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Ancient Ports & Harbours

1 INTRODUCTION

1.1 General introduction

This project was started in 2010, aiming at collecting, identifying and locating ancient ports
and harbours. It led to an extensive Catalogue including thousands of places. Much attention
was also devoted from the onset to structural aspects as described by Vitruvius, and as
resulting from modern coastal engineering such as design waves and harbour silting-up.
Additional attention was devoted to ancient ships and sailing, as they define the harbour
needs.

This work is reported in 4 volumes, all available in pdf versions, and most of it is
reproduced on the web site:

Volume I: Catalogue of Ancient Ports gives a list of ancient coastal settlements, ports and
harbours with latitudes/longitudes, based on the works of ancient and modern authors.

Volume llI: Citations of Ancient Authors gives citations of known ancient authors explicitly
mentioning ports and harbours, in French. This work is not available on the web site as it
would take too much space.

Volume lll: Ancient Port Structures presents:

» Some thoughts on the design of several ancient ports (Actium, Alexandria, Apollonia, the
Bosphorus, Caesarea Maritima, Carthage, Centumcellae, Delos, El Hanieh, Leptis
Magna, Marius’ canal, Narbonne, the Nile Delta, Nirou Khani, Portus, Pisa, Puteoli &
Nesis, Charmuthas, Thapsus, Tyre);

» Alist of nearly 200 proposed locations for potential ancient harbours;

» Some comments on ancient port structures, like Vitruvius’ methods, failure of
breakwaters, subsidence and breakwater remains, design waves, reinforced concrete,
pilae and arched breakwaters, pierced stones, defensive harbour chains, harbour silting-
up, tombolos and salients;

» Some notes on ancient merchant ships and galleys, sailing techniques and
Mediterranean sailing routes;

» Some thoughts about ancient trade networks and intermodal hubs;

» Some remarks on ancient maps, on ancient measures and ancient climate, including
earthquakes and tsunamis.

Volume IV: Stories of Ancient Sailors provides around twenty stories of ancient sailors ...
just for the pleasure of reading, in French.

Should the knowledge gathered in this work be given a name, it might be called
“Palaeoportology” ...

The present ninth edition of this work (February 6™, 2024) comes after an eight edition
(February 8", 2022), a seventh edition (March 5%, 2020), a sixth edition (June 21st, 2017), a
fifth edition (March 8", 2016), a fourth edition (January 1%, 2014), a third edition (February
26", 2013), a second edition (March 29", 2012) and a first edition (September 19", 2011).
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Ancient Ports & Harbours

1.2 Introduction to Volume Il

The aim of this project is not only to compile a Catalogue of “all” coastal settlements, ports and
harbours, but also to describe a few ancient ports and to better understand how the ancients
have been building and using them.

My approach is ‘multidisciplinary’, in the sense that my background being that of a modern
coastal engineer, | introduce my own experience into the world of historians, archaeologists,
geoarchaeologists, etc. and | believe a different point of view is always useful. However, some
dangers exist, as an outsider can easily forget or underestimate some aspects that are obvious
to other disciplines, especially when he works in a somewhat lonely way: multidisciplinarity is
more powerful in a ‘brainstorming’ approach, when the different disciplines can discuss directly,
but that is not always feasible.

My methodology was rather simple: read, read and read. | have of course visited a number of
ancient places, and that is how it all began many years ago in Alexandria. | have been talking to
archaeologists. | have been sailing to a few places. | have even been diving on some. But the
bulk of my knowledge on ancient ports was found in books.

Do not, therefore, expect the traditional ‘introduction-methodology-results-discussion-
conclusion’ presentation.

The red line of this Volume Il is a study of a few ancient ports, followed by an analysis of some
specific structures, such as vertical breakwaters as described by Vitruvius, rubble mound
breakwaters, arched breakwaters and more, with an unavoidable stop on coastal morphology,
harbour silting-up, tombolos and salients. This quite logically, leads us to a further study of
ancient ships, ancient sailing, ancient trade and sailing routes. From there, we move on to
ancient maps and ancient measures, to end our presentation with ancient climate, earthquakes
and tsunamis.

Nearly one hundred ancient authors have already been listed and quoted in Volumes | and I,
while compiling the “Catalogue of ancient coastal settlements, ports and harbours”, and in this
Volume lll, we shall add hundreds of modern references providing details on ancient ports.
Some places have been studied from the point of view of coastal geomorphology (e.g., Portus,
Tyre, Narbo, el-Hanieh). Some places have been studied from the point of view of sailing from
and to them (e.g., Alexandria, Portus, Narbo). Structures have been investigated in several
ports (e.g., Centumcellae, Portus, Puteoli, Delos, Caesarea Maritima, Alexandria, Apollonia,
Leptis Magna, Thapsus). Some documents neglected by many archaeologists have been
studied and synthetised (e.g., Jondet on Alexandria-Pharos Island). Some places have been re-
analysed on the base of Google-Earth picture (e.g., Nirou Khani in Crete, Charmutas in the Red
Sea, Portus Pisanus, Marius’ canal in the Rhéne delta). Some places have been analysed by
means of hydraulic computations (e.g., the Bosphorus, the Actium area). A list of over 200
‘Potential Ancient Harbours’ was deduced from a comparison of ancient ports listed in Volume I,
and ‘excellent shelters’ known by modern yachtsmen.

| felt a strong motivation to explain what | had discovered, not to a few professionals who know
all of that, but to other people like me who would appreciate a synthetic explanation. With that
aim in mind, | started my own web site in 2011 which has the same content as this Volume Il
(www.AncientPortsAntigues.com).

Perhaps, a few new points of view popped up during these wanderings, and | hope they will be
useful.

You are now ready to begin with “A few ancient ports”, starting with Actium,
and others in alphabetical order ... Enjoy!

Grenoble, February 6™, 2024
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Actium

2 AFEW ANCIENT PORTS
2.1 ACTIUM

Can we understand why Marcus Antonius, Antony, lost?

The most detailed description of the famous naval battle of Actium is probably provided by
William Murray, 2002, “Age of Titans”, p 232-244). He argues that the maxi-galleys (the
“Titans”) are meant for besieging coastal cities more than for naval battle. Antony inherited
this tactic from the prestigious Demetrius Poliorcetes who developed it three centuries
earlier.

Antony’s ambition was nothing less than the conquest of Italy where Octavian (“Caesar”,
future Augustus) was in power. He probably intended to attack cities like Brindisi or Taranto
with his maxi-galleys (Murray, 2002, p 243). Antony thus stationed his fleet inside the
Ambracian Gulf, rather on the southern banks, near Anactorium. In order to block the way to
Italy, Octavian and Agrippa were positioned on the northern coast, near Nicopolis and their
fleet was anchored and/or beached on the long Comarus beach (now Mitikas).

The local configuration

Antony had been around for months and he must have known the configuration of the
Ambracian Gulf outlet:
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Outlet of the Ambracian Gulf (Rod Heikell, 2002, p 68)
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Actium

e A bar with shallows up to -2 m to -4 m. The distance between the -5 m isobaths on
each side of the bar is around 1500 m (a channel is now dredged at -7 m). It may be
assumed that sea level rise of nearly 1 m over 2000 years does not interfere as a
sandy or silty seabed just follows the seawater level. However, episodic changes may
occur due to storms.

e Dominant winds from NW during summer, including September, set in around noon
with a force of 2 to 5 on the Beaufort scale (5 to 20 knots), and with a light land wind
in the morning (1 to 5 knots), according to Rod Heikell (p 38). This corresponds to a
typical breeze regime.

¢ A semi-diurnal tide of 0.05 m, up to 0.25 m (Ferentinos, 2010) but possibly also some
water table tilting due to wind friction inside the gulf.

¢ Density currents with a salt wedge effect flowing underneath brackish water from two
rivers Arachthos and Louros (resp. 63 and 2 m®/s average annual discharge) inducing
an up to 1 knot surface flow velocity in the outlet (Ferentinos, 2010).

o Both latter effects generate currents of 1 to 3 knots, in both directions, in the modern
channel outlet, according to Rod Heikell (p 69).

The storm occurring during 4 days before the naval battle on September 2, 31 BC, probably
blowed from NW, generating waves running southwards parallel to the coastline and
producing an unacceptable rolling of ships, hampering any naval battle. In addition, these
waves may have transported much sediment and displaced the shallows of the bar at the
gulf outlet.

This storm probably also induced a tilting of the gulf's water table: the large shallow water
areas in the north of the gulf may have been emptied to fill the southern part near the outlet
of the gulf. Hence, gulf water possibly escaped to sea. Consequently, seawater would have
to refill the gulf after the end of the storm.

At dawn of September 2, 31 BC, Antony is perhaps missing a land wind to exit the gulf, he
may even have an adverse refilling current occurring after the storm, and rivers may have a
reduced discharge in this season not providing him with an outbound fresh water surface
current. His largest ships (draught of 2 to 3 m) may experience some difficulty sailing
between the shallows which may have been moving around at the outlet of the gulf during
the storm. Moreover, some ships may be simply grounded on a shoal ... Shame! The gods
are against him.

On the other hand, a few hours later, Cleopatra, who stayed somewhat backwards with her
fleet during the battle, will use the setting in of the NW wind to escape to the south, saving at
least part of the Egyptian treasury (army wages) that Octavian would have loved to take
over, according to Dio Cassius (Hist. 50, 34).

The battle

Depending on the various ancient sources, Octavian had between 250 and 400 battle ships
and Antony, with his numerous oriental allies, had between 170 and 500 ships, out of which
60 Egyptian ships (Plutarch, Antony, 70). In addition, each had hundreds of supply ships.
Octavian’s battle ships were mainly triremes (35 x 5 x 1 m) and liburnae of similar size.
Antony’s ships were larger (quadriremes, up to decaremes) but Murray (2002, p 236) notes
that his fleet probably included only about thirty ships larger than a quinquereme, i.e., only 5
to 10% of his fleet. According to Fourdirnoy (2019) a decareme might be twice as large as a
trireme (70 x 10 x 2 m).
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Image © 2019 CNES / Airbus

ey Google Earth
The modern channel is quite visible with shallows on both sides (Google Earth, 27/4/2017).
Antony’s fleet and Octavian’s fleet were facing each other near the yellow line over a distance of 3 to 5 km.

Antony’s ships were initially anchored inside the Ambracian Gulf, while Octavian’s ships were
outside. It may therefore be said that Octavian was besieging Antony and that the latter had
to attempt an exit manoeuvre. For an escape, Antony positioned his ships outside the gulf in
front of Octavian’s line of ships (see figure above) in order to cross it as soon as some wind
would set in. Antony’s decision to remain static, pouring “dense showers of stones and
arrows” from his higher and armoured ships on Octavian’s smaller ships ressembles an
entrenched camp tactic that is rarely winning. This decision can be understood only if he had
no other choice: his large ships were short of experienced oarsmen (Plutarch, Antony, 68)
therefore not providing him with the required accuracy and speed needed to ram Octavian’s
lighter ships. His strategy is thus that of an earthling, not that of an admiral.

