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Abstract

The renowned Phoenician city of Tyre was settled on a small coastal island from which it
resisted invasions and sieges for centuries. In 332 BCE, the island was taken when Alexander-
the-Great built a 750 m-long causeway to seize the island. The causeway interrupted longshore
sediment transport, forcing sand to accumulate along the causeway, and creating a isthmus that
today still connects the island to the mainland. This isthmus is no less than 530 m wide and 13
m high. We studied the impact of isthmus growth on city development during Antiquity, by
combining archeological data, core stratigraphy, and multibeam bathymetry to track the
paleogeographic evolution of the land-facing coast of Tyre, from the Holocene marine
transgression up to today. In Phoenician time (900-300 BCE), sea-level markers indicate that
relative sea level lied more than 2.5 m below current sea level, defining a 1,500 x 600 m rocky
island, 450 m longer in the south than the modern rocky headland. Between the island and the
mainland, diffracted/refracted waves built a submerged sand bank that rests on eroded
transgressive lagoonal clays. Along the mainland-facing coast of Tyre Island, Phoenician walls
were built on the emerged end of the sand bank. Middle infrared spectroscopy (MIRS) shows
that the sand of the bank and its successor isthmus is made of carbonate clasts (90-100%).
36Sr/37Sr ratios further indicate that these are modern bioclastic sands. Coeval, heterogeneous
clay-rich sediments were deposited between the rocky island, and the sand bank. We interpret
these as harbor sediments, deposited behind buried and/or submerged Phoenician
breakwaters. The sand bank inflated dramatically after the building of Alexander’s causeway,
rising 5 m during the Hellenistic and Roman periods. It rose another 4 m to 8 m in successive
stages during Byzantine and Medieval times, up to the 19t century. The rapid growth of the
sandy isthmus after 332 BCE led to the demise and burial of the harbors that had been
developed along the mainland-facing coast. The Phoenician southern harbor of Tyre appears to
have been buried in Roman times during the repurposing of the SE corner of the island for
monumental baths. We interpret this repurposing as a response to the growth of the sandy
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isthmus, and suggest that the northern Phoenician harbor was then relocated to its present
position. Subsequent relative sea level rise led to the erosion of the landfill overlying the
southern harbor, exposing the formerly buried port on the seafloor.

Introduction

The end of the Last Glaciation was accompanied by a rise in sea level from -125 m to
within a few meters from the current sea level between 18 ka and 6.5 ka BP (Lambeck and
Chappell, 2001). The slower rise in sea level that followed was propitious, during Antiquity, to
the development of long-lived coastal cities and ports. Nonetheless, the stabilization of sea level
also allowed the formation of highstand system tracts which development affected the coastal
settlements. Ancient harbors generally remained in use for centuries, thus experiencing
substantial coastline changes. Such changes often jeopardized the sustainability of ports that
had initially been settled at the most favorable locations. Numerous ancient ports had to be
abandoned in face of tectonic uplift or subsidence (Riddick et al., 2021; Stiros and Blackman,
2014), ground settling (Stanley et al., 2004), and, in most cases, under the pressure of shoreline
progradation, fed either by direct ingress of fluvial sediments in estuaries and deltas
(Miillenhoff, 2005; Salomon et al., 2012; Stock et al,, 2013), or by accretion along the coast, down
drift of river mouths (Giaime et al, 2018; Stefaniuk et al, 2005). Progradation-related
abandonment was hastened onshore by the development of agriculture, and associated increase
in soil erosion (Maselli and Trincardi, 2013). Offshore, sediment drift was affected by coastal
development. Along the Levantine coast (Fig. 1), sand accreted updrift of the Roman port of
Caeasarea Maritima. Although it remains unclear whether accretion contributed to the decline of
the harbor (Raban et al., 2009). More impactful was the erection of two causeways by
Alexander-the-Great: the 1,100 to 1,300m-long Heptastadion of Alexandria, a causeway built to
protect its harbor (De Graauw, 2000), at the cost of substantial siltation (Goiran et al., 2015),
and the causeway of Tyre (Fig. 1), built to seize the city of Tyre, which stood on an island. The
effects of that latter causeway on coastal dynamics have been investigated in earlier studies
which all showed that an enormous amount of sand accumulated on the causeway (Carmona
and Ruiz, 2004; Marriner et al,, 2007; Nir, 1996). Here we investigated what were the effects of
this accumulation on the harbors of Tyre, and how the Tyrians coped with it. To achieve this, we
bring together new and preexisting geological data, and combine them with available
archeological data.

Tyre was one the most prestigious Phoenician cities, and was a major sea power during
Antiquity. Built on an island, the city remained impregnable until it was besieged by Alexander-
the-Great in 332 BCE. The earliest buildings excavated on the island date back to the Early
Bronze age (~2,500 BCE), and is regarded as permanently settled since at least 1,600-1,200
BCE, during the Late Bronze Age (Aubet, 2020; Bikai, 1978). The city became a prominent
Phoenician city-state between the 9th and 6t centuries BCE, settling prestigious colonies around
the Mediterranean Sea, such as Carthage and Leptis Magna (Carayon, 2005). It went under
Persian rule in 572 BCE, before being conquered by Alexander-the-Great in 332 BCE.
Monumental archeological remains erected during the subsequent Hellenistic, Roman,
Byzantine, and Medieval periods (Aubet et al., 2016; Charpentier and Duvette, 2010, 2014;
Kahwagi-Janho, 2016) led to its inscription on its archeological remains on the UNESCO World’s
Heritage list in 1984.



Ancient writers (Arrian 11, 24; Strabo XVI,2,23) report that the island-city possessed two
harbors (Fig. 2). The northern harbor opened toward the Phoenician city of Sidon and has been
therefore referred to as the Sidonian Harbor, more properly referred to as the Port of
Astronoe(Aliquot, 2020). The southern harbor opened toward Egypt and was referred to as the
Egyptian Harbor. The location of the two harbors has been the subject of speculations since the
17t Century (Carayon, 2005; Renan, 1864-1874). The submarine excavation of a large, 4-6th
Century BCE breakwater north of the city (Castellvi et al., 2007; Noureddine and Mior, 2013),
and the discovery of 250 BCE to 500 CE harbor sediments behind this breakwater (Marriner et
al,, 2006) demonstrated the existence of a northern harbor (Fig.2) under the modern harbor of
Tyre repeatedly, if not permanently, throughout Antiquity.

