pb levels (e.g., Bareket et al.,
2016). Our study records an average sedimentation rate of 320 cm/kyr
for sediments from ~60 m water depth, thus allowing for the first time, a
high-resolution examination of the last ~270 years in the southeastern
Mediterranean.

4.2. Bioturbation regime at 60 m water depth

The eastern Mediterranean is known for its oligotrophic waters and
seafloor depleted in organic carbon (see review in de Madron et al.,
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efficients (R?) include all core samples as one group.

2011) that greatly limits the activity of the dominating burrowing fauna
on the seafloor. Biological activity on the seafloor naturally produces a
mixed surface layer, mixing the sediment to the depth of infaunal ac-
tivity. However, deep burrowing fauna is relatively scarce on organic
carbon depleted seafloors, thus overall, limiting bioturbation and sedi-
ment mixing of the seafloor.

Our samples exhibited extremely high abundances of the brittle star
Ophiura ophiura (covering between 20 and 60% of the surface area of the
core-sediment). This brittle star has a continuous distribution from the
North Sea to the eastern Mediterranean and is the main species in the
Israeli Mediterranean (Fishelson, 2000). O. ophiura is usually found in
shallow waters, with a preference for soft sediments (Boos et al., 2010).
It is a hunter-scavenger that rather than burrowing, shows a fleeing
mechanism from other predators as an escape mechanism (Hill and
Tyler-Walters, 2018 and references therein). Furthermore, no significant
bioturbation of seafloor sediments is attributed to this species.

It seems that the oligotrophic nature of the eastern Mediterranean
together with the high abundances of brittle stars covering the surface of
the seafloor at 60 m resulted in minor bioturbation of the seafloor at this
water depth. Furthermore, the relatively high sedimentation rate
recorded for the eastern Mediterranean also acts to mask the effects of
bioturbation. Consequently, the sediment at the Herzelia station was
relatively undisturbed by bioturbation.

4.3. Sediment provenance

The amount of sand attained in the surface sediment of the core
(16-22%) is comparable to that previously reported by Almogi-Labin
and others (2012) for their 60-m water depth station off Herzelia
(16%), sampled in 2009. Past studies showed a coarsening of grain size
in surface sediments, which was suggested to be associated with the
termination of the sediment flow from the Nile River after the con-
struction of the Aswan High Dam in 1964 (e.g., Almogi-Labin et al.,
2012; Bookman et al., 2021; Kalman et al., 2022; Herut et al., 2023).
However, as shown in our results, this coarsening started well before the

Aswan Dam construction and can thus not exclusively be attributed to
human influence. Rather, we suggest a change in the climatic regime as a
probable cause for the sediment change detected after 1830.

The grain size, mineralogical and geochemical results all indicate the
existence of two major sedimentary components comprising the sedi-
ments at 60 m water depth: (1) a fine-grained, ferro-aluminous
component with higher phyllosilicate content, dominant in the lower
part of the core, and (2) a coarse-grained component with high quartz,
calcite and feldspar content, becoming more abundant in the upper part
of the core. Principle Component Analysis (PCA) of the normalized
geochemical and mineralogical data from the sampled core (Fig. 9)
shows the samples cluster along depth, with a clear separation of the
three time intervals; LIA, post LIA before the construction of the Aswan
High Dam, and the years after the Aswan Dam. Due to their distinct grain
size, variations between the two components in the sediment can reflect
variations in local energetic conditions at the depositional site. How-
ever, because the studied section was deposited under water depth of
about 60 m, well below the wave baseline (Hyams-Kaphzan et al., 2008),
local depositional effects seem unlikely. Hence, the relative shift from
fine-grained phyllosilicate dominance in the lower part of the core to
coarse-grained quartzose component in its upper part reflect a change of
sediment provenance in this region of the Mediterranean. The
fine-grained aluminosilicate-dominated sediment at the lower part of
the core is consistent with sediments derived from Ethiopian flood ba-
salts and Nubian shield basement rocks within the Blue Nile catchment,
wheras the coarse quartzose sediment is consistent with sands derived
from the Saharan dune fields (Garzanti et al., 2018).