It is quite clear that Antony was trying to avoid battle against Octavian and Agrippa in order
to regroup somewhere on the Peloponnesian coast to prepare new plans to invade ltaly. This
is the reason why he burnt most of his under-manned Egyptian ships (scorched-earth policy).
This is also the reason why he took sails and gear, which was not according to common
practise, when going out for a naval battle. Murray (p 238) even suggests that he perhaps
subtely rowed northwards in order to prepare to circumvent the Lefkada peninsula when the
NW wind would set in.

But, as mentioned above, the gods were not with him on that day.
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Ancient references

The following ancient authors provide details on the Actium battle (in chronological order):
VIRGIL (70-19 BC), AENEID: Book 8, Verse 671 and further

PROPERTIUS (47-14 BC), ELEGIES: Book 4, Elegy 6 (Apollo protector of Octavian)
VELLEIUS PATERCULUS (19 BC — 31 AD), ROMAN HISTORY: Book 2, Chap. 84-85
PLINY THE ELDER (23-79 AD), NATURAL HISTORY: Book 32, Chap. 1 (the remora)
PLUTARCH (46-125 AD), LIVES: Antony, Chap. 67 a 76

TACITUS (55-120 AD), ANNALS: Book 4, Chap. 5

SUETONIUS (70-130 AD), THE TWELVE CESARS: Book 2, Chap 17-18

FLORUS (70-140 AD), ROMAN HISTORY: Book 4 Chap. 11

DIO CASSIUS (155-235 AD), ROMAN HISTORY: Book 50, Chap. 12 & 31-35
VEGETIUS (ca. 400 AD), DE RE MILITARI: Book 5, Chap. 3 & 7

OROSIUS (ca. 400 AD), HISTORY AGAINST THE PAGANS: Book 6, Chap. 19

Dio Cassius’s description of the battle

Hist. 50, 31-35, (translation by Earnest Cary, Harvard University Press, 1914-1927, found on
Lacus Curtius, with jtalics by me):

” 31, 4. And when they set sail at the sound of the trumpet, and with their ships in dense
array drew up their line a little outside the strait and advanced no further, Caesar set out as if
to engage with them, if they stood their ground, or even to make them retire. But when they
neither came out against him on their side nor turned to retire, but remained where they
were, and not only that, but also vastly increased the density of their line by their close
formation,

5. Caesar checked his course, in doubt what to do. He then ordered his sailors to let their
oars rest in the water, and waited for a time; after this he suddenly, at a given signal, led
forward both his wings and bent his line in the form of a crescent, hoping if possible to
surround the enemy, or otherwise to break their formation in any case.

6. Antony, accordingly, fearing this flanking and encircling movement, advanced to meet it as
best he could, and thus reluctantly joined battle with Caesar.

32, 1. So they engaged and began the conflict, each side indulging in a great deal of
exhortation to its own men in order to call forth the skill and zeal of the fighters, and also
hearing many orders shouted out to them from the men on shore.

2. The struggle was not of a similar nature on the two sides, but Caesar’s followers, having
smaller and swifter ships, would dash forward and ram the enemy, being armoured on all
sides to avoid receiving damage. If they sank a vessel, well and good; if not, they would back
water before coming to grips,
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3. and would either ram the same vessels suddenly again, or would let those go and turn
their attention to others; and having done some damage to these also, so far as they could in
a brief time, they would proceed against others and then against still others, in order that
their assault upon any vessel might be so far as possible unexpected.

4. For since they dreaded the long-range missiles of the enemy no less than their fighting at
close quarters, they wasted no time either in the approach or in the encounter, but running
up suddenly so as to reach their object before the enemy’s archers could get in their work,
they would inflict injuries or else cause just enough disturbance to escape being held, and
then would retire out of range.

5. The enemy, on the other hand, tried to hit the approaching ships with dense showers of
stones and arrows, and to cast iron grapnels upon their assailants.

6. And in case they could reach them they got the better of it, but if they missed, their own
boats would be pierced and would sink, or else in their endeavour to avoid this calamity they
would waste time and lay themselves more open to attack by other ships; for two or three
ships would fall at one time upon the same ship, some doing all the damage they could while
the others took the brunt of the injuries.

7. On the one side the pilots and the rowers endured the most hardship and fatigue, and on
the other side the marines; and the one side resembled cavalry, now making a charge and
now retreating, since it was in their power to attack and back off at will, and the others were
like heavy-armed troops guarding against the approach of foes and trying their best to hold
them.

8. Consequently each gained advantages over the other; the one party would run in upon the
lines of oars projecting from the ships and shatter the blades, and the other party, fighting
from the higher level, would sink them with stones and engines. On the other hand, there
were also disadvantages on each side: the one party could do no damage to the enemy
when it approached, and the other party, if in any case it failed to sink a vessel which it
rammed, was hemmed in no longer fought an equal contest.

33, 1. The battle was indecisive for a long time and neither antagonist could get the upper
hand anywhere, but the end came in the following way. Cleopatra, riding at anchor behind
the combatants, could not endure the long and anxious waiting until a decision could be
reached,

2. but true to her nature as a woman and an Egyptian, she was tortured by the agony of the
long suspense and by the constant and fearful expectation of either possible outcome, and
so she suddenly turned to flight herself and raised the signal for the others, her own subjects.
3. And thus, when they straightway raised their sails and sped out to sea, since a favouring
wind had by chance arisen, Antony thought they were fleeing, not at the bidding of Cleopatra,
but through fear because they felt themselves vanquished, and so he followed them.

4. When this took place the rest of the soldiers became both discouraged and confused, and
wishing to make their own escape also in some way or another, they proceeded, some to
raise their sails and others to throw the towers and the furnishings into the sea, in order to
lighten the vessels and make good their escape.

5. While they were occupied in this way their adversaries fell upon them; they had not
pursued the fugitives, because they themselves were without sails and were prepared only
for a naval battle, and there were many to fight against each ship, both from afar and
alongside.

6. Therefore on both sides alike the conflict took on the greatest variety and was waged with
the utmost bitterness. For Caesar's men damaged the lower parts of the ships all around,
crushed the oars, snapped off the rudders, and climbing on the decks, seized hold of some
of the foe and pulled them down, pushed off others, and fought with yet others, since they
were now equal to them in numbers;

7. and Antony’s men pushed their assailants back with boathooks, cut them down with axes,
hurled down upon them stones and heavy missiles made ready for just this purpose, drove
back those who tried to climb up, and fought with those who came within reach.

8. An eye-witness of what took place might have compared it, likening small things to great,
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to walled towns or else islands, many in number and close together, being besieged from the
sea. Thus the one party strove to scale the boats as they would the dry land or a fortress,
and eagerly brought to bear all the implements that have to do with such an operation, and
the others tried to repel them, devising every means that is commonly used in such a case.

34, 1. As the fight continued equal, Caesar, at a loss what he should do, sent for fire from the
camp. Previously he had wished to avoid using it, in order to gain possession of the money;
but now that he saw it was impossible for him to win in any other way, he had recourse to
this, as the only thing that would assist him.

2. And now another kind of battle was entered upon. The assailants would approach their
victims from many directions at once, shoot blazing missiles at them, hurl with their hands
torches fastened to javelins and with the aid of engines would throw from a distance pots full
of charcoal and pitch.

3. The defenders tried to ward these missiles off one by one, and when some of them got
past them and caught the timbers and at once started a great fire, as must be the case in a
ship, they used first the drinking water which they carried on board and extinguished some of
the conflagrations, and when that was gone they dipped up the sea-water.

4. And if they used great quantities of it at once, they would somehow stop the fire by main
force; but they were unable to do this everywhere, for the buckets they had were not
numerous nor large size, and in their confusion they brought them up half full, so that, far
from helping the situation at all, they only increased the flames, since salt water poured on a
fire in small quantities makes it burn vigorously.

5. So when they found themselves getting the worst of it in this respect also, they heaped on
the blaze their thick mantles and the corpses, and for a time these checked the fire and it
seemed to abate; but later, especially when the wind raged furiously, the flames flared up
more than ever, fed by this very fuel.

6. So long as only a part of the ship was on fire, men would stand by that part and leap into
it, hewing away or scattering the timbers; and these detached timbers were hurled by some
into the sea and by others against their opponents, in the hope that they, too, might possibly
be injured by these missiles.

7. Others would go to the still sound portion of their ship and now more than ever would
make use of their grappling-irons and their long spears with the purpose of binding some
hostile ship to theirs and crossing over to it, if possible, or, if not, of setting it on fire likewise.

35, 1. But when none of the enemy came near enough, since they were guarding against this
very thing, and when the fire spread to the encircling walls and descended into the hold, the
most terrible of fates came upon them.

2. Some, and particularly the sailors, perished by the smoke before the flame so much as
approached them, while others were roasted in the midst of it as though in ovens. Others
were consumed in their armour when it became heated.

3. There were still others, who, before they should suffer such a death, or when they were
half-burned, threw off their armour and were wounded by the shots which came from a
distance, or again leaped into the sea and were drowned, or were struck by their opponents
and sank, or were mangled by sea-monsters.

4. Those alone found a death that was tolerable, considering the sufferings which prevailed,
who were killed by their fellows in return for the same service, or else killed themselves,
before any such fate could befall them; for they not only had no tortures to endure, but when
dead had the burning ships for their funeral pyres.

5. When Caesar’s forces saw the situation, they at first refrained from approaching the
enemy, since some of them were still able to defend themselves; but when the fire began to
destroy the ships, and the men, far from being able to do any harm to an enemy, could not
even help themselves any longer, they eagerly sailed up to them in the hope that they might
possibly gain possession of the money, and they endeavoured to extinguish the fire which
they themselves had caused.

6. Consequently many of these men also fell victims to the flames and to their own rapacity.®
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2.2 ALEXANDRIA Magnus Portus

Archaeological investigations carried out in Alexandria Bay by Franck Goddio of the
European Institute for Underwater Archaeology have revealed the harbour complex from the
time of the first Ptolemies ([16]). These royal ports sheltered the Ptolemies' fleets of warships
consisting of several hundred galleys, some of which were extraordinarily large. The complex
consists of three ports, probably built between 300 and 250 BC during the Hellenistic period,
more than 200 years before the arrival of Julius Caesar in 48 BC They are thus much older
than most harbours that have been studied so far, such as Caesarea Maritima (Israel).

Unfortunately, there are no extant documents from the period concerning the design of these
ports, and we are now forced to make assumptions on the basis of present knowledge and
on the principal ancient text concerning maritime structures, by the Roman author Vitruvius.