Figure 1. Tyre and coastal sediment drift along the coast of the Eastern Mediterranean Basin.
Topographic and bathymetric data: https://www.geomapapp.org. Panel A: map showing how
longshore drift leads to the spreading of Nilotic sands along the Levantine coast, and the location
of the main complexes of calcarenite ridges (Zviely et al., 2007). Red lines: onshore/partially
emerged Pleistocene calcarenite ridges (Mauz et al., 2013; Stanley and Hamza, 1992; Tsoar,
2000). Panel B: Distribution of recent/active faults, calcarenite ridges and marine terraces T1
and T2 near Tyre (from Goiran et al. (2021), modified). Solid red lines 1 and 2: calcarenite ridges
and their geomorphologic correlation astride Cape Naqoura.
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The location of the southern harbor is more elusive. Renan (1864-1874) envisioned it as
an extensive structure now located offshore, south of the former island. Subsequent diving
surveys identified submerged manmade structures on the seafloor within 150 m of the former
island (El-Amouri et al, 2005; Frost, 1971). Poidebard (1939) led a pioneering diving
exploration of these structures. He interpreted them as former breakwaters that enclosed a
harbor with two entrances. The geographic area enclosed within these structures is therefore
frequently referred to as the “Southern Harbor”. Therefore, for consistency and convenience, we
hereafter refer to that same area as the Southern Harbor, regardless of its actual purpose. These
breakwaters have also been viewed as seawalls protecting a polder-like area that hosted an
urban district (El1-Amouri et al., 2005; Frost, 1971; Renan, 1864-1874).
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Figure 2. Relief of the peninsula of Tyre and surrounding seafloor. Contour lines spacing: 1 m-
NB: Northern Breakwater, RB: Monumental Roman Bath. Location of 2002 cores from Marriner
etal. (2007). Onshore and offshore contour line spacing: 1m. Projected sections A-A* and B-B*
displayed on Fig.7, sections C-C* and D-D* on Fig.8.

The development of Tyre was profoundly affected by the construction of a causeway by
Alexander-the-Great in 332 BCE, built to seize the city. This reportedly 750 m-long! and 60 m-
wide causeway was laid over a submarine shoal less than 5.4 m deep? This shoal was
interpreted as a sandbank, formed by the accretion of sand in the lee of the island, under the
effects of the refraction and diffraction of waves around the island (Carmona and Ruiz, 2004;
Marriner et al,, 2008a; Nir, 1996). The causeway interrupted longshore sand transport, forcing
sand to accumulate along the causeway, rapidly creating an emerged sandy isthmus (or
tombolo), linking the island to the mainland (Marriner et al., 2008a; Nir, 1996).

This sandy isthmus rapidly inflated during the centuries following the construction of
the causeway. Today, its width is 530 m at its narrowest (Fig. 2), and it rises 13 m above sea
level (asl). It thus stands higher than both the former island of Tyre to the west (+12 m) and the
coastal plain to the east (+ 5-6 m). By early Imperial Roman times, monumental buildings had
been built over most of its surface. Their layout implies that the isthmus was by then nearly as
wide as today. Therefore, the isthmus had completely reshaped the eastern coast of Tyre Island
within 3-4 centuries after the construction of the causeway, spurring a radical transformation of
the city.

! Four stades: Diodorus Siculus, Hist, 17, 7; Quintus Curtius Rufus, Hist, 4, 2; However, 700 paces: Pliny,
Natural History V, 17.
2 “Three fathoms”: Arrian, Anab, 2, 18.



The magnitude of these changes and their impact on the city have long been noticed
(Carmona and Ruiz, 2004; Nir, 1996), although no clear description of these effects is available
yet. Here we aim at better assessing this impact, by combining geological and archeological
markers that help us understand the evolution of the isthmus and coeval urban development.
We concentrated our study on the east coast of Tyre Island, which was the most strongly
impacted by these changes. New radiocarbon dating, Mid-Infrared Spectroscopy, and strontium
isotopy are used to understand the provenance of the sands that make up the isthmus, and to
assess the pace of accumulation of the sand between the island and the mainland. New land
surveys were conducted on former coring sites and on offshore structures. These topographic
data, the coring data, and recently-acquired offshore bathymetric data were then combined to
reconstruct the topographic evolution of the land-facing coast of Tyre, from the formation of the
island following the Holocene marine transgression, up to its burial within the sands of the
isthmus. With this synthetic data on coastal dynamics, we discuss the repurposing of manmade
structures observed along the east coast of Tyre Island.

2. Methods
2.1. Sediment cores

We conducted radiocarbon dating, chemical analyses, and isotopic analyses on seven
previously extracted sediment cores of peculiar interest for this study, as they track the former
eastern coast of Tyre Island (Fig.2, Table S1-1). Along these, the three southernmost cores
(TYR1-3) are located in the immediate vicinity of the archeological site of Tyre-City, an area that
features Roman-Byzantine monumental baths (Charpentier and Duvette, 2014). Core TYR4 was
extracted next the crusaders’ cathedral. Two cores (TYR5-6) were collected farther north in a
densely urbanized area. Core TYR7 was collected in the Hellenistic-Roman Northern Harbor
(Marriner et al., 2005). Sediment extraction was halted upon reaching either bedrock in TYR1
(8m), TYR3 (8m), and TYR7 (7m), or lagoonal clays (Marriner et al., 2007) in cores TYR2 (9m),
TYR4 (18 m), TYR5 (19 m), and TYR6 (18 m).

2.2. Land surveying of the sandy isthmus

Land surveying was conducted in order to reassess the elevation of the coring sites with
respect to sea level, and to precisely determine the depth of manmade structures that document
relative sea level rise near the present-day shoreline (Goiran et al,, 2021), These were measured
relative to some of the buildings located onshore close to the shoreline (Charpentier and
Duvette, 2014). The elevation of the coring sites was determined by DGPS and by total station
leveling. The depth of the offshore markers was determined using a total station aiming at a
partially submerged target (Suppl. Information S1).



Figure 3. Photographs of manmade markers of relative sea level located in the Southern Harbor
(from Goiran et al. (2021), modified). A: Roman sea wall st1016 (El-Amouri et al., 2005), made of
calcarenite headers, clad with concrete (Poidebard, 1939). B: detailed view of a seawall made of
bulk concrete (Opus Caementicium). C: submerged calcarenite headers of seawall st1016, resting
on the barren calcarenite basement. D: calcarenite headers and stretchers of the Quay of the
Spring (Poidebard, 1939), st1027 (El-Amouri et al., 2005). E: flooded quarry floor (Q2) st1004
(El-Amouri et al., 2005). F: particularly long headers of the E-W breakwater (M) st1101 (Goiran
etal., 2021). See Fig. 8 for locations. Credits: G. Brocard.

2.3. Extraction of onshore and offshore topography

Onshore and offshore topographic and bathymetric data were combined in ArcGIS 10.8
to document the general morphology of the peninsula. The topography of its emerged part is
provided by street-level elevation points recorded in the cadastral database of Tyre. Farther
inland, within the coastal plain, elevation data come from pre-urbanization contour lines
digitized on the 1967 edition of the Sour topographic quadrangle (scale 1:20,000, Direction des
Affaires Géographiques du Liban). The contour lines were converted into elevation points with a
15 m-spacing along the lines. A nearest neighbor interpolation using all elevation points was
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then used to produce a 5 m-resolution DEM covering the entire peninsula at street level (Fig.2).
Topographic profiles (Fig.2) were extracted from this surface, and core data were projected on
these profiles to produce geological cross-sections of the isthmus. The surface was also used to
calculate the volume of the sand stored in the isthmus (see section 2.4).