The remarkable correlation between Al;O3 and FepO3 (Fig. 6) in-
dicates that Fe is either a major component of the fine-grained phyllo-
silicate minerals, mainly illite-smectite, or that fine-grained iron-oxides
are favorably transported and precipitated together with the phyllosi-
licates due to their similar grain size. In either case, the Al,O3 — FepO3
correlation found in the studied eastern Mediterranean sediments, is
similar to that observed in three sets of local soil samples; from the
nearby continental Israel (Sandler, 2013), from the Sahara desert
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(Moreno et al., 2006; Maryol and Lin, 2015) and from the Nile Delta
(Abu Khatita, 2011). In contrast, fine-grained muds collected along the
banks of the active Nile River and its tributaries do not show any Al,O3 —
Fey03 correlation and extend to much higher Fe;O3 content (Garzanti
etal., 2015) (Fig. 10a). This difference in chemical composition between
local soils and Nile riverbank sediments may be explained by the process
of chemical weathering in soils. Both Al and Fe are relatively stable el-
ements and tend to concentrate in the solid fraction, as major constit-
uents of the secondary minerals — phyllosilicates and Fe-oxides formed
during pedogenic processes, thus, resulting in their mutual increase in
soils and sediments derived from their weathering (e.g. Sandler et al.,
2015). Sediments along the Atbara River, the Blue Nile and the main
Nile banks are relatively freshly eroded, mostly from magmatic terranes
of the Arabian-Nubian shield and the Ethiopian plateau basalts, which
reside under strongly seasonal, semiarid climate (Garzanti et al., 2015).
Therefore, these sediments comprise predominantly primary magmatic
minerals, such as pyroxene, amphibole and feldspars, which have
different and variable Fe/Al ratios. Accordingly, the Al;O3 — Fe;O3
correlation observed within the Mediterranean core sediments indicates
the derivation of their fine-grained fraction from recycling of soils, by
aeolian or local fluvial processes, rather than directly from
Nile-transported sediment. However, the recycled soils may have
developed on top of such Nilotic sediments within the Nile River delta,
or completely outside of the Nilotic system. The apparent absence of
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along the core: perforate-calcareous, miliolids and agglutinated.

directly-transported Nile sediments in the studied core, according to the
Al;03 — FeoO3 data, may be explained by the deposition of the coarser
magmatic minerals in the Delta and near-shore invironment, preventing
them from reaching the deeper basin, where finer clayey matrial often
formed as secondary minerals in soils accumulates.

At the end of the LIA, a subtle yet distinct shift in K,O concentration
and trace element correlations is detected, indicating two separate fine-
grained components, derived from different source terrains and/or
under different weathering environments. During the LIA period, AloO3
(clay)-rich samples have distinctly lower KO content and higher Ni/Cu
ratio (Fig. 6b and c). A notable correlation is observed between Cu and
Ni, in which the higher concentrations of Cu and Ni separate into two
sub-parallel trends that correspond to sample depth (Fig. 6¢). Samples
deeper than 60 cm, dated to the LIA (prior to 1830), fall within the
upper, higher Ni/Cu trend, whereas samples between 60 and 17 cm
depth, dated to 1830-1960, fall within the lower Ni/Cu trend. The
shallow samples, above 17 cm, dated to post construction of the Aswan
High Dam in the mid-1960s, all plot at the low Cu and Ni end of the
correlation line (Fig. 6¢). The lower K,O content in these samples is very
similar to that measured in recent and buried soils of the Nile Delta (Abu
Khatita, 2011), which is positioned along the higher Al,03 and K0 end
of a common trend for all Nile riverbank mud samples (Garzanti et al.,
2015). Younger, post-LIA samples have relatively higher KO content,
similar to that measured in recent Saharan dust and soil samples
(Moreno et al., 2006; Maryol and Lin, 2015) (Fig. 10b), probably arising
from the abundance of K-feldspar in the Saharan basement rock (mostly
Neoproterozoic metamorphic and granitic rocks, Abdelsalam et al.,
2002) The Ni/Cu ratios in the LIA samples are also consistent with the
Ni/Cu trend of the Nile riverbank mud samples (Garzanti et al., 2015),
whereas younger post-LIA samples have lower Ni/Cu ratios, consistent
with low Ni/Cu Saharan dust and soil samples (Moreno et al., 2006)
(Fig. 10c). Higher Ni concentrations in the Nile-derived sediments are in
accordance with the mantle source of the Ethiopian flood basalts
covering vast area in the Blue Nile cathment area (Beccaluva et al.,
2009).