The main aspects that are of interest to the harbour design specialist are as follows:

— Choice of site. A port is not built simply anywhere. It forms an interface between land and
sea and its location depends on traffic in these two areas and on certain natural conditions.

— Overall layout. The layout of a port depends on navigation conditions (winds and waves)
and on the types of ship that use it (merchant ships, galleys). The size of the ships defines
the acceptable wave-induced disturbance and the possible need to build a breakwater
providing protection against storms. The number of ships using the port defines the length of
quays and the area of the basins required.

— Harbour structures. The ships' draught defines the depth at the quayside and thus the
height and structure of the quay. Locally available materials (wood, stone and mortar) and
construction methods define the specific structures for a region and historical period.

CHOICE OF SITE

In a hurry to conquer the world, Alexander-the-Great cannot have appreciated the fact that
the Phoenician city of Tyre resisted for 8 months (January-August 332 BC) before he was
able to take it. He had to build a causeway linking the island to the mainland and call on the
help of Tyre's rivals to succeed in his enterprise. The similarity between the island of Tyre
and the island of Pharos is striking, especially when one adds that Alexander built a
causeway between the island and the mainland at both sites, and that they both have a
double harbour.

The idea of building a double harbour is motivated by the fact that there are two main wind
and offshore wave directions.

In this case, which is quite frequent, it is useful to be able to move ships from one harbour to
the other in order to obtain the best protection against wave disturbance in all circumstances.
After the construction of the Heptastadium, the island of Pharos became a peninsula that
perfectly fulfilled this criterion:

* to the west was built the Port of Eunostos (which became the commercial harbour),
* to the east was built the Magnus Portus (the royal harbour),

and, the ultimate subtlety, ships could be transferred from one to the other without going out
to sea, via canals cutting through the Heptastadium. Nevertheless, it should be noted that the
western part of Alexandria Bay must have begun to silt up progressively after the
construction of the Heptastadium, eventually resulting in the curved shoreline that exists
today in this part of the bay.

It is likely that other considerations unrelated to the harbour itself also influenced the choice
of site, but it is clear today that the island of Pharos was certainly better than Canopus
(present-day Abu Kir), which had been chosen by Alexander's Egyptian predecessors and
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which is exposed to waves from the N-E sector. These waves are less frequent than those
from the W-N sector but are nevertheless very problematic in winter. Moreover, this site has
a distinct tendency to silt up owing to its proximity to one of the main mouths of the Nile near
Rosetta. Sediment carried down by the Nile is transported along the coast by waves from the
N-E sector.

But what were these harbours actually used for?

Alexander was definitely not a sailor. He symbolically burnt his boats on disembarking in Asia
after crossing the Hellespont with 300 triremes. He needed the assistance of 400 triremes
from Sidon and Cyprus to conquer Tyre, and after founding Alexandria on 20 January 331
BC and remaining in Egypt for only a few months, he subsequently devoted his attention only
to mainland countries. He therefore did not choose this site as a base for his fleet of
warships, though his successors (in particular Ptolemy Il Philadelphus) based their fleets
there.

He must nevertheless have learnt the lesson from his master Aristotle, who 11 years earlier
had advised him to create an access to the sea so as to be "easily supported on two fronts at
once, from the land and from the sea" in the event of an enemy offensive, and also to "import
products that are not found in your lands, and export your own surplus produce" ([2], p 9 and
11). The city is indeed located on a strip of land between the sea and lake Mariotis (the
present lake Maryut), on which a river port was built. The river port is connected directly with
the Nile and the Red Sea by means of a canal built by Ramses Il and restored by Ptolemy II.

Three centuries later, at the time Strabo visited Alexandria (around 25 BC), the pirates had
disappeared due to the efforts of Pompey's fleets a few decades earlier and trade was
booming thanks to the peaceful conditions created by the Romans. Alexandria had almost a
million inhabitants of various origins ([1] p 261). It exported wheat to Rome and papyrus
throughout the Mediterranean. It imported wood from Lebanon, wine, oil etc. ([1] p 302). At
the beginning of the Christian era, the city was exporting up to 150 000 t/year of wheat to
Rome ([3] p 297).

Alexandria had thus proved to be in a strategic position from the commercial point of view, as
a land-sea interface.

OVERALL LAYOUT

Let us begin with what concerns all shipping, namely wind and waves. It may reasonably be
assumed that the wind and wave conditions have hardly altered if at all since ancient times
(see section on “Ancient climate”). Present statistics show that winds (and waves) prevailing
off Alexandria come from the W-N sector (more than 50% of the time as an annual average
and 70-90% of the time during the summer months from June to September). A second
important sector is N-E (20-30% of the time during the winter months from October to May).
This latter sector has had a considerable importance for the development of the port, as it is
the reason for the double harbour arrangement, as pointed out above.

The first logical reaction would be to locate the port against the Heptastadium, in the shelter
of Pharos Island, at the place where today's fishermen shelter their boats from prevailing
winds from the W-N sector. Yet this argument does not appear to have carried weight as the
three ports discovered to date are located at the opposite end, below Cape Lochias (modern
Cape Silsileh), where the royal palace used to be, perhaps because they are located behind
reefs that are as many traps for sailors who do not know them precisely. This eastern part of
Alexandria Bay is relatively more exposed to offshore NW waves and this meant that it was
necessary to build a protective breakwater ("Diabathra") to supplement the natural protection
offered by the reefs that emerged above sea level at the time.

Another explanation of why the ports were located on the eastern side of Alexandria Bay
could be the siltation that occurred against the Heptastadium and which dissuaded the
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Ptolemaic planners, who must have faced the same problem at Canopus. If it is assumed
that the construction of the harbour began only during the reign of Ptolemy | Soter at the
earliest (he acceded to the throne in 304 BC) then almost 25 years had elapsed since the
construction of the Heptastadium. This is quite long enough to reveal siltation against the
Heptastadium and incite the planners to locate the ports elsewhere.
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Layout of Magnus Portus in the Bay of Alexandria

Access to the ports could therefore only be achieved by skirting the reefs by the west and
south. This meant that boats could enter the bay with the wind 3/4 astern before taking in the
sail, and then be rowed NE to reach the entrance of one of the three ports.

In terms of the types of ship using the port, even though a few large commercial ships have
been identified, the fleets of warships are better known.

At the time the Romans and Carthaginians were battling with triremes and quinqueremes in
the western Mediterranean (as at the battle of the Aegates in 241 BC), the Macedonians and
Alexandrians were building giant galleys, the likes of which would never be seen again. In
particular, it should be noted that these huge ships appeared at the time Ptolemy | was
ascending the throne. They seem to have existed for several centuries, as Antony aligned a
number of them opposite the Romans at the battle of Actium (31 BC). The most productive
was undoubtedly Ptolemy II, who, at his death in 246 BC, left a considerable fleet of warships
([4] p 42):

*2 "30" s (i.e., 30 oarsmen on each side, see section on “Ancient ships”),
° 1 ll20 n ,

*4 "3"s,

° 2 ||12 n S,

*14 "M1"s,

*67 "9"sto"7"s,

*+22 "6"s &"5" s (quinqueremes),
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*4 "3"s (triremes),
* 150 t0o 200 "2 " s (biremes) and smaller.

making a total of around 10 large ships (from 50 x 10 m to 70 x 20 m), 80 medium ships (45
x 8.5 m) and 175 to 225 small ships (from 20 x 2.5 m to 35 x 5 m), totalling around 300 ships.

This number is of the same order of magnitude as others found at other periods. Pompey's
fleet in his war against the pirates (in 67 and 66 BC) consisted of 200 quinqueremes and 30
triremes ([4] p 82) and Antony's fleet at the battle of Actium consisted of 170 to 500 ships
(the largest being a "10 " ). It is also known that at other periods the Alexandrian fleet was
smaller: the fleet burnt by Caesar at the battle of Alexandria in 48 BC consisted of 50
quinqueremes and triremes, 22 other ships and 38 ships hauled up on land in the arsenals

([1]p 311).

As an exercise in defining the overall layout of the harbour, we attempted to find space in the
discovered ports for all the ships of Ptolemy II's fleet. The areas of water in the ports are
approximately as follows:

« first port: about 7 ha,

 second port: about 13 ha with probably around 800 m of quays,

« third port: about 16 ha with probably around 1250 m of quays,

» Heptastadium bay (between the third port and the island of Pharos): about 100 ha with
1000 to 2000 m of beach.

The first port could comfortably accommodate the 10 large ships mentioned above. The 80
medium ships and 25 small ones could be aligned side by side, stern to quay, in the second
port. The remaining 150-200 small ships could be sheltered in the third port, which has quay
space for up to 250 quinqueremes.

It should also be noted that the beach in the bay, which was the site for the shipyards ([1] p
283...) must have been covered with slipways for hauling vessels out of the water. Over a
distance of 2000 m, it would be possible to accommodate about 200 quinqueremes under
construction (with a distance of 5 m between them, which appears to be a minimum for
proper working conditions).

As regards commercial ships, the "2000 amphorae" and "10 000 amphorae" must have
represented a cargo of the order of 100-500 t. An average ship of 250 t, i.e., 8 000 sacks of
one artaba (39 ) weighing ca. 30 kg each (see section on “Ancient measures”). To carry

500 000 t/year of wheat and other imported goods, with two return trips a year, a fleet of
around 1000 of these ships would be required. These would sail during the fine season (from
May to September) ([3] p 270). However, it is likely that these ships called at the port of
Eunostos rather than at the Magnus Portus.

It is clear that Magnus Portus was among the largest ports of the time.

HARBOUR STRUCTURES

Recent archaeological underwater investigations have revealed the existence of the three
ports referred to above ([16]). The third port is the largest and uses the island of Antirhodos
as a natural protection against wave disturbance. The island was entirely developed as the
site for a royal palace and quays consisting of large blocks of concrete cast in situ.

The remains of wooden structures have been used for carbon 14 dating and reveal the
existence of an archaic structure in the form of a double row of piles.

One of the ironies of civilisation is that the ancient warship ports are quite similar to modern
marinas in terms of the dimensions and the size of the ships using them (modern luxury
yachts range in length from 15 to 70 m and more). However, the draught of the ancient
galleys was less, of the order of 1 to 1.5 m. The largest ships (the "40"s of Ptolemy IV
Philopator, or the Isis) must nevertheless have had a draught of up to 4 m.
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The two principal types of harbour structure found in Alexandria are protective breakwaters
and quays.

The breakwaters could be rubble mound or vertical-faced structures built of blocks. There is
no point in dwelling on this question for Alexandria; the offshore breakwaters have not (yet)
been explored, since they are probably located below the modern ones.

The inner breakwaters protecting each of the three ports consist of a sloping mound on the
seaward side and in most cases a quay made of mortar blocks on the leeward side.