Offshore bathymetric combine a 0.25 m-resolution multibeam DEM (MarEA/EAMENA
database, data GEOARCH-0000114) acquired by the General Directorate of Lebanon with
support from the Honor Frost Foundation, to more extensive satellite imagery-derived
bathymetric estimates (Westley, 2021).

2.4. Theoretical sand fluxes, tombolo growth rate, and equilibrium size

Growth-rate estimates of the sandy isthmus vary substantially (Marriner et al., 2008a;
Nir, 1996). Here we conducted a new assessment based on an estimate of the annual influx of
sand to the peninsula, and estimates of the volume of sand stored in the isthmus. The volume is
based on the reconstruction of the morphology of the isthmus at three time steps: at the time of
inception of sand accumulation, in 332 BCE, and today. The sand influx is assumed to be driven
by longshore sediment transport (LST), which is the net annual sediment flux parallel to the
mainland coast. The strength of this transport is a function of the angle between dominant wave
crests and the coastline. Weather data and coastal dune morphologies at Tyre document a
predominance of south-westerly over northwesterly winds, resulting in a net transportation of
sand toward the north (Nir, 1996; Sanlaville, 1977). We calculated the LST transport capacity at
Tyre using the CERC formula (US Army Corps of Engineers, 1984). It was applied to LST fluxes at
Haifa (Zviely et al., 2007) with a correction for the decrease in wave incidence along the
coastline from Haifa to Tyre (Supplementary Information S2).

The sandy isthmus rests on a substrate composed of transgressive lagoonal clays
(Marriner et al.,, 2007) and of calcarenite at both ends. The total volume of sand in the isthmus is
calculated as the difference in elevation between the modern surface of the isthmus (map S2.3)
and the elevation of the underlying clays and calcarenite (map S2.1). The elevation/depth of the
submarine shoal on which Alexander-the-Great's causeway was built is estimated from the
location of the 300 BCE isochron within the sediment cores extracted along the peninsula. We
assumed that the submerged section of the sand bank has a length of 750 m, based on historical
reports (see introduction). The difference in height between the 300 BCE reconstruction (map
S$2.2) and the modern topography (map S2.3) provides the volume of sand deposited since 300
BCE. This volume was divided by our LST estimate to calculate the time necessary for the
isthmus to reach its present-day size.

2.5. Radiocarbon dating

Seventeen radiocarbon dates were obtained from cores TYR4-7 (Table S3-1). Samples
consist of terrestrial plant and animal remains (charcoal, plants, bones, and seeds), with the
exception of one marine gastropod. AMS target preparation was conducted at the Centre de
Datation par le Radiocarbone of Lyon (Ar-Ar laboratory, University of Lyon 2, France). Isotopic
ratios were measured on the ARTEMIS AMS facility, UMS 2572, at the LMC14 laboratory, Saclay,
France. These ages and earlier published ages (Table S3-2) were calibrated using the Oxcal
online calibration software v 4.4 (https://cl4.arch.ox.ac.uk/oxcal.html), using the calibration



curve of Reimer et al. (2020) for terrestrial samples and the calibration curve of Heaton et al.
(2020) for marine samples and no (unconstrained) local departure (AR=0).

2.6. Sand composition by Mid-Infrared spectroscopy (MIRS)

Mid-infrared (MIR) light (4,000-450 cm) is particularly well adapted to the
quantification of the concentration of carbonates (Henry et al., 2017; So et al., 2020), clays
(Madejova and Komadel, 2001), quartz (Bertaux et al., 1998), a few other tectosilicates, and
sulphates (Miiller et al.,, 2014). Here we used mid-infrared absorbance spectroscopy (MIRS) to
analyse the mineral composition of 24 sand and sandy clay samples collected in cores TYR1
(n=2), TYR2 (n=4), TYR4 (n=5), TYR5 (n=9), and TYR6 (n=4). Their composition was measured
using a FT-IR Frontier Spectrometer from 4,000 to 450 cm-, in 2 cm! steps, at the analytical
platform of Archéorient - UMR 5133 at Jales, Ardéche, France (Suppl. Information S4).

The absorbance peaks of calcite (2,512cm), dolomite (2,525cm!) and aragonite
(2,501cm-1) where identified from the location of such peaks in a previously established pure
mineral spectra database (Chapkanski et al., 2021). Spectra were pre-treated using the Kubelka-
Munk function. The total amount of carbonates in the samples was obtained by combining the
absorbance areas of the three aforementioned peaks, in the region between 2,542-2,493 cm-L.
The total absorbance intensity was then converted into weight concentrations using linear
regressions established using pure mineral synthetic mixtures (Chapkanski et al., 2022).

2.7. Carbonate sand strontium isotopic composition

87Sr (strontium) is produced by the disintegration of a parent 8’Rb (rubidium) isotope
with a half-life of 48.8 Gy. The relative abundances of strontium isotopes evolve over geologic
time by progressive addition of radiogenic 37Sr. The 37Sr/36Sr of sea water has progressively
increased since Jurassic times. The 87Sr/86Sr composition of marine carbonates reflects the
composition of seawater at their time of crystallization. 87Sr/86Sr in carbonates has therefore
been used to conduct stratigraphic correlations and marine carbonate dating (Elderfield, 1986).
It has also been used as a tracer of rock source type/age (Bayon et al., 2021).

Here, we use this ratio to determine the provenance of the carbonate sands present in
the isthmus of Tyre. The carbonates could come from nearby rivers that deliver sediment to the
Lebanese coast. Source rocks in their catchments include Jurassic and Cretaceous limestones,
Eocene marly chalks, and Miocene limestones. Another source is cemented Middle-Late
Pleistocene (Dodonov et al., 2008; Mauz et al,, 2013) calcarenite, variously referred to ramleh or
kurkar, that blankets the coastline north and south of Tyre and the submerged ridge of Tyre
(Badawi, 2016). A last source of carbonate is represented by bioclastic sands currently produced
on the seafloor around Tyre (Castellvi et al., 2007).

Fourteen samples were selected from cores TYR4, 5, and 6. The sand fraction was
extracted at the analytical platform of Archéorient - UMR 5133 at Jales, Ardéche, France. Sample
preparation was conducted at the Laboratoire des Sciences du Climat et de 'Environnement
(LSCE) in Orsay, France. The isotopic composition was measured at the LSCE on a
ThermoScientific ™ Neptune Plus™ Multi-Collector Inductively Coupled Plasma Mass
Spectrometer (Supplementary Information S4).