Thus, it seems that the coarse quartzose component (sand) is
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recycled by fluvial or aeolian processes from older siliciclastic sediments
of North Africa, whereas the fine-grained, clayey component is derived
from three different sources: Soils developed over Nilotic riverbank
sediments, mostly within the Nile Delta area, Saharan desert soils
probably transported by aeolian processes, and soils in the adjacent east
Mediterranean region that were formed by mixture of dust from the two
previous sources.

We suggest that during the LIA soils developed over Nilotic river-
banks were a dominant source for the Mediterranean sediments, based
on their clayey composition that was relatively depleted in K20 (and
enriched in Ni/Cu). Following the termination of the LIA, it seems that

the amount of fine-grained sediments derived from the Nile Delta soils
diminished, leading to relative enrichment in the fine-grain component
derived from other sources, most notably the Sahara desert. At the same
time, there is a trend of relative enrichment in coarser-grained,
quartzose and biogenic-calcitic (foraminifera) sediments (Fig. 6b, 7
and 10), which is also consistent with the relative decrease of fine-grain
sediment input from the Nile system. This coarsening trend intensifies
after the construction of the Aswan High Dam in the 1960s.
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4.4. Temporal variation in benthic foraminifera distribution pattern

The foraminifera tests are part of the sedimentary particles >63 pm.
Their abundance shows a similar upward increasing trend in the core as
observed in the sand fraction (Fig. 3). The foraminiferal numerical
abundance was higher post-LIA and highest after the construction of the
Aswan High Dam (Fig. 7). This probably reflects the reduced dilution of
foraminifera tests with fine sediments.

The continuous increase of the miliolid shell-type group from after
the LIA and until the present (Fig. 8) may be associated with increasing
temperatures after the termination of the LIA. Because the TOC content
decreased only after the damming of the Nile (Fig. 5) it looks that oli-
gotrophication alone does not affect the miliolid relative abundance.
Moreover, field studies and laboratory experiments focusing on fora-
miniferal tolerance to modern thermal stress show that miliolids have a
high tolerance to elevated temperatures (Murray, 1973; Arieli et al.,
2011; Titelboim et al., 2016; Kenigsberg et al., 2022). Miliolids are also
highly abundant and diverse (high species richness) in shallow waters
along the Israeli coast between 40 and 60 m, with higher numbers
during spring and summer when sea surface temperature increases (e.g.,
Hyams-Kaphzan et al., 2008, 2009; Avnaim-Katav et al., 2021). Our
results in the eastern Mediterranean support this and show an increase
in miliolid abundance together with the increase in temperature asso-
ciated with the termination of the LIA (e.g., Bradley and Jonest, 1993).
The trend of coarsening grain-size (and consequent oligotrophication) is
superimposed on the ongoing trend that started after the LIA. The
longterm historical data, conducted in the region for the first time,
shows that the termination of the LIA, rather than the damming of the
Nile River alone as proposed by others (e.g., Almogi-Labin et al., 2012;
Bookman et al., 2021; Herut et al., 2023), is what had the most influence
on the dominating foraminifera shell-groups (Fig. 8).
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4.5. Recent climatic and sedimentological variations

One major event that is not well documented for Africa is the
termination of the Little Ice Age. Our dated core and data identified this
event, to occur in between 1830 and 1840, similar to 1850 as suggested
for the termination of the LIA climate in Europe (e.g., Grove, 2001;
Matthews and Briffa, 2005 and references therein).

Our record can be divided in two major periods (1) from ~1750 up to
the termination of the Little Ice Age at ~1830, and (2) post LIA until the
present, including the damming of the Nile River in the mid-1960s,
which seemed to amplify the post-LIA trends (Fig. 11).

The period between the termination of the LIA and the industrial revo-
lution is characterized by small fluctuations in the minerological,
geochemical parameters and in foraminiferal abundances. It is charac-
terized by finest grain sizes, clayey material, and increased levels of total
organic matter, Ni and Cu (Figs. 3-5, 9). These point to an increased
influence of the Nile River runoff to the eastern Mediterranean (e.g.,
Hamann et al., 2009), which is associated with the rainfall in the African
Heights (Weldeab et al., 2014; Revel et al., 2015). The Indian Ocean
monsoon system causes increased moisture in the Ethiopian Highlands
in Africa (e.g., Camberlin, 1997; Tierney et al., 2015). The increased
rainfall and consequent Nile inflow shaped the sedimentary regime of
the eastern Mediterranean (Fig. 11).