From a general point of view, quay structures may be classified as follows, depending on the
material used:

« with wood: wooden platforms on piles or pillars made of blocks of stone,

 without mortar: dressed stone blocks with a possible filling between two facings,

« with mortar, without pozzolana: massive blocks cast in-the-dry in wooden formworks,
* with mortar, with pozzolana: massive blocks cast under water in wooden formworks.

The early Alexandrians did not have the advantage of pozzolana when they first built Magnus
Portus, but the large mortar block discovered in the third port at Alexandria (typically 5-8 m
wide, 10-15 m long and 1-3 m high) contains pozzolana and must therefore be of the Roman
period'. The block consists of alternating layers of mortar and flat pieces of limestone
measuring about 0.1 x 0.1 m. The existence of planks of pine wood 3-4 cm thick under the
block indicates that it was cast in a watertight floating caisson. This is also confirmed by the
existence of vertical and inclined beams held in the mortar, giving the caisson its rigidity
during the floating and sinking stages.

The double row of elm piles discovered at the eastern end of the island of Antirhodos ([16]) is
older than the large blocks mentioned above (around 400 BC). Moreover, it disappears under
more recent fill material and large blocks. The presence of mortar at the lower end of the
piles indicates that these rows must have been built in the dry, i.e., that they subsided under
the sea after construction.

The following hypothesis could be put forward, whereby this double row of piles could be the
remains of an ancient wooden quay.
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1 NB: in a former publication ([16], p 37), this block was believed to contain no pozzolana and was dated 250
BC, but this was amended later on ([17], p 222).
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The southern row consists of grooved piles (0.14 x 0.14 m section), spaced 0.4-0.5 m apart,
into which pine planks 4 cm thick were introduced to form a small wooden curtain capable of
holding quarry run fill. The northern row consists of simple piles spaced 0.2-0.4 m apart.
These could have supported wooden planks and have been set in water about a metre deep.
The northern row is 1.5-1.8 m from the southern row.

In conclusion, it is hoped that these investigations will be just the first in a long series, which
will give us further information on ancient port engineering techniques.

It is to be hoped that this part of Alexandria Bay will soon be declared off limits for
construction or, even better, transformed into an underwater museum.

OCEANOGRAPHIC CONDITIONS AT ALEXANDRIA

Winds
The following statistics were provided by Alexandria weather station for the period 1973-1992
(expressed as percentages of time per sector):

Month 1 2 3 4 5 6 9 10 11 12 Year

Nto E 19 20 29 30 30 17
EtoS 15 17 15 15 11 5

16 30 30 20 21

Wto N 31 37 41 46 583 72 87 74 48 36 29 53

=
<)
2
StoWw 3% 26 15 9 6 6 5
88
7

N(E)S 34 37 44 45 41 22 9 21 42 43 36 32
S(W)N 66 63 56 55 59 78 93 91 79 58 57 64 68

Alexandria wind statistics

The first four lines of the table give the frequency of occurrence of winds from the four 90°
sectors. The last two lines give the figures for the two 180° sectors that might be referred to
as “easterlies” for the N (E) S sector and “westerlies” for the S (W) N sector. The last column
gives the annual average.

The following features may be noted:

* as an annual average, westerlies blow for 2/3 of the time and easterlies for 1/3 of the time,

+ as an annual average, winds blow from the W-N sector ("from NW") for a little more than
half of the time; these are therefore clearly the prevailing winds,

* winds in the summer (June-September) blow from NW for more than 3/4 of the time, and it
is only during October and in winter up to May that there are between 35% and 45% of winds
from the east.

+ the famous "summer winds" in July and August are very clearly shown with over 90% of
westerlies.

These figures explain why sailing from Rome to Alexandria was much easier than the
reverse. The voyage took between 1 and 2 weeks in the first direction and at least double in
the opposite direction. Ships made an average of 2 voyages per year during the fine season
from May to September in order to avoid storms ([3] p 270 and 297).

Waves
The following statistics were obtained from observations made on board selected ships in the
eastern Mediterranean during the period 1960-1980:
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Sector N285-N325 N325-N5 N5-N35 N35-N65 Calms Total
H<0.1m - - - - 56 56
0.1>H>1m 10 6 . 2 - 20
H>1m 13 7 2 2 - 24
Total 23 13 4 4 56 100

Alexandria wave statistics

The first four columns indicate the frequencies of occurrence of offshore waves in
percentages of time for the sectors shown. The fifth column gives the percentage of calms
(and other sectors that cannot reach Alexandria). The first line shows calms. The second line
shows waves below 1 m and the third line those above 1 m (crest-trough height).

The following features may be noted:

* the sea is calm off the coasts of Egypt and Libya for just over half the time,

» waves of more than 1 m, which are problematic for sailing ships, occur for about a quarter
of the time,

» waves from the W-N sector (approximately N285 to N5) represent 36% of the time and
those from the N-E (approximately N5 to N65) only 8%.

Sea levels
The following levels have been adopted by the Egyptian authorities (with respect to the land
datum):

* LLWL (Lowest Low Water Level): -0.43 m

* CD (Chart Datum or hydrographic zero): -0.34 m
* MLWL (Mean Low Water Level): -0.05 m

* MSL (Mean Sea Level): +0.08 m

* MHWL (Mean High Water Level): +0.21 m

* HHWL (Highest High Water Level): +0.74 m

It should be noted that the LLWL is 9 cm below the hydrographic zero and the mean sea
level at Alexandria is 8 cm above the Egyptian land datum.

It should be pointed out that mean sea levels have changed over the last 2500 years.
Without entering into expert discussions on this subject, it may be estimated that the sea
level rise during the period has been about 0.50 m ([19]), i.e., about 2 cm/century. It may be
added that the present rate of rise is much greater as it has reached about 18 cm during the
past century (1880-1980)([19]) and it is currently estimated that it will be between 50 and 100
cm in the 215t c. (see section on “Sea Level Rise”).

Oscillations in mean sea level nevertheless seem to have occurred over the past two
millennia. It is also very difficult to distinguish eustatic movements (those connected with the
sea) from tectonic movements (connected with the land). The example of Crete is a good
illustration. Over the past 2000 years the sea level has dropped by 4 to 8 m with respect to
the land at the western end of the island, whereas at the eastern end it has risen by 1to 4 m
during the same period ([20], p 68).

It is currently admitted that the sea level at Alexandria has risen by 0.5 m and the land level
has fallen by 5 to 6 m over the past 2000 years.

It should also be noted that tsunamis have been mentioned on the coasts of the Near East
[18] (see section on “Ancient climate”).

Sedimentology

The sediments found on the beaches and seabed near Alexandria Bay consist of sand with a
grain size (Dso) ranging from 0.20 to 0.50 mm. This sand consists of ancient deposits carried
down by the Nile. For the past few decades the beaches at Alexandria have been suffering
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from widespread erosion and protective measures have been taken (involving beach
nourishment or rockfill structures) with varying degrees of success. This erosion is due
mainly to beach sand being carried offshore during storms.

In addition to the offshore transit of sand, there is significant longshore drift to both the east
and west. Specialists estimate that the sand transport in each direction amounts to around
100 000 m®/year, and thus cancels out. It is clear that if an obstacle were to be built
perpendicular to the coast, sand would be deposited on either side. This is what must have
happened after the construction of the Heptastadium, where at least some of this longshore
drift must have been trapped each year.
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2.3 ALEXANDRIA Pharos island

The ancient port on Pharos island may have been one of the largest and oldest ports of the
Mediterranean area according to the detailed description provided by Gaston Jondet (1916),
followed by Raymond Weill (1916) and Savile (1940). This is confirmed by the modern
Google Earth picture of 20/1/2015 that clearly shows the underwater structures. A more
recent survey was conducted by the “Centre for Egyptological Studies of the Russian
Academy of Sciences” (2003-2015) and reported by Galina Belova (2019)2.

ES
Gaston Jondet 1916

| | I |
Fig. 1: Jondet's map compared to Google Earth’s picture (20/1/2015) showing the main
ancient Pharos port.

nbrth breakwater of th

2BELOVA, G, et al., 2019, “Russian underwater archaeological mission to Alexandria, General report (2003-
2015)”, Egypt and neighbouring countries 3, (p 1-31).
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Fig. 2: Jondet’s cross-section of the main north breakwater.

According to Jondet and Belova, the main north breakwater, with a total length of more than
2300 m consisted of two submerged mounds on a water depth down to 10 m below present
sea level, with 40 to 60 m in-between. The crest is at 1 to 1.5 m below present sea level. The
total width of the main north breakwater is therefore 60 to 80 m. Both mounds were made of
large quarried blocks (2 x 2 x 1 m ‘soft limestone’ from local quarries). Many of the blocks
have a ca. 10 cm hole near the edge. The area between both rubble mounds was filled with
rubble which was found in some places, but in other places, it was washed away over time.

Jondet estimates the total harbour area to around 60 ha. The main entrance was around
200 m wide and 8 m deep on the south side of the Pharos island. It was sheltered by two
short breakwaters (called here SW and SE breakwaters). Immediately east of the entrance
was an island with what Jondet supposed to be the building of the port authority, with an
adjacent small basin protected by two small breakwaters. The main deep-water basin was
located west of the entrance and over 500 m long. More basins were located east of the
entrance but most were shallow (ca 1 m) and bordered with beaches and very small port
structures. A deep-water basin was found on the NE side of the harbour and called “port de
commerce” by Jondet. This basin was around 60 x 150 m with its own separate entrance
towards north.

east reef

Fig. 3: Jondet’s description of the ancient Pharos port.
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Additional linear offshore structures were found later on by Jondet’s team, but they were
identified by Belova (2019) as a natural ridge consisting of broken blocks “recognizable by
the exact coincidence of the edges between the fallen ‘blocks’.”. However, a second line of
submerged reefs (ca. 900 m offshore of the modern Ras el-Tin lighthouse) with its crest at 9
to 12 m below present sea level, was surveyed by Belova’'s team, yielding numerous ancient

anchors on its offshore side, possibly indicating an offshore anchorage area.

Jondet paid particular attention to the Abou Bakar reef (now called el-Aramil) on the west
side and to the east reef, considering that the structures found there were part of a heavy
defence system of the port. However, Belova (2019) did not find firm evidence.

Jondet also mentioned that access from the south was through todays Dikheila area after
passing between the reefs in that area.

Dating:
Textual evidence. The port was mentioned by Homer (Odyssey, 4, 353):

“Now there is an isle in the sea-surge off the mouth of the Nile, that men call Pharos, a day’s
run for a hollow ship with a strong wind astern. There’s a good anchorage there, a harbour
from which men launch their trim ships into the waves, when they have drawn fresh black
water.”