3. Results
3.1. Ancient layout of Tyre island and surrounding manmade structures

The land surveys (Table S1-1) provided a better understanding of the relationships
between geological and archeological elements. Offshore, they allow an assessment of the
relative elevation of flooded structures with the structures unearthed onshore. The offshore
leveling confirms earlier estimates of the depth of Phoenician quarry floors (Q1-Q3, st1002-
1004-1005 (El-Amouri et al,, 2005; Goiran et al., 2021)). These indicate that relative sea level
has risen at least 2.5 m since calcarenite was quarried there. We used the recently acquired
multibeam bathymetric data (MarEA/EAMENA database, data GEOARCH-0000114) to delineate
the rocky coastline of Tyre Island when relative sea level was 2.5 m below the modern sea level.
The resulting island is 1,500 long and 600 m wide (Fig.2). Its perimeter of 4 km is consistent
with its reported perimeter of 22 stadia3. The island does not extent much farther than today in
the north, as previously though based on conventional bathymetry (Marriner et al.,, 2007), but
instead extends 400 to 600 m farther to the south. In the west, the shoreline of the island is
highly festooned, exhibiting a series of headlands and reentrants. The reentrants are currently
buried onshore under archeological levels. They might extent all the way across the island and
divide it into a series of 2-3 separate islets, similar in size and shape to the islets found north and
south of Tyre along the submarine ridge (Fig.2). The bedrock of the former island does not
appear to rise much above present-day sea level. It is found at +1 m in core TYR3. It is visible
along the base of the sea cliff of the west coast below the archeological levels, rising irregularly
from +1.0 m in the north, to +1.5 m in the center, to +2.5 m in the south. The calcarenitic
bedrock was intersected below -2.5m in all the cores located along the east coast, providing an
easternmost boundary for the location of the rocky shoreline, when relative sea level was below
-2.5 m. The east coast then most likely lied in the continuation of the landward-facing flank of
the submarine ridge of Tyre, as revealed by the multibeam bathymetry (Fig.2). The width of the
rocky island would have been 400-600 m.

Most of the manmade structures built around the rocky core of the island are currently
buried under the peninsula. A few of them, however, crop out on the sea floor north, west, and
south of the former island (El-Amouri et al.,, 2005; Goiran et al.,, 2021; Noureddine and Mior,
2013). In the Southern Harbor area (Fig.4), the depth of shore-perpendicular structures
increases with increasing distance to the coastline, from -1.1 to - 2.8 m along G (Fig. 4, st1023 in
El-Amouri et al. (2005)), and from -1.4 to -2.2 m along S (Fig. 4, Quay of the Spring in Poidebard
(1939), st1027 in El-Amouri et al. (2005)). At their offshore termination, these two structures
connect to shore-parallel breakwater M (Fig. 4, st1101 in Goiran et al. (2021)) which lies at -1.9-
2.0 m. The offshore increase in structure depth corresponds to an increase in the distance to the
bedrock and therefore, likely, and increasing thickness of underlying Holocene marine
sediments. This is also observed along the 40 m-long Northern Phoenician Breakwater (Castellvi
et al.,, 2007), which surface lowers from -1.2 to -2.0 m offshore and away from the bedrock,
according to the multibeam bathymetry (MarEA/EAMENA database, data GEOARCH-0000114).
Later built structures (st 1015, st 1016, 8 on Fig. 4) of likely Roman-Byzantine age (Goiran et al.,
2021), are still partially emerged.

3 Plinius,5,17
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Figure 4: Distribution of manmade structures, bedrock and sediments within the Southern
Harbor. Red dashed line: Poidebard (1939)’s Southern Harbor enclosure. Green dashed line: axis
of the monumental Roman baths. Formations: 1: emerged part of the sandy isthmus, 2: emerged
land over calcarenite bedrock (wherever bedrock is above -2.5m), 3: submarine part of the
sandy isthmus, 4: submerged outcrops of calcarenite, 5: shore platform cut into calcarenite
(mostly manmade), 6: natural block pavement over calcarenite, 7: natural block pavement over
marine sediments, 8: roman concrete (opus caementicium), 9: rubble mound dyke, 10: proposed
harbor basin, 11: Phoenician structure, 12: sediment cores. A to F: locations of photographs on
Fig.3. G: structure st1023 (El-Amouri et al., 2005), M: E-W Phoenician-like breakwater (Goiran et
al, 2021), Q: quarries in calcarenite, S: Quay of the Spring (Poidebard, 1939), PW: Phoenician
Wall (Charpentier and Duvette, 2014). From Goiran et al. (2021), modified.

3.2. Burial of the east coast of Tyre

The new radiocarbon ages are used to better constrain the structure of the sandy
isthmus close to the rocky island, expanding a dataset of radiocarbon ages more widely
distributed over the isthmus (Marriner et al., 2007). In core TYR7, the basement is encountered
at -3.5 m, in close proximity to the rocky shoreline, inland of the previously identified northern
harbor of Tyre (Marriner et al., 2005). In all other cores the basement is located much deeper,
beyond -10 m in most cores. In cores TYR4, 5, and 6, the Holocene sequence starts between -8
and -10 m with the deposition of transgressive lagoonal dark clays between Tyre Island and the
mainland (Marriner et al., 2007). Marine sands overlay these clays. They accumulated all the
way up to sea level in cores TYR2, 4, 5, and 6. They tend to be coarser in the south, where well-
rounded gravel is interspersed (TYR1, 2). In the cores located the closest to the former shoreline
(TYR1,7) however, silty-clayey sand laps onto the calcarenite ridge as far up as -1.5 m. Artefacts
become abundant in these layers at -0.5 m in TYR1, -1 m in TYRS5, and -6 m in TYR6. The
artefacts consist of pottery shards and construction blocks, the latter being made of local
limestone, among which calcarenite predominates. Above sea level, all TYR cores are composed
of a mixture of sand and construction blocks.
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The radiocarbon ages (Fig.5, Table S3-1 and S3-2) document the development of
lagoonal conditions behind the ridge of Tyre by 5.0- 4.5 ky BCE (TYR4), during the marine
transgression. Quiet, clayey sedimentation occurred landward of the initially extensively
emerged ridge of Tyre (Marriner et al., 2007). Quiet sedimentation persisted until the Late
Bronze Age (1.2-0.9 ky BCE) next to Tyre Island, allowing the deposition of these massive clays
as far up as -3 to -4m (TYRS5, 6). It cannot be excluded that clays were also deposited at the same
time farther from the island, but were eroded before sand deposition, because an age gap of
several thousands of years is observed between clay deposition and sand deposition. Sand
deposition starts at - 8 m in TYR4, reaching -3.5 m by 1.2-0.9 ky BCE (TYR4, 6). Sand deposition
continues to within -1.5 m of modern sea level at 380-200 BCE in TYR4, 400-220 BCE in TYRS5,
and 370-270 BCE in TYR6, when numerous construction blocks appear within the sands. The
main archeological strata are found between -2.5 m and +6 m. In TYR5 they initiate in early
Hellenistic time (400-220 BCE) at -1 m and are likely of Roman age (marble blocks) by +1 m. In
TYR6, they start a -3 m and remain early Hellenistic or Persian (450-310 BCE) up to + 1 m and
are likely Roman above (basalt blocks). Recovery was poor farther up in all cores, throughout an
anthropogenic diamicton of dry sands and rubble. In TYR7, the bedrock is overlain by silty-
clayey sands reminiscent of the northern harbor Hellenistic-Byzantine harbor (Marriner et al.,
2005), likewise deposited between -2.5 and -1 m in Roman-Byzantine times (163 BCE to 776
CE).
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Figure 5. Distribution of MIRS and 14C samples along the stratigraphic logs of cores TYR1-7.