Our data suggest a relative dominance of Nile River sedimentary
input during the final stage of the LIA, as compared to the period post
LIA. However, data on climatic conditions and rainfall variability over
east Africa are scarce for the period from 1750 to the termination of the
LIA (e.g., Nicholson, 1998; Nicholson, 2000; Hastenrath, 2001; Han-
naford and Beck, 2021). Most documentations record the mid-19th and
20th century (Nicholson et al., 2018 and references therein). Lake Vic-
toria is a sensitive recorder of climate change and together with drainage
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Fig. 11. Schematic diagram showing the main factors influencing the eastern Mediterranean sedimentary regime during the past few hundred years.
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from the Ethiopian highlands are the direct source of the Nile River
(Garzanti et al., 2015). There is no direct evidence of lake fluctuations
prior to 1800 (end of LIA), however, oral traditions and Nile flow evi-
dence indicate a general trend of high lake stand during 1750-1820
associated with wet conditions, a minimum at the termination of the LIA
and rising levels from 1830 to 1840 until 1900 (Nicholson, 2000 and
references therein; Nicholas et al., 2012; Fig. 8). Additionally, Has-
tenrath (2001) shows that lake levels in East Africa were high and
precipitation was higher prior to 1880, whereas evidence of wetter
conditions in the LIA are also shown for southern Africa (Nash et al.,
2016; Railsback et al., 2018; Hannaford and Beck, 2021). Wetter con-
ditions in coastal East Africa were shown to have occurred during the
LIA by Tierney and others (2015).

The period of the LIA recorded in the studied core is also charac-
terized by lower abundances of miliolid foraminifera compared to post-
LIA (Fig. 8). Miliolids secrete imperforate shells of high magnesium
calcite, which are most easily produced in warm, shallow waters satu-
rated with CaCOs (Haynes, 1981). Their small numbers as compared to
the period after the LIA are in agreement with colder waters on the
seafloor of the eastern Mediterranean during the LIA. That deep waters
were colder during the LIA in the eastern Mediterranean has been
inferred using planktonic foraminifera (Mojtahid et al., 2015). The cli-
matic conditions during the period corresponding to 1750-1830 over
Europe show cold and harsh winters (e.g., PAGES 2k Consortium, 2013).
Global climate modeling showed that a southward shift in the tropical
rain belt occurs when there is cooling over the northern hemisphere
(Hwang et al., 2013). A southern shift in the ITCZ during the LIA is in
accordance with cooling in the northern hemisphere at that time
(Lechleitner et al., 2017; Railsback et al., 2018 and references therein).
In addition, cooling during the LIA is also shown for pollen from coastal
Syria (Kaniewski et al., 2011) and is coherent with cooler eastern
Mediterranean waters inferred from the small abundances of miliolids in
our core.

The termination of the Little Ice Age at 1830 is reflected by a significant
change noted in our data. Coral archives from the Indian, western Pa-
cific, and Atlantic oceans also indicate a significant change of a warming
trend around 1830-1840 (Tierney et al., 2015). Nicholson (2001) show
reduced rainfall conditions in 1820-1830, and (Felis et al., 2000) show a
change at that time in coral 5'80 record from the northern Red Sea.

The period following the LIA (1830-2018) is characterized by a con-
stant increase in grain size, a relative increase in quartzose and car-
bonate material and in K50 levels, along with a relative decrease in finer
aluminosilicate sediments and in %TOC (Figs. 3-6, 9). The relative in-
crease in quartz and calcite may be interpreted as resulting from the
decreasing dilution by finer sediments from the Nile River, rather than
an absolute quartzose-carbonate increase. However, this change may
also point to a shift in the dominant climatic system influencing the
sedimentary regime around the eastern Mediterranean. An increasing
influence of Saharan dust storms and Saharan sand contribution that are
associated with the North African climate system are suggested for this
period (Goudie and Middleton, 2001; Hamann et al., 2009). Addition-
ally, significant increase in miliolid abundance (Fig. 8) is in accordance
with increased abundances associated with warmer waters.