However, no other ancient author did so and this may be a sign that the port disappeared
soon after Homer’s time (i.e., between the 8" and the 5" ¢. BC), possibly due to sudden
tectonic activity. However, Homer may have been talking about an archaic port long before
his time and even before the Trojan war (now dated around 1200 BC).

Gaston Jondet tried to date the port but he had no archaeological clues to do so. He came
up with a theory that Rameses Il (reign 1279 to 1213 BC) may have ordered its construction
after his victory over the Sea Peoples (1277 BC). This theory would be valid also for
Merneptah (1208 BC battle) and Rameses IIl (1175 BC battle) but it is somewhat surprising
that none of these kings mentions this port and that all battles have been fought inside the
Nile delta and not in open sea. This would leave us with an estimated “around 1200 BC”.

It may be mentioned that the Amarna Letters (around 1350 BC) do not mention this port
although many other places on the Levantine coast are. However, this is of little help
because the port may have been built later, or earlier and already disappeared.

Raymond Weill (1916) suggested that the port was built by Minoan foreigners whose
settlement would have been accepted by the pharaoh sometime between 2000 and 1500
BC. But this theory now seems somewhat unlikely if we consider the remains of the 85
Minoan ports identified so far, which are all quite modest, except Phalasarna, perhaps. He
also points at the Phoenician Tyrians who lived in very similar conditions and were great
builders in the same period. This theory makes more sense.

Archaeological evidence: none published so far (?), except the fact that the breakwater
cross-section shown in fig. 2 above could be seen as an ancestor of the typical Phoenician
breakwater structure.

Geochemical evidence. Recent investigations on lead (Pb) pollution of sediments taken from
the Alexandria Bay (Magnus Portus) show a possible anthropogenic imprint as early as
2300-2650 (+200) BC and, to a lesser extent, 3500-3800 (+170) BC (Véron et al., 2013).
Lead pollution is strongly correlated with human activity as it was used for pipes carrying
drinking water and for many other things.
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Geoarchaeological evidence. According to Homer (8" ¢. BC) the port was located on an
island and this is confirmed by modern geo-archaeological investigations that show that a
tombolo developed during the 3 and 2" millennia BC between the island and the continent
(Goiran et al., 2014). This was due to wave action from NW inducing a littoral drift (sand
transport) from west to east. This sand deposited in the lee of the island where wave action
was limited. Hence, the insular character of Pharos island gradually diminished and a ford
was probably available for crossing from the mainland to the island in the 2" millennium BC.

These investigations show that this area was inhabited very early, and this is no wonder for
such a nice shelter for shipping, but it would be difficult to believe this very large port of
Pharos being built before 2000 BC. Hence, our construction date estimate cannot be more
accurate than “sometime between 2000 and 1000 BC”, possibly by Tyrians.

After that, the story is well-known: Alexander founded Alexandria on the mainland at a place
called Rhakotis in 331 BC and his successors, Ptolemy | and/or Il, built the Heptastadion and
the eastern port, Magnus Portus, around 300 BC.

And what happened in 215 century?! A large land reclamation project was carried out
between 2016 and 2018, covering the whole ancient port area ...

Google Earth 20/1/2015

<.["Google Earth 4/12/2018

-7 = A=
T
=

Land reclamation

Fig. 4: Land reclamation project on Pharos island (206-2018).
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2.4 APOLLONIA

Let me put things straight: | have never been to Apollonia (I did not go further than Leptis
Magna) but | met some of the most knowledgeable persons (Nic Flemming, André

Laronde (1), Jean-Pierre Misson, Claude Sintés) who convinced me that Apollonia hosts the
most important ancient port remains, preserved mainly because they are now under water. |
would not feel entitled to write anything on this port, were it not that Jean-Pierre Misson
showed me some under water pictures made in the sixties and in 2012 that are not yet
published elsewhere. He did me great honour to accept publication on this web site.

| therefore rely heavily on quotations from several authors.

In Nic Flemming’s words (personal communication, 9/2/2014):
“I have seen hundreds of other ports. [...] Apollonia is unique.
The unique features of Apollonia are:

e Relatively early date, 6-7"" c. BC, and later during the epoch of trireme warfare. No other
complete harbour of this date.

e Completeness of port area, shore side, and dock structures. It is a complete ‘deck of
cards’ so to speak, with nothing missing. A complete range of different structures and
ancient technological functions, some still unexplained.

o Completeness (although collapsing) of the original sea defences, sea walls, cut wave
traps, rubble breakwaters, as a complete system.

e Multiple layers preserved in stratigraphic context of at least 3 generations of structures on
the dockside, all submerged, in the period 600 BC to Hellenistic/Roman.

o Numerous structures and rock-cuttings which are still unexplained, like the nine ‘quays’.

e Excellent clear water, easy place to film or work, and layers of sand accumulated which
will preserve pottery and other artefacts. Hardly any excavation in the underwater city, so
a great deal still to be learned.

e FEvidence that micro-features such as lead dowels, carvings, statues, pottery and other
small items neglected in previous surveys still survive.”

Quoting Kalliopi Baika (2013) on the History of Apollonia:

“The ancient harbour of Apollonia in Cyrenaica was the epineion (out-port) of Cyrene, which
lay 18 km inland. It is in a broad open bay, delimited to the east by Cape Naustathmos (Ras
el-Hilal) 20 km away, and to the west by Phycus ([near] Ras Aamer).

The natural harbour must have been in use since the foundation of Cyrene in 631 BC as a
Greek colony from Thera. Apollonia is recorded as established in ca 600 BC as the ‘harbour
of Cyrene’. Cyrenaica became a dependency of the Ptolemaic kingdom under Ptolemy |
Soter in 322-321 BC. The cities of Cyrenaica became independent in 97 BC, after the
kingdom passed to Rome. It received the name Apollonia. Mark Antony restored Cyrenaica
to the Ptolemaic empire, and after the Battle of Actium it was combined with Crete, under
Roman rule. Apollonia was an excellent naval base in a very strategic position in Cyrenaica,
and Roman fleets were maintained there. The city was renamed Sozousa, when it became
the capital of Upper Libya, a province created by Diocletian.”

Quoting Kalliopi Baika (2013) on the Port of Apollonia

“Apollonia was served by two harbour basins accessible in all weathers, the prevailing winds
on this coast being from the north-west. The basins were formed on the rocky coastline by a
projection on the west, and by a projection (which is now two islands, flot Hammam and the
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smaller flot Sharkéa on the east) which protects them from the north.

The western harbour, that was an inner harbour communicating with the eastern one via a
channel, probably originally had an entrance on its north. The eastern harbour was open on
its eastern side, between llot Sharkéa and the coast, with a lighthouse located on the
southern end of this island. The channel connecting the two basins was later walled and
protected on each side by two fortification towers that were part of the city fortification
system. The western harbour, which was partly included in the city walls, contained the main
complex of slipways. In general, the harbour underwent several reconstructions from the
Classical period onwards. The channel between the harbours was deliberately filled in late
antiquity so that the eastern harbour became the only harbour.

The western harbour had at least five rock-cut complexes on its perimeter. However, only
one group is now identified with certainty as slipways. This is located on the flot Hammam in
the north-east corner of the western basin.

The small complex in the eastern harbour on flot Sharkéa, which was thought to be
shipsheds, is now, after underwater exploration, identified as a quarry. The other harbour
remains and rock-cut structures on the west and south edges of the western harbour and
now submerged could have been ship-building areas, quays or warehouses.”

According to the latest research, the Glacial Hydro Isostatic Sea Level Rise in this region
was only 0.30 to 0.50 m during the past two millennia (Morhange, 2014). However, the
relative SLR was much different in many places as it includes tectonic movements: in
Apollonia, mainly subsidence.

Quoting Kalliopi Baika (2013) on the Relative Sea Level Change at Apollonia:

“...]- The French team that carried out supplementary investigations at the entrance towers
to the western harbour estimated a difference in sea level of 3.50 m, with a small variation for
the small tides. This evidence was based on indications of lithophaga on the sides of the
fortification towers facing the channel. This level was tested on all features submerged in the
harbour and gave satisfactory results for 90 per cent of them. In addition, in the channel the
surfaces of the walls below the ashlar superstructure are rock-cut, suggesting that they were
once above sea level. The artificial blocking of the channel, which terminates at the same
level as the lithophaga lines, offers additional support for the suggestion of a difference of
3.70-3.80 m since the beginning of the Christian period.”

Quoting Nic Flemming on the_Relative Sea Level Change at Apollonia (personal
communication, 15/11/2014):

“Knowledge of the numerous possible causes of change of local relative sea has increased
greatly since the early days of research at Apollonia in the 1950’s to 80’s. Thus early
observations in the field are generally correct, but the explanations in published articles are
limited by the contemporary knowledge.

Factors which are now known to have influenced the local sea level are:

e Glacial Hydro Isostatic Adjustment (GIA), that is the response of the sea level and the
earth’s crust to the melting of the ice caps at the end of the last glaciation. The most
accurate estimations of this cause of relative sea level change on the Tunisian-Libyan
coast are by Anzidei et al. (2011) and Lambeck & Purcell (2005).

e For tectonic processes see Ambraseys (1984, 1994).

e For an up-to-date analysis of how all the various causes interact, see Tsimplis et al
(2011).
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Estimation of the total net change of relative sea level at different parts of the city of
Apollonia produce different results, and there is no reason to doubt these values. In order of
depth:

o French MAF results: the Lithodomos borings are at -3.0 m-3.8 m in the Christian era.

e Piscina, Fish tank, Flemming (1971): the walk way is at -2.5 m, therefore the sea level
was lower than this in the Roman Empire period, probably around — 2.8 m. The floor
of the slipway on thick deposits of rubble is at -3.0 m, and the solid floor is deeper
than this. (The fish tank is cut into solid rock, as were many piscine all over the
Roman world, so they had no problem in cutting rock below the sea level).

o West island slipways (early period around 600-500 BC): the bottom of slips is at -
2.8 m.

e Grid building: the depth on the harbour end of the grid, not on the masonry, is at -
2.8m.

o Grotto Reef tunnel: the ceiling of tunnel is just awash, so the floor of the tunnel is a bit
shallower than — 2.0 m, and the sea level change must have been more than 2.0 m.

o ‘Quays’: the depth in the neighbourhood of the seaward end of the quays is 2.4 m
(with some, unknown sand thickness on the seabed); and 2.2- 2.3 m depth at
landward end of quays.