3.3. Theoretical growth of the sandy isthmus

The net transportation of sand calculated here is consistent with earlier findings of
northward-oriented longshore transport (Nir, 1996; Sanlaville, 1977). This net direction of
transportation is confirmed by the opening of all ports towards the north along the Levantine
coast. This direction is consistent with the direction of the vast anticlockwise drift gyre that
conveys sands from Cyrenaica in Libya to the Nile delta in Egypt, and then northward along the
Levantine coast (Fig.1A). In this gyre, Nile-derived sediments are transported as far north as the
Gulf of Haifa, 40 km south of Tyre, which acts as a terminal sink. At Haifa, longshore drift moves
50-80,000 m3 of sediments northwards every year (Zviely et al., 2007). The decrease in wave
incidence angle from Haifa results in a LST transport capacity reduced to 30,000-50,000 m3/y at
Tyre. This estimate is regarded as an upper value, because the actual flux may be restricted by
sand availability in the source area, theoretically located between Haifa and Tyre.

The sandy isthmus has an estimated volume of 40 Mm3, half of which was deposited in
transgressive sand dunes above sea level. The reconstructed sandbank of 330 BCE has an
estimated volume of 10 Mm3, such that post-causeway sand accretion consists of 10 Mm3 of sand
deposited in the sea, and 20 Mm3 of sand deposited above sea level. At the present-day rate of
long-shore transport, the post-causeway volume would have accumulated within 6-10 centuries,
and the isthmus would have reached its present-day size between the 300 and 700 CE, that is,
during the late Roman-Byzantine period. Since then on, LST and wind transport allows sand to
bypass the peninsula of Tyre without hindrance, such that the topography of the isthmus
remains in equilibrium. Hydrographic charts from 1861 and from 1999 CE by the British
Hydrographic Office support this equilibrium state hypothesis, as they do not indicate any
significant change in the coastline shape (i.e., within +/- 10 m) or in the depth of the seafloor.

3.4. Sand carbonate content, and Sr isotopic composition

The isthmus of Tyre is formed of a clean sand which MIRS analysis shows to be
composed of 89 + 11 % carbonate on average, with values ranging from 65 to 100% (Table S4-1,
Fig.5). It is distinctively richer in carbonates than the sandy fraction of the underlying lagoonal
clays, deposited before the sand bank (10-50% carbonate).

Most samples from TYR4, 5 and 6 cores display isotopic signatures close to that of
present-day seawater, with a mean value of 0.709114 + 6.8 10-5 (Table S4-2, Fig.5 and 6). A few
samples above sea level in core TYR6 display a less radiogenic signature (Fig.6), with a
minimum value of 0.708170 (15). According to the global marine isotopic curve (McArthur et al,,
2020), this later signature corresponds to Oligocene marine sediments. It is therefore likely a
mixture of Quaternary bioclastic sand mixed with some of the numerous Eocene chalk blocks
interested by the cores, ground by the coring device during the operations.
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4. Discussion

Mineralogical and isotopic data are first used to discuss the provenance of the sand that
forms the bulk of the isthmus, which accumulation led to the burial of the Phoenician harbors
(section 4.1). We then show how similar sand accumulated during the last interglacial to form
the rocky ridge of Tyre, which makes Tyre an unusually-young island. This helped forming a
particularly deep natural harbor in the lee of the island during the millennia following the
Holocene marine transgression (section 4.2). We then present elements in support for the
existence of early harbor protections along the east coast of Tyre Island (section 4.3) that have
been buried during the growth of the sandy isthmus (section 4.4). We propose that their burial
led to the relocation of the northern harbor of Tyre away from the growing isthmus, whereas
the southern harbor was repurposed (section 4.5). Finally, we discuss the age of a substantial
amount of relative sea level rise (2.5m), which modified the shape of the former island; coastal
erosion then exhumed the buried southern harbor, while the northern harbor remained buried
beneath the isthmus (section 4.6).

4.1. Sand provenance: bioclastic production

Our MIRS analysis shows that the sand of the isthmus is similar in composition to the
sand found in beaches and dunes along the mainland, where carbonates make up on average
70% to 80% (Carmona and Ruiz, 2004; Nir, 1996; Sanlaville, 1977) of the sand fraction. Their
86/87Sr isotopic composition further indicates that these marine sands formed during
Quaternary times. This precludes a significant contribution of coastal rivers to the formation of
the tombolo, as advocated before (Marriner et al., 2008a; Marriner et al., 2007). These sands are
either produced directly by modern organisms offshore (Castellvi et al., 2007) or by erosion of
biocalcarenite along the submarine ridge of Tyre or along the mainland coast (Nir, 1996). At sea
the calcarenite is covered by modern bioherms and only shows very localized marks of recent
erosion (such as plucked blocks and marine potholes). Besides, the calcarenite headers used in
the Southern Harbor seawalls (Fig.3A) also show little erosion despite their age. Living
organisms are therefore the most likely source of the sand feeding the tombolo (green algae,
bryozoans, corals, annelids, gastropods and bivalves (Castellvi et al., 2007)). It is likely that the
bioclastic sands are produced within 40 km south of Tyre, north of the Gulf of Haifa, which is
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regarded as terminal sink of Nilotic sediment and brought to Tyre by a short littoral cell
initiating on rocky headlands 10 km south of Tyre (Nir, 1996).

4.2. A new island for a new harbor

Previous interglacial marine highstands stood within a few meters from the current
highstand (Antonioli et al, 2004; Benjamin et al, 2017). Therefore, at places that undergo
moderate amounts of coastal progradation or retrogradation highstand coastal islands reform at
the same place from one interglacial to the next, until they become either permanently attached
to the land, or eroded away. Holocene sandy isthmuses therefore grow over predecessor marine
banks or isthmuses, formed by the same wave refraction processes during previous interglacials
in the lee of these islands. Lengthwise (Fig.7) and crosswise (Fig.8) geological sections of the
isthmus of Tyre show that no such predecessor sand bank or isthmus exists. The Pleistocene
basement plunges steeply below -10 m within 100 m of the island along its east flank (Fig.7A),
like the submarine ridge offshore (Fig.7B). It allowed the formation of a remarkable natural
harbor, owing to the absence any obstructing remnants of former isthmuses.