It seems that variations in the climatic systems over East and North
Africa played a fundamental role in shaping the sedimentary record of
the eastern Mediterranean during the past two centuries. Saharan/North
African dust storms are most common over the eastern Mediterranean
(e.g., Ganor and Mamane, 1982; Ganor, 1991; Goudie and Middleton,
2001; Dayan et al., 2008; Hamann et al., 2009). Our results are in
agreement with increased dust transport from North Africa across to the
eastern Mediterranean post the LIA (Figs. 10 and 11). An increase in
Saharan dust events and deposition were also documented from the
beginning of the nineteenth century in the Sahel and western Europe
regions (Mulitza et al., 2010; Clifford et al., 2019). An arid Sahara is
correlated with the ITCZ northwards migration after 1820 (Lechleitner
et al., 2017) and Asian monsoon strengthening after the LIA (see Felis
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et al., 2018).

The period from approximately 1960 in our data, points to an addi-
tional increase in relative quartz concentrations together with a rapid
decline in phyllosilicates and %TOC (Figs. 4 and 5), increasing rate of
grain coarsening (Fig. 3) and lower ferro-aluminous ratio and trace el-
ements (Fig. 6). Also, a significant increase in benthic foraminifera
species richness and numerical abundance at 17 cm in the core (Fig. 7),
correspond to approximately 1960.

The construction of the Aswan High Dam in 1964 terminated sedi-
ment and organic matter inflow from the Nile River (e.g., Krom et al.,
1999; Bookman et al., 2021). This most probably resulted in the addi-
tional coarsening of sediment grain size and increasing rate of change, as
well as the lower concentrations of TOC seen in our core. However,
unlike prior studies that associated the coarsening of the sediments in
the eastern Mediterranean directly to the construction of the Aswan Dam
(Almogi-Labin et al., 2012; Avnaim-Katav et al., 2020, 2021; Bookman
et al.,, 2021; Herut et al., 2023; Katz et al., 2024), our data points to
sediment coarsening trend starting after the LIA (Fig. 3), which was well
before the construction of the dam. The damming of the Nile River
created a further coarsening, superimposed on the existing coarsening
trend. Sediment coarsening at 60 m water depth does not seem to reflect
increased water energy or periodical decrease in Nile discharge as sug-
gested for shallower water depths from the eastern Mediterranean
(Bookman et al., 2021), but rather an additional change in the climatic
regime influencing the eastern Mediterranean (Fig. 11). In addition to
the decrease in river input, model projections show climate variability in
the Mediterranean region, with evidence of a strong drying trend
starting in the early 1960s with lowest precipitation rates in the late
1990s (Lelieveld et al., 2012). This would have also influenced the
sedimentary regime.

5. Conclusions

We used an array of chemical, sedimentological and micropaleon-
tological records to track recent climatic and ecological events recorded
in eastern Mediterranean shelf sediments. By studying the high-
resolution record, we could differentiate between natural and anthro-
pogenic influence during the past ~270 years and pinpoint major
events.

The grain size, mineralogical and geochemical data indicate a sig-
nificant shift in sediment sources at the end of the LIA (~1830). During
the LIA, coarse quartzose sand was a relatively minor component of the
sediments, with a constant amount of about 5%. Following the end of the
LIA, the coarse quartzose component increased, reaching modern values
of >20%. A further increase in the coarse quartzose component
following the Nile damming in the 1960s is superimposed on the pre-
ceding post-LIA increase. The geochemical data also indicates a change
in the finer-grained component at the end of the LIA. The LIA clay-rich
sediments are K50 depleted and Ni enriched compared with the post-LIA
sediments. These changes are thought to reflect a shift in the provenance
of the east Mediterranean shelf sediment, from dominant Nile-derived
sediments and Nile Delta soils during the LIA, toward more Saharan-
derived, fine-grained dust and coarse-grained quartzose sands in the
post-LIA period. The dominance of Nile-derived sediments is thought to
indicate wetter conditions in coastal East Africa during the LIA, as
compared with the post-LIA period.

The foraminiferal data show a change at the end of the LIA as well,
specifically in major group composition and total abundance and di-
versity. Decreased abundances of the miliolid shell-type group during
the LIA, followed by a significant increase after the LIA are in accor-
dance with a shift to warmer Mediterranean waters post-LIA. Additional
increase in foraminiferal species richness and total abundance occurs
after the damming of the Nile and is superimposed on the ongoing trend
that started after the LIA.
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