Further discussion of the sea level evidence yields:

e If we take the 3.0 m or more from the French data, then the slipways on the west
island are completely high and dry. They would be useless. Since there are small
walls built on top of the slipways, and other walls built on the sea floor in the harbour
basin below the foot of the slipways, this is consistent with a change of level between
500 BC and the time of the Roman Empire.

o The walkway of the Piscina would be dry by about 50 cm with a sea level change of
3.0 m, which seems a bit much, but not impossible. (A sea level of -3.5 m would make
the piscine almost dry!) So, maybe the uplift continued into the Christian era.

e The evidence from these two dates, about 500 BC, and the Empire/Christian period
indicate that the city of Apollonia was uplifted by about 50 cm between these two
dates, possibly more. This must have been due to earthquake activity (tectonic) since
there is no evidence at other archaeological sites for a GIA drop of sea level during
this period.

o During the last 2000 years the city has subsided by a total of about 3.0 m, and this
relative change of level is made up of about 0.30-0.50 m of rising GIA sea level, and
2.5-2.7 m tectonic subsidence.

e The reversal of tectonic direction is quite common. Close to a subduction or normal
fault the ground is dragged one way in a “stick” mode, and then an earthquake allows
the fault to “slip”, and the ground moves the other way.

o [fthese figures are correct, the relative sea level was about 2.5 m lower than at
present in the early years/centuries of the city after its foundation. The bottom of
the slipways was at least 30 cm underwater, and the sea lapped between the ‘quays’.

¢ In the following centuries BC (or AD?) the city was uplifted about 50 cm, and the
slipways and the ‘quays’ became high and dry. The diameter of the inner harbour
contracted, and a secondary group of structures was built on a smaller diameter,
varying from 25-50 m in from the earlier circumference or water-front.

e Finally, during the late Roman Empire, or later (perhaps in a famous
earthquake), the city was submerged by about 3.0-3.5 m.
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Concluding: the dates and events listed above are rough estimates, but it is absolutely
evident that the buildings are adjusted to two different relative sea levels at different dates.
After the uplift phase, the inner harbour basin contracted in radius by about 25-50 m, and
some of the earlier waterfront structures became unusable. The outer harbour would then
have been much more important.”

In any case,
the oldest structures which are now 2 m under water
were initially around 0.5 m above water!
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Maps & pictures:

The ‘quays’ are under the sea, right behind the
columns, Pic. by Misson, 60's
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FiG. 68, Plan of Apollonia Harbour (N, C. Flemming)

Map of Apollonia, showing the underwater ruins
discovered in 1958-59 by N. Flemming’s team.

Dwg. by N.Wood , first published in 1959

The first map was drawn by Nic Flemming on the basis of original drawings by the architect
Nick Wood, a member of the diving team led by Nic Flemming, back in the late fifties. It can
be found in the Geographical Magazine for 1959 and 1960. It was redrawn for publication in
the book “Cities in the Sea” 1971 and we provide a clean HD copy here. It is still considered
as an accurate reference.

‘Nine Quays’:

These ‘quays’ are located in square E9 of Flemming’'s map.

| choose to write ‘quays’ with inverted commas because the initial purpose of these
structures is not agreed by all parties at this time. To put it in a few words, some believe
these structures are quays for loading/unloading small oared battle ships, some believe they
are warehouses. Let’s try to present the available information here.

Quoting Nic Flemming (1971):

“The ‘quays’ are not closely similar to any structure in other harbours, either ancient or
modern, but can only have been used for the berthing of slender ships, either civil or military.
[...] the spacing of the ‘quays’ is only 3.5 m. Whether this is the maximum beam of the
largest vessel, or whether only smaller vessels were berthed at the ‘quays’, is not certain.
The docks between the ‘quays’ are 25 m long, and if the ships were this length they would
have had a length-to-beam ratio of 7:1, which is high for a cargo boat, but very likely for a
fast boat built more to be rowed than to carry a large sail area. From the rough rule that a
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stable rowing boat draws one third of its beam, these boats would have drawn about 1 m.
The top courses of stone on the ‘quays’ are complete in several cases, with the upper
surface only 2 m wide, surprisingly narrow. It would have been impracticable to handle large
cargoes in such a small area, and in any case, the heavy cargo ships of the second century
BC and later had a beam of 10 m, though they were usually only 30 m long. Thus, if the
‘quays’ are of late date, they can only have been used for harbour lighters and local coastal
boats and fishing boats, but if they were of early construction they may have been used for
oar-powered military and light cargo vessels. Possibly both suggestions are partly correct,
and as time went by, the docks which had once been suitable for the mightiest ships afloat
were relegated to the status of a fish market much as the Vieux Port of Marseille is now
restricted to fisherman and pleasure boats, while ocean-going cargo ships dock in the
modern harbour outside.”

Quoting Baika (2013):

“Flemming investigated nine rectangular structures spaced 3.5 m apart and 2 m wide,
identified as ‘quays’. The docks between the ‘quays’ were 25 m long. The ‘quays’ are
constructed of ashlar masonry and the top courses are complete in several cases, with the
upper surface 2 m below the water. If the identification is correct, they are too narrow to
accommodate big commercial ships of any period. According to Flemming, because of their
‘exceptional breadth and solidity, they may have been used as ‘quays’ for small merchant
vessels’. These installations were surveyed recently by the French mission, which concluded
that they are warehouses, and excluded the possibility that they could be used as docks.”

Quoting Sintes (early 2014), diver, member of the Mission Archéologique Frangaise (MAF):
“Pour les structures dont vous parlez, effectivement, la mission Laronde avait repris a
l'origine I'hypothese de N. Flemming, ce qui nous a amené a écrire et a parler de "docks" ou
de "darses" dans les premieres publications. Mais depuis, nos plongées ont prouvé que ces
murs sont posés sur le sol rocheux et qu'il n'y a aucun espace entre eux permettant
d'accréditer I'hypothese de darses en eau pour petit bateaux. Cela a été vu a la suite de
dégagements a la suceuse et seuls 30 a 50 centimétres de vases et sédiments se trouvent
au-dessus de ce socle rocheux, présent absolument partout, en tres légere pente douce de
la mer vers la rive. C'est donc de magasins, ou de stockage particuliers (méats ? barques
tirées a terre ?) dont nous parlons maintenant.”

This last statement was confirmed by Claude Sintés (personal communication, 24/10/2014):
two trenches were dredged with an airlift (underwater vacuum cleaner) across all of the nine
docks; one trench was close to the tip of the ‘quays’ and the other was closer to the shore;
both trenches were dredged to reach the bedrock level. The result was that the sand layer
thickness that could be removed was never more than a few decimetres; it was found also
that the bedrock was gently sloping from the shore down to the tip of the ‘quays’ by no more
than 0.50 m over a distance of about 20 to 25 m.

But if warehouses existed at this place, where are the remains of their roofs (tiles) and of
their side walls?
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We should note also that according to
William Murray (personal communication

10/4/2014):

“quays that are exposed to waves tend to
use headers rather than stretchers for the
walls exposed to sea action. A long
rectangular structure with nothing but
headers in the foundation courses would
seem to indicate you had a quay instead of
a warehouse. [...] Your structures seem to
have been built in quieter water and thus
could have used stretchers.”

The pictures below show some details of the 'quays' which are numbered from 1 to 10
starting on the west side. Hence, 'quays' 2 to 9 are free standing, while 'quay' 1 and 'quay' 10
are leaning against land. It is noteworthy that no back wall was found, i.e., the docks
between the 'quays' end on the beach.
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Between ‘quay’ 2 (right) & 3 (left), the dock is heavily
sanded up and blocks from the top perimeter layer
have fallen off.

Pic. looking south, by Misson, 1965

Layout of a typical ‘quay’,
Sketch by Misson, 2014

Tip of ‘quay’ 2. Scale stick with 20 cm sections.
Pic. from inside dock 2, by Misson, 1965
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Tip of ‘quay’ 2. In the background: ‘quay’ 3 & ‘quay’ 4
(barely visible). Pic. by Misson. 1965

Tip of ‘quay’ 2. Pic. by Misson, 2012
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Inside of ‘quay’ 4 about halfway through its length
The inside of ‘quay’ 4 looks empty because the (light)
backfill has been swept away or has disintegrated;
the bedrock is not visible and as much as 3 layers of
superimposed blocks can be seen (each circa 18-20
cm thick).

Pic. looking south, by Misson, 2012

Inside of ‘quay’ 4, closer to shore, the series of heavy
slabs can be seen in the background, top blocks of
‘quay’ are still in original position on the right, those on
the left have fallen off, the heavy slabs in the centre
are found on all ‘quays’, but only along circa 40% of
their length, from the shore side.

Pic. looking south, by Misson, 2012

External side of a ‘quay’ (from inside a dock) after the
winter storms had had a de-silting effect, the bedrock
is not yet visible but 4 layers of blocks are visible, the
total height of this ‘quay’ above the bedrock would be
4 x18 to 20 cm =72 to 80 cm.

Pic. by Misson, 1965
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Interpretation by JP Misson

“In Libya, at the time, there were practically no roads inland: the communications were
mainly by sea with the major settlements located along the coast. The Libyan coast is rather
unprotected: practically no island where to shelter and several stretches of rocky shore
where the beaching of a fragile galley is impossible. The oared vessels that were used for
the task had to be slim and light to be fast. This was the only way to cover the non-beachable
stretches of coast on a day's duration. It was extremely rare for galleys to navigate after
sunset. The galleys were undecked and had a very small draught when empty of their crew.
This is what allowed their crews to beach them when needed and where possible.

In the Inner Harbour of Apollonia, the simultaneous beaching or launching of several galleys
(especially in windy conditions) would not have been easy. The ‘quays’ may have been built
for the dockers in charge of hauling the galleys in and out of the water to stand on a hard
surface (not in sand) and for crews to embark and disembark in an orderly way. If the ‘quays’
were only needed for the crews to walk on firm ground the ‘quays’ could have been just
awash (flush with sea level). If the ships were galleys with practically no cargo except crew,
food and water; all easy loading and unloading: no need for a particularly ‘dry’ quay. In any
case (prior to the subsidence) the inner harbour must have been a calm water area, much
better protected from the open sea than today.

The ‘quays’ were used as mere ‘walkways’ to enable the people in charge of manoeuvring
the galleys to work under dry conditions and for the crew to board or disembark at ease.
Executing the launching or beaching operations with people breast-deep in the water would
have required a lot more people if not been altogether impossible when several crafts had to
be handled simultaneously. The galleys were moved from/into the water to/from the dry land
behind. This was the practice in those times for the small and light galleys. Galleys of this
size (20-30 m) could be beached by their only crew, during a voyage (where beach slope
made it possible) to rest and resupply. With the ‘quays’ in Apollonia these operations were
made easier and faster. Assuming that there were many more galleys on the beach behind
the docks, the simultaneous launching or beaching of 9 galleys at a time must have been
possible at Apollonia. The galleys were probably kept in-between the ‘quays’ for a limited
amount of time: beaching or launching operations with corresponding unloading or loading.
They were probably never ‘berthed’ there. Without a back wall, the galleys could be hauled
on the beach, to be parked somewhere on the terrain south of the ‘quays’. The ‘quays’ could
therefore be called ‘hauling quays’.