Tyre is therefore a new island that did not exist during the last interglacial. The
calcarenite ridge of Tyre, with its abundant cross-stratifications, is similar to many other
calcarenite ridges (Fig.1A) found along Levantine coast (Dodonov et al., 2008; Mart and Belknap,
1991; Mauz et al,, 2013). They are composed of lithified aeolian sand dunes over foredune ridge
plains (Mauz et al,, 2013; Tsoar, 2000). The ridge of Tyre extends underwater at least 25 km to
the north of Tyre, and 10 km to the south, where it is interrupted by rocky headlands (Fig.1B).
South of these headlands, a similar calcarenite ridge that bears some islets stands at a similar
distance from the coast (1, Fig. 1B). It stretches over 20 km as far south as Acre (Akko). The
ridge lies seaward of another calcarenite ridge (2, Fig.1B), emplaced during marine isotopic
stage (MIS) 5.5 (Sivan et al., 2016). Imbricate, 97 to 58 ka-old calcarenitic ridges seaward of the
MIS 5.5 ridge (Mauz et al,, 2013) were emplaced during the first interstadials (5.3 and 5.1)
during the early stages of the last glaciation. The offshore ridge north of Akko, emplaced
seaward of the MIS 5.5 ridge, was therefore likely emplaced during interstadial 5.3 and 5.1. The
ridge of Tyre, which rises 30 m above the seafloor therefore most likely formed during such
interstadials, when sea level stood 20 to 30 m bsl (Benjamin et al., 2017). It is also consistent
with the age of the flooded 99 ka calcarenite ridge further north, which supports the island and
Phoenician city of Arwad (Dodonov et al., 2008). The sandy isthmus of Tyre developed in the
saddle between the “new island” of Tyre and earlier calcarenitic beach deposits at the coast.
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Figure 7. E-W profile of the tombolo. A: sketch geologic section along the tombolo (a-a*, black
solid line, and dashed-line: pre-excavation topography), and along a parallel transect (b-b*)
south of the tombolo (location on Fig. 2). B: geological section (from projected cores) at the
junction between the tombolo and the east coast of Tyre. Core numbers without *: TI-XVI
(Marriner et al.,, 2005; Marriner et al., 2008b; Marriner et al, 2007) and with *: TYR1 to 8.
Numbers in italic: 14C ages in ky BCE. OC: octogonal church, RR: Roman road.
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Figure 8. N-S profile across the tombolo and the island of Tyre. A: sketch geologic section across
the island (c-c*, black solid line), and across the tombolo (d-d*) (location on Fig. 2). B: geological
cross-section (from cores projected on the section) along the east coast of the island of Tyre.
Core numbers: TYRI to XVI (Marriner et al., 2005; Marriner et al., 2008b; Marriner et al., 2007)
and (*): TYR1 to 8. Numbers in italic: 1*C ages in ky BCE. AD: Aqueduct, OC: octogonal church,
HRH: Hellenistic-Roman northern harbor, M: east-west breakwater (Fig.4), NB: northern
Phoenican breakwater, PNH: proto-northern harbor, SH: Southern Harbor, st1015: Roman-
Byzantine structure of the southern harbor (Fig.4).

4.3. The first manmade harbors

Transgressive clays were deposited in the saddle between the ridge of Tyre and the
mainland at the beginning of the marine transgression, between ~6.0 and 4.0 ky BCE, when the
ridge of Tyre was still extensively emerged, sheltering a vast natural lagoon (Marriner et al.,
2007). Sand deposition initiated around 4 ka BCE, when the calcarenite ridge became more
widely submerged (Marriner et al.,, 2008a). Next to the island however, clay deposition persisted
until the end of the Bronze age at ~0.9 ky BCE (core TYR4), despite the coeval deposition of sand
farther offshore. Undated clay in core TYR1 indicates that a protected environment was present
as far up as 1m bsl (Fig.5) in the Southern Harbor area (see section 4.5 for details). The
proximity of the areas of clay deposition to the areas of sand deposition implies that manmade
structures are present between them at least since the Bronze Age. The northern breakwater
was built in the 6th-4th Centuries BCE (Castellvi et al., 2007), providing an indicative minimum
age for harbor structures.

When sea level lied 2.5 m below current sea level, the contours of the rocky island (Fig.2)
did not extend farther north, but instead extended at least 450 m farther to the south, offering
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much better sheltering than today to the Southern Harbor area. Tyre reportedly possessed two
harbors, one opening to the north, and one opening to the south (Arrian 2, 18-20). These two
harbors were most likely located in the lee side of the island, along its most sheltered stretch of
coast. By then, the marine sand bank had reached an important size (Fig.8B). It can be expected,
therefore, that in Phoenician time, these two harbors lied on the northern and southern flanks of
this marine sandbank, opening respectively toward the north and toward the south, away from
the shallow sand bank crest (Fig.9).

The distribution of 14C ages in the sand (Fig.7B) and of archeological structures provides
clues on the probable location of the sandbank, and therefore, on the location of the harbors.
Phoenician walls and wells rest on sand between cores TYR1 and TYR2 (Fig.4), at a place where
the rocky basement lies below -5 m (Fig.5). We interpret this sandy area as the emerging salient
of the sandbank at its termination toward the island. The distribution of 1*C ages suggests a
location of the sandbank crest at the latitude of these walls, ~200 m south of the Roman
triumphal road (Fig.2). Its location is compatible with the greater former extent of the “-2.5 m
island” in the south, which tended to focus the convergence of refracted waves farther south
than today, south of the Roman road. Owing to their close proximity to the sandbank, these early
harbors were strongly affected by the following inflation of the sand bank.

4.4. Emergence and rise of the sandy isthmus

Radiocarbon dating documents an increase in the vertical growth rate of the submarine
sand bank between the 8th or the 3rd centuries BCE and the 1st century BCE, during which its
surface rose from -7.5 to -3.5 m (Marriner et al,, 2007). This acceleration has been ascribed to
sand accumulation along Nabucodonozor II's 6th century BCE causeway, followed by sand
accumulation along Alexander-the-Great’s causeway during the 4th century BCE (Marriner et al.,
2007). The bank is believed to have been shallow enough to allow for the construction of these
causeways (Marriner et al., 2007; Nir, 1996). The existence of Nabucodonozor’s causeway,
which is based on St Jerome’s writings, is unsubstantiated (Renan, 1864-1874). Alexander’s
causeway is better documented. It was made of wood and stones taken from an urban area
located on the mainland (Old Tyre). It was laid down on a bank which was, by then, no deeper
than 5.4 m (Diodorus Siculus 17, 7). In the absence of *C dates in the sand overlying the
causeway, the following growth of the bank can only be constrained using theoretical
approaches. Nir (1996) calculated that sand influx to the bank was large enough for the isthmus
to reach its current size by Roman time. Our own estimate of sand influx and of sand volume
suggests that the isthmus reached its current size within 6-10 centuries of the construction of
the causeway, that is, between 300 and 700 CE.