The docks in-between the ‘quays’ must have therefore been a good 70 to 80 cm deep.
Galleys 20-30m in length would surely have been easily floated and handled in these docks
as their draught was very limited, surely much less than one meter.

Moreover, it would not have mattered had the keel of the galleys touched the seabed in the
docks even halfway through their length: there would have been sufficient ‘quay’ length on
each side to conduct any operation such as hauling, loading and unloading of the vessels.
With a depth of as little as 50 cm at shore end, the docks would have been useable.

As for the top layer on the perimeter of the ‘quays’, seemingly above the level of the heavy
slabs at the root of each quay: it could well be a raising of the structures after it appeared
that the bedrock on which they were standing had started to subside. The space between the
additional layer of blocks might have been simply backfilled on top of the initial slabs, and
this backfill vanished with later wave action.”
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A Greek triaconter (2 x 15 rowers) was around 20 m long with a 3 m beam and had a draught around 0.5 m
(Casson, 1995). It could thus fit the 3.5 m docks between the Apollonia ‘quays’. It could be unloaded quickly and
then be hauled on the beach further south where room was available for many ships.

This interpretation by Jean-Pierre Misson makes good sense from a pragmatic point of view,
but it is hypothetical and would obviously need to be confirmed by more field investigations,
as ...

Such an arrangement is unheard of in any other ancient port.

.. or do we have a similar construction at Punta Sottile, near Trieste??
(see: http://www2.units.it/adriatic/files/Terre%20di%20mare%202012.pdf , p 138)

For further information on beaching ancient ships, see Gregg Votruba, 2017, “Did Vessels
Beach in the Ancient Mediterranean? An assessment of the textual and visual evidence”,
The Mariner’s Mirror, Vol 103:1, (p 7-29).
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Knucklebones on a lead anchor stock:
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Let’s quote Harry R. Neilson’s abstract of a paper about “Aphrodite (Venus) Euploia on
Greek and Roman lead anchor stocks” (2009):

“To date, over one thousand Greek and Roman lead anchor stocks have come to light from
the depths of the Mediterranean Sea. Of these, over one hundred are decorated with reliefs.
The majority of these decorations comprise symbols relating to Aphrodite (Venus) Euploia.
The presence of these symbols demonstrates a close connection with the sea-going
manifestation of the goddess whom ancient mariners venerated as a protectress of
navigation. An anchor stock recently discovered off western Sicily displays the epithet,
Eiinkotu. Four stocks display dolphins and sea shells, well-known attributes relating to
Aphrodite’s birth from the sea. Most significantly, over seventy stocks display images of
astralogoi (knucklebones) which relate to the high scoring “Venus throw” in the game of
chance popular in antiquity.

Through an analysis of the inscription, the attributes, and the astralogoi, this paper illustrates
that, in addition to her general association with ships and ports, mariners specifically relied
upon Aphrodite Euploia while anchoring. The large number of anchor stocks with astralogoi
reveals the superstitious nature of sailors who equated the precarious manoeuvre of
dropping and setting the anchor with a “dice throw,” betting that Aphrodite Euploia would
guide the anchor to security and hold the ship fast.

Furthermore, that Greek and Roman ships carried on board as many as eleven anchors is a
testament to how ancient mariners attempted to beat the odds while anchoring.”

Lead anchor stock in situ in Apollonia. Astralogoi on the Apollonia anchor stock.
Pic. by Misson, 1967 Pic. by Misson, 1967
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2.5 BOSPHORUS

67 ancient ports have so far been identified on both sides of the Bosphorus (see Vol. |, “The
Catalogue”), but our aim in this section is to study the process of infilling of the Black Sea
that took place around 8400 “C years BP (possibly around 6800 calendar years BC)
(Wikipedia).

Zekeriyak

BahcekoyiMerkez .

100 km ¢

The Bosphorus with 67 ancient ‘port.

The Bosphorus is the northern part of the connection between the Mediterranean Sea and
the Black Sea. It consists of a canyon 31 km long and around 3000 m wide at both
entrances, but its narrowest section is only 700 m wide. One might distinguish a narrow part
24 km long and around 1 km wide between Dolmabatce Palace near Istanbul and Yavuz
Sultan Selim bridge at the northern end, even if that is quite a rough schematisation. The
water depth varies between 13 and 110 m. As a matter of fact, the whole stream behaves
much like a river with several curves and lateral deep and shallow areas. The bottom
consists of alluvial sediment over a thickness ranging from 10 to 100 m on top of a bedrock
basement?.

Considerable volumes of water are exchanged through the Bosphorus between both
adjacent seas. Inflow of salty water from the Mediterranean Sea into Black Sea (ca. 11 000
m?3/s or 350 km?/year) flows underneath a less salty water outflow from the Black Sea into the
Mediterranean Sea (ca. 16 000 m3/s or 500 km?/year). As can be expected, the outflow

3 ALGAN, 0., et al., 2001, “Stratigraphy of the sediment infill in Bosphorus Strait: water exchange between the
Black and Mediterranean Seas during the last glacial-Holocene”, Geo-Marine Letters 20(4), (p 209-218).
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equals the inflow + discharge of rivers (Danube, Dnieper, Don) + rainfall - evaporation. The
figures given above are obviously averaged*.

It is accepted that the Black Sea was once a fresh-water lake disconnected from the
Mediterranean Sea by a sediment sill in the Bosphorus located around -36 m below present
sea level (deepest spot of the shallowest cross-section in the present Bosphorus, located in
front of Dolmabahce Palace).
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Bosphorus sill gradually overflowed by global Sea Level Rise in the Mediterranean Sea
(Gokasan, et al. 20055)

This configuration existed until around 7000 BC when, due to global eustatic Sea Level Rise
(SLR), Mediterranean water started to flow over the sediment sill into the Bosphorus and
Black Sea-lake. The somewhat controversial questions are: how deep was the lake water
level at that time, and how fast did the water level rise? Even if the lake water level was
much deeper than the Bosphorus sill, e.g., -80 to -100 m acc. to Yanchilina (2017)¢, flooding
must have been rather progressive because, at that time, global SLR was around

14 mm/year (see section on “Sea Level Rise”) ... unless the sill in the Bosphorus collapsed,
or was massively eroded.

In any case, scholars agree on the fact that after reconnection with the Mediterranean Sea,
the Black Sea water level more or less followed the global eustatic SLR. This means that

4 GREGG, M., & Ozsoy, E., 2002, “Flow, water mass changes, and hydraulics in the Bosphorus”, J. Geophys. Res.,
Vol. 107, DOI 10.1029/2000JC000485, (23 p).

Note that today's salinity of deep Black Sea waters (below 200 m depth) is still no more than 22 psu compared
to 34 psu for Med waters (psu: Practical Salinity Unit, or g/kg). This means that some mixing between fresh
surface waters and deeper waters occurs, yielding a stable 22 psu deep salinity and 17 psu surface salinity.
Caricaturing, it is not 0 psu at the surface and 34 psu at the bottom, but resp. 17 and 22.

5 GOKASAN, E., et al., 2005, “Evidence and implications of massive erosion along the Strait of Istanbul
(Bosphorus)”, Geo-Mar. Lett. 25, (p 324—-342), DOI 10.1007/s00367-005-0216-3.

6 YANCHILINA, A., et al., 2017, “Compilation of geophysical, geochronological, and geochemical evidence
indicates a rapid Mediterranean-derived submergence of the Black Sea's shelf and subsequent substantial
salinification in the early Holocene”, Marine Geology, 383 (2017), (p 14-34).

See also a nice summary of this controversy by:

YANKO-HOMBACH, V., et al., 2011, “Was the Black Sea Catastrophically Flooded during the Holocene? -
geological evidence and archaeological impacts”, in “Submerged Prehistory”, ed. J. Benjamin, et al., Oxford
Books, 2011, (p 245-262), concluding that "there is no underwater archaeological evidence to support any
catastrophic submergence of prehistoric Black Sea settlements during the Late Pleistocene or Early Holocene
intervals".
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Neolithic and Bronze Age settlements were not affected by the controversy about the Black
Sea water levels, i.e., Neolithic settlements dated around 6000-3000 BC might be found at
less than 15 m depth below the present sea level.

Let’s get back to the question of how fast the Black Sea water level rose by means of some
hydraulic computations with a time-step of one year. We have a formula for the water
discharge over a sill as a function of the upstream water level (WL). With this, we can
compute the flow velocity inside the schematised Bosphorus. With this velocity, we can
compute the volume of sediment transported by the flow as a function of the sediment grain-
size. This leads to a rate of erosion of the bottom of the Bosphorus. This in turn gives a new
bottom position for the computations to be done for the next year, and so on, until the water
level in the Black Sea reaches the Global WL. Obviously, this is a simple approach with
rough schematisations and several assumptions for which we will have to perform a
sensitivity analysis. However, this approach will show the hydrodynamics and may give an
order of magnitude of the water level rising speed in the Black Sea.

Computation details:

Computations were performed on a simple Excel spreadsheet, with one year per line. The
input parameters are:

o Sill crest-level at the beginning of overflowing (set to -36 m below present sea level),

o Water level in the Black Sea at the beginning of overflowing (set to -90 m below
present sea level),

¢ Rate of Global Sea Level Rise (set to 14 mm/year),
Sediment grain-size on the crest of the sill and the bottom of the Bosphorus (Dsqo,
median diameter, set to 20 mm),

¢ Density of sediment grain-size on the crest of the sill and the bottom of the Bosphorus
(Delta, set to 1.65, as for common stone),

o Bosphorus schematised to a prismatic section (width of 1 km, length of 24 km).

The upstream water level at the sill is the Global WL which starts to overflow the sill in year
1. The initial discharge is obviously very small as the water sheet on top of the sill is only 14
mm. Therefore, the flow velocity inside the Bosphorus is too small to induce any erosion. But
after a number of years, erosion starts, and processes accelerate drastically, e.g., the water
sheet on the crest of the sill reaches several meters. After some more years, the water level
in the Black Sea reaches the Global WL and the infilling process terminates.