Archeological layers on the isthmus nonetheless provide a few additional milestones.
The central hallway of the baths, which was built during early Roman Imperial time (1st Century
CE) lies at + 6.0 m (Table S1-1). Streets located nearby, around an octagonal church (5t
Century), lie at +3.2-3.8 m (Table S1-1). A 1 km-long triumphal Roman road straddles half the
length of the isthmus (Fig.2) at an elevation of +3.0-3.2 m (Kahwagi-Janho, 2016). A 450 m-long
byzantine hippodrome lies at the same elevation, and so does the base of the piles of a 1st
Century aqueduct (Kahwagi-Janho, 2016). This general accordance in elevation of Roman and
Byzantine buildings indicates that the tombolo had been levelled to +3-4 m by the 1st Century
CE, indicating complete shoaling and rise to more than +3m of the sand accumulation (Fig.8B).
The Roman aqueduct remained in use until the siege of 1291 CE (Kahwagi-Janho, 2016). Large
carbonate concretions developed below the aqueduct by leakage of calcium-rich waters (Fig.8B),
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cementing dunes that abutted the aqueduct. The dunes had therefore reached the elevation of
the aqueduct (= +9 m) before the 12nd/13th century. They still reached this elevation in the
1930s before the beginning of the archeological excavations (Poidebard, 1939). A last marker is
provided by ground floor of an Ottoman house at the highest point of the isthmus +13 m (Fig.2),
indicating that this elevation had been reached at the latest by the 19th Century CE. Maintaining
harbors along the east coast of the island, in the face of this accumulation of sand, became likely
excessively costly. The general leveling of the isthmus in Roman time, and the construction of
numerous, extensive monumental buildings, as far as the ancient island, show that massive
measures had been taken to redevelop the city according to this new layout. What coping
strategy was then adopted to maintain maritime activities at Tyre?

4.5. Relocation and abandonment of the early harbors

Renan (1864-1874) suspected that the ancient northern harbor of Tyre was located
beneath the modern harbor, and that the southern harbor had silted up and fell in disuse. Coring
confirmed the presence of a Hellenistic-Roman port basin beneath the modern harbor of Tyre
(Marriner et al,, 2005). The absence of Phoenician sediments in this basin was thought to result
from their complete dredging during later times (Morhange et al., 2011). Cores TYR5-6, located
farther south within the lee of the island, have intersected similar fine-grained sediments.
Besides, TYR6 displays an outstanding alternation of blocks and silty clay starting 6 m below sea
level. The age of these port-style layers is 1.1+0.1 ka BCE at -3.5 m. They are overlain by sand
layers of Hellenistic age between -1.5 and +1 m. The cores therefore suggest that an earlier
northern harbor existed before the Hellenistic harbor was used, at a naturally more sheltered
location, also closer to the sandbank. Harbor sedimentation in the Hellenistic Harbor started at
about the time when sedimentation stopped in the earlier harbor. Besides, it corresponds to the
time when the sandy isthmus started to form . It seems therefore that it was decided to relocate
the northern harbor farther away from the isthmus, in an area less affected by siltation.

The impact of the formation of the isthmus on the southern harbor is easier to observe in
the Southern Harbor area, owing to the reduction in length of the island in the south, as a result
of sea level rise. Such reduction resulted in a thinner accumulation of sand there, and even to
some coastal erosion. Poidebard (1939) interpreted the conspicuous protective structures that
enclose the Southern Harbour as breakwaters (Fig.4) protecting a port that possessed two
entrances, one in the south (“Bab el Mina”), and one in the west (“Port en Chicane”). Poidebard’s
Southern Harbor was later reinterpreted as an urban district protected by sea walls (El-Amouri
et al, 2005; Frost, 1971). Within the harbour enclosure, a 130 m-long, 7-13 m-thick breakwater
was later identified (Goiran et al., 2021). Its outer cladding of 1.5-2.0 m-long headers makes it
resemble, in its layout and thickness, the 80 m-long, 12.7 m-thick northern Phoenician
breakwater (6th-4th century BCE) and its 1.9 m-long headers (Castellvi et al, 2007). It is
therefore interpreted as a breakwater that protected the Phoenician southern harbor of Tyre
(de Graauw, 2022; Goiran et al., 2021). The extent of that harbor is constrained in the west by
the calcarenite ridge of Tyre, and in the east by outcrops of calcarenitic sandstone (Fig. 4). To
the north, it extends at least as far as core TYR1, in which clays are observed between -1.5 and -4
m (Fig.5). To the NE, it does not extend as far as core TYRZ, which only contains bioclastic sands
of the sand bank. Phoenician walls, and the flooded “Quay of the Spring”, located between these
two cores, therefore appear to represent the eastern enclosure of the harbor.
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The floor of the Roman baths stands 8 m higher than the top of the E-W breakwater (M,
Fig.7B). The close proximity of the bath to the southern harbor suggests that the Roman baths
were developed partly on top of the port, and therefore represent a complete repurposing of the
southern harbor of Tyre into a recreational area (Fig.9). Two other traits of the Southern Harbor
support this view.

First, the tops of the structures in the Southern Harbor that involve the use of opus
caementicium (Fig.3A, B) all stand 0.5 m above current sea level, whereas the tops of structures
devoid of such concrete (Fig. 3D, F) typically lie at depths of 1.5 to 2.5 m. This difference in
elevation suggests that the Roman seawalls/ breakwaters are graded to a higher sea level than
the other structures. No attempt was made to regrade the E-W Phoenician-style breakwater (M,
Fig.4) to Roman-time sea level, suggesting that the Phoenician harbor was in disuse by Roman
time. Its abandonment, between Phoenician and Roman times, would have occurred while the
sandy isthmus had started to form.

Second, concrete-clad structures st1015 and st1016, at the western termination of the
Southern Harbor, form a triangle which bisector is aligned with the central axis of the
monumental Roman Baths (Fig.4), suggesting that the baths and these structures are parts of a
common urban project. The two areas could have been connected across the Southern Harbor
by a landfill, protected by the seawalls that enclose the “Southern Harbor” of Poidebard. It could
have been laid during the general leveling of the isthmus in the 1st Century CE, using the sand
reworked during the leveling.
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Figure 9. Sketch maps showing the growth of the sandy isthmus of Tyre and its effects on
harbors located along the east coast of Tyre. A: paleogeography before the building of the
causeway; B: paleogeography by the 1st century CE. Arrows: net sand flux (blue: marine, white:
terrestrial). AD: Aqueduct, HD: hippodrome, NB: northern breakwater, NH: northern harbor, RD;
Roman triumphal road, SH: southern harbor, RB: Roman monumental baths. Numbers on panel
A refer to the minimum, currently constrained elevation of the calcarenitic bedrock relative to
sea level at -2.5 m. Red dots: cores TYR1-7. Blue dots: cores located in the Northern Harbor
(Marriner et al., 2005).

4.6. Timing of sea level rise, and exhumation of the southern harbor

The = 2.5 m rise in relative sea level documented in the Southern Harbor changed the
size of the rocky island and of the sandy isthmus (Nir, 1996). The two early harbors were not
equally affected, because the southern part of the island was more largely flooded than the
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northern part. Earlier studies suggest have most of the sea level rise occurred in Roman or
Byzantine times (Marriner et al., 2005; Nir, 1996). Our observations concur with these earlier
works.

In the Southern Harbor area, the elevation of the Roman walls relative to the Phoenician-
like seawalls (~2.5 m higher on average) suggests that the rise in relative sea level occurred
during the Hellenistic period. Along the west coast, fish tanks of tentative Roman-Byzantine age
are flooded 40 cm above their functional level (Goiran et al., 2019), suggesting that the main
phase of sea level rise was by then over. However, the functional level of the Roman seawalls
that enclose the Southern Harbor area is deeper, for these walls to efficiently protect any
ground behind, suggesting that more substantial sea level rise occurred after their completion.
The enclosure of the Southern Harbor was completed with more rudimentary rubble mound
dykes (Fig. 4). These dykes abut on both sides the “Southern Entrance” of Poidebard’s harbor,
which is in fact a rocky shoal that rises to within 0.6 m of the sea surface. That the enclosure was
not completed over the shoal suggests that the shoal was emerged, or shallow enough to no
require protection when the rubble dykes were erected. These dykes contain Roman columns
usually found in buildings erected in the 1st century CE, which indicates that they were built
later, and that a substantial part, if not all, of the sea level rise has occurred as late as Byzantine
time. Two additional lines of evidence support a late age of submersion. First, north of Tyre
Island, an alignment of Roman columns 10-25 m south of the Phoenician Northern Breakwater
(Noureddine and Mior, 2013) lies flush with the top of the breakwater, suggesting a flooding
coeval to that of the southern harbor. Behind the breakwater, in the Hellenistic northern harbor,
core TYR7 (Fig. 5) and earlier cores (Marriner et al, 2005) indicate that low-energy
sedimentation ceased in 580 - 810 CE, after which coarser marine sands were deposited,
starting at a depth of -1 to -2 m. This is consistent with the depth of submersion of the northern
breakwater, and with a return of open sea sedimentation by flooding of the northern harbor in
Late Byzantine time.

Relative sea level rise reduced the length of Tyre Island in the south, allowing for the sea
to overflow the Southern Harbor enclosure, remove its landfill, and expose the underlying
structures. The sandy isthmus being a dynamic feature, it was able to adjust its size and shape in
response to sea level rise. Nir (1996) posited that sea level rose during Roman times, a time by
which he considers that the isthmus had already reached maturity. In response to submergence,
and to retrieve its equilibrium size, the isthmus would have resumed growing (Nir, 1996). We
note, however, that the shrinking of the former rocky island of Tyre, and the general deepening
of marine channels all over the ridge of Tyre should rather promote further contraction of the
sandy isthmus. That contraction would have accompanied the unearthing of the southern
harbor of Tyre, and the destruction of the northern Hellenistic harbor, whereas the earlier
northern harbor remained buried beneath the sands of the isthmus.

Conclusions

New 14C ages and geochemical data were combined with recently acquired stratigraphic,
topographic, and bathymetric data to track the evolution of the east coast of Tyre Island, from its
initial formation, at the end of the last glaciation, up to today. The east coast offered natural
protection from waves and was the most suitable site for the settlement of the historical
northern (Sidonian) and southern (Egyptian) harbors or Tyre.
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The submarine ridge which emerges at Tyre is made of lithified sand dunes and beach
deposits most likely formed during MIS 5.3 or 5.1 (100-75 ky BP), that is, during the early stages
of the last glaciation, when sea level stood 20-30 m below its current level. The valley located
between the ridge of Tyre and the mainland was filled by lagoonal clays during the early stages
of the last marine transgression (6-4 ky BCE), forming a through-going natural harbor,
unobstructed by earlier transgressive or regressive tracts of marine sediments.

As relative sea level rose, the ridge was submerged and the island shrunk in size. Stone
quarry floors at 2.5 m below present sea level indicate that the island was occupied when the
island was still 1,500x600 m large, and possibly no more than 4.5 m high. It extended mostly
farther south than today, better protecting the area of the Southern Harbor.

The island provided a deep, protected shelter along its east coast. Sand deposition in that
shelter, on a sand bank formed by refraction/diffraction of waves behind the island, became
larger during the Late Bronze age, during the 2nd millennium BCE. We propose that the two
harbors of Tyre were positioned facing away from the crest of this sandbank, which axis was
located south of the Roman triumphal road, rather than below that road.

Mineralogical and isotopic analyses show that the sands of the isthmus are composed of
modern marine carbonate bioclasts, originating from an area of production located within 40
km south of Tyre.

The data confirm the earlier finding that the sand bank became shallow enough for
Alexander the Great to build his causeway on it. We find that the bank had already emerged at
its termination on the island side.

The tombolo grew rapidly by marine sand accretion, and wind transport after the
construction of the causeway. By Roman time, the tombolo was leveled at + 3-4 m over most of
its length. The progressive abandonment of the isthmus allowed sand dunes to rise higher,
overtopping the Roman aqueduct at +9 m before it went into disrepair in the 13t century CE
(Kahwagi-Janho, 2016) .

The area of Poidebard (1939)’s Southern Harbor display an assembly of successive
structures, which nature and arrangement over time indicates the reconversion of a Phoenician
port into a Roman recreational district (monumental baths). The southern harbor basin is
proposed to be north of newly identified Phoenician-like breakwater (M in Fig. 4). The timing of
this repurposing coincides with the main phase of growth of the isthmus. It is concluded that
repurposing was motivated by the obstruction of the southern harbor by the growing sandy
isthmus.

Further north, the age of sediments deposited in sheltered conditions of Phoenician age
to the NE, and of Hellenistic-Roman age to the north under the modern harbor suggests that,
likewise, an early northern harbor, located to the NE, was obstructed by the growing isthmus
and relocated farther west, away from the isthmus, in Hellenistic times.

A 2.5m+ rise in relative sea level affected Tyre during Antiquity. A substantial part of this
rise occurred in Hellenistic time, or/and later, affecting both the isthmus and the repurposed
parts of Tyre. It led to the erosion of the repurposed district of southern Tyre, while possibly
also causing a decline of its northern harbor.
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