Formulation’:
H: water depth on sill: WL at sill — sill-level (including erosion of previous year) (m)
Q: discharge over sill with sill formula: Q =1.5b H'® withQ=V b (m%s)
V: flow velocity on sill (m/s)
b: constant sill width and Bosphorus width (m)
C: Chézy friction coefficient: C = 18 Log (12 H/Dsy)  (m'?/s)
i slope of water surface deduced from Chézy formula: i = (V/C)H (-)
Vo: flow velocity at initiation of movement of sediment with Dso and Delta:
Vo = 0.2 C sqrt(Delta Dsg) (m/s)

Delta : relative density of sediment (e.g., 1.65 for granite) (-)

7 All hydraulic formulae used in this section are well known to river hydraulicians, the Meyer-Peter sediment
discharge formula is to be found in:

COUVERT, B., et al., 1999, “La gestion des rivieres, Transport solide et atterrissements”, Les études des agences
de I'eau, N° 65.
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Dso: median diameter of sediment (m)

Qo: discharge at initiation of sediment movement: =Vob H (m?s)

Qs: sediment discharge acc. to Meyer-Peter formula: Qs = 0.91 i"%[1 - (Qo/Q)*¥] Q  (m¥/s)
Erosion: yearly eroded layer in schematised Bosphorus (m/year)

Yearly discharge of water over sill  (km®/year)

Cumulated volume of infill water  (km® = 1000 Million m?®)

Cumulated volume of erosion  (Million m?)

Computation results:

As explained above, the Global WL increases each year and so does the discharge over the
sill. After some time (around one century), erosion of the crest of the sill and of the bottom of
the Bosphorus starts. This accelerates the processes and after some more time (another
century), the Black Sea water level reaches the Global WL.

Black Sea infill
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Black Sea water level during infill process.

With the parameter settings given above, the detailed computation results are as follows:

¢ No erosion occurs during the first 128 years.
e The Black Sea is completely filled when its WL reaches the Global WL of that time,
that is after: 232 years, with sediment Dsg = 20 mm.
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e At that time, cumulated erosion in the Bosphorus is: 218 Mm?, which is close to the
200 Mm?3 estimated by Gokasan et al. (2005) and Lericolais et al. (2019)2.

e The infill process is thus quite progressive: The Black Sea WL rising speed is never
larger than 1 m/year. Hence, no catastrophic deluge.

These results are valid for the above-mentioned parameter settings only. Some of the
parameter values are rather uncertain and it is therefore required to check the sensitivity to
parameter variations.

Sensitivity analysis

Parameters Results
BS WL = Cumulated BS WL rising

Sediment Sediment Sill width Bosphorus Global erosion speed
Dso (mm) Delta (m) length (km) | WL after: (y) Mm?3 (mly)
20 1.65 1000 24 232 218 0.63

5 " " " 225 701 0.66

25 " " " 234 119 0.63

20 1.65 1000 24 232 218 0.63

" 1.5 " " 231 292 0.64

20 1.65 1000 24 232 218 0.63

" " 750 " 260 277 0.57

" " 500 " 305 358 0.50

20 1.65 1000 24 232 218 0.63

" " " 11 227 235 0.70

" " " 30 233 217 0.63

¢ Reducing sediment Dsg leads to a large increase of the eroded volume and it would
be really useful to find more information on the sediment characteristics on the
bottom of the Bosphorus,

¢ Reducing sediment Delta (e.g., changing from granite to limestone) leads to an
increased eroded volume,

e Reducing the Bosphorus width leads to an increased eroded volume,

¢ Changing the Bosphorus length leads to small changes in results.

Conclusion:

This simple hydraulic computation with a sill at -36 m shows that a 14 mm/year global sea
level rise would induce a rise of the Black Sea level (from -90 m to -36 m) within around 200-
300 years, inducing a gradually increasing water level rise in the Black Sea never exceeding
1 m/year. This is fast, but it is not a catastrophic flood. The « deluge hypothesis » could
therefore only be explained by a sudden collapse of (a part of) the Bosphorus sill, perhaps
during an earthquake, but there is no archaeological evidence (yet) for this.

8 LERICOLAIS G, at al., 2019, “Overview of the Bosphorus Depositional Fan from Data Sets Recovered on the
Black Sea Shelf off the Strait of Istanbul”. Int J Environ Sci Nat Res. 2019; 17(1): 555959, DOI:
10.19080/1JESNR.2019.17.555959. 016.
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2.6 CAESAREA MARITIMA

Caesarea Maritima, or Sebastos in Greek, features one of the most extensive ancient port
ruins still visible today. It was built by King Herod between 21 and 10 BC, more than half a
century before Rome’s Portus, but later than Agrippa’s naval base of Portus lulius, near
Pozzuoli, in 37 BC. It features the most advanced Roman building technigues ever found by
archaeology for coastal structures.

Excavations have been conducted on land and under water for several decades at the end of
the 20™ c. and much has been said on this famous ancient port. Too much perhaps, and it
may be useful here to list a few synthetic publications:

o NAVIS Il, 2002, providing a synthetic description of the port structures,
¢ Raban, 2009, providing a complete description of the port structures,
e Raban, 1996, on the inner harbour,

e Oleson et al., 2014, Romacons Project on Roman concrete blocks,

e Galili et al., 2021, on subsidence of the port structures.
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Figure 5.69. A suggested sketch plan of Sebastos at its final phase of construction (A. Raban, Caesarea Project)

Hypothetical layout of Sebastos harbour (adapted from Raban, 2009, p 121).
Three harbour areas are usually distinguished:
¢ Inner harbour, eastern basin, now inland, probable location of the pre-Herodian
Stratonos Pyrgos limen kleistos closable harbour.

¢ Middle harbour, central basin, intermediate basin, built by Herod, with possible
shipsheds (“Neorion”) and flushing canals (“FC”), also used by crusaders, and still
partly used today by small boats sheltering north of the southern breakwater.

e Outer harbour, western basin, main basin, built by Herod, now submerged, with a
30-50 m wide (closable?) entrance and a probable lighthouse (Drusion).

For the sake of simplicity, let's assume that the eustatic sea level change was no more than
0.5 m since Roman times (Yasur-Landau, 2021).

We shall not go into a detailed description of the harbours here, as this can be found in the
references mentioned above. We would like to select a few aspects that need further
explanation and present a few sketches of the breakwater structure.
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2.6.1 Prokumia (outer breakwater)

The cross section below is adapted from Raban (2009, p 96) in order to include some
measures which are obviously quite approximate. The outer breakwater “BW” was excavated
in area E on the southern breakwater and the inner quay was excavated in area C at the
northern part of the western breakwater (see harbour layout above). This cross-section is
therefore a hypothetical reconstruction of the whole western and southern breakwater
structure.

Present MSL

Bee——
o3 a2 o2
-5/-6 m (area E) S5 2’,{ 2% gt -5/-6m (area C)
Oy -
g Bl
E=
sand —
BW N == P
RGER TR ——
| 20-30m | 5m | ca.20m |

Cross-section of the main breakwater (adapted from Raban, 2009:96).

All vertical levels are related to the present Mean Sea Level (MSL). It is usually said that
subsidence of the whole outer harbour amounts to 5-6 m since Roman times.

The ancient seabed was found in several places in the outer harbour at ca. -8.5 m below
present MSL, and the top of the inner quay wall at was around -6 m. The centre line (“spinal
line”) of the western breakwater was found to consist of large concrete blocks. Oleson (2014)
measured them to be 4.7 x 3.6 m and 1.7 m high, near area E, but they seem to be present
over a distance of 165 m between areas A-B and C. These blocks were placed one to
several meters from each other, with rubble placed in-between them and as shoulders on
both sides of them. The area between the spinal line and the quay wall was filled with sand
and covered by large ashlar slabs (1.8 x 0.7 x 0.6 m).

On the sea side of the spinal line, an outer breakwater (“BW”) was found at 20-30 m of the
main breakwater, possibly corresponding to the “prokumia” (wave breaker) mentioned by
Josephus Flavius (Jewish War, 1, 21 (or 412) & Jewish Antiquities, 15, 9 (or 334)). The
excavators found its crest at around -5 m below present MSL and its total height was
estimated to 2-3 m, which leads to its base being located around the same -8.5 m as for the
inner quay wall.

In addition, the excavators found one “large concrete block” in area E and conjectured that it
may have been part of the prokumia which would thus be a dashed line made of concrete
blocks with rubble in-between and running over the whole sea side length of the western and
southern breakwaters (Raban, 2009, p 104).

Let’s now raise this structure by ca. 6 m and consider it with modern engineering eyes.

It may be said first that the concept of a double-line breakwater is used quite seldomly today
because of its cost. It may be justified in cases where a low crested structure providing an
open view to the sea is required in an area with a severe wave climate. It was recently used
at the Beirut Central District land reclamation with an outer breakwater consisting of a wide
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rubble berm and a main breakwater consisting of vertical concrete wave-absorbing caissons.
Modern engineers use the concept of design wave to design breakwaters and other maritime
structures. The design wave in Beirut and on a large part of the Levantine coasts is Hs =9 m
(“Significant wave height” of a “one in hundred years” storm) which is among the highest in
the Mediterranean Sea. These large storms come from the west and NW. Fortunately, when
travelling from offshore to the coast, such large waves break when reaching shallow waters
and it may be accepted that no wave larger than ca. 5 m would reach the outer breakwater
which was located on a ca. 8.5 m water depth and slightly emerging above the Roman sea
level. Storms with Hs = 5 m occur once a year, as an average, in the Levantine area.
Depending on the stone size, breakwater failure would occur during these repeated storms
and the rubble mound breakwater would flatten out on the seabed, but the concrete blocks
would resist, except for scouring and undermining.

2.6.2 Subsidence in the outer harbour

The top of five large Roman concrete blocks on the western breakwater (area K) is now at -
2.5t0 -3.5 m below the present Mean Sea Level (MSL) (Oleson, 2014, p 275-279). The
“sunken floor” (Raban’s area F) on the SE side of the outer port, 50 m west of the head of the
modern southern breakwater, is now at 5 m below MSL (Raban, 2009, p 110). If these levels
were raised 6 m, the sunken floor would be at +1 m in ancient times and the breakwaters
would culminate at +3 m, which both make good sense, respectively as a harbour platform
and as a harbour protection structure. Similarly, in the middle harbour, a quay wall is now at -
0.6 m below MSL (“LW” in Raban, 2009, p 193) and should be raised about 1 m to be
operational. These observations led many scholars to assume tectonic movement (in
addition to limited 0.50 m eustatic sea level rise) that would rely upon a north-south fault that
would be located on the limit between the middle harbour and the outer harbour (Raban,
2009, p 198).

This is challenged by Galili (2021) who provides several other possible explanations for such
a subsidence and argues against any tectonic movement of the Caesarea coast.

It has been shown in our section on “Subsidence” that wave-induced local scour of the
sandy bed in front of the main breakwater would undermine the offshore toe of the main
breakwater rubble and large concrete blocks, possibly causing some tumbling of the large
concrete blocks towards the sea, but not a uniform subsidence of the whole structure.

A 40-cm thick layer of rounded cobbles (up to 35 cm diameter) was found underneath one
large concrete block of the Caesarea western breakwater (Raban’s area CO, close to his
area U, Votruba, 2007 and Oleson, 2014, p 79). This foundation layer is supposed to avoid
piping and undermining, but it does not respect modern requirements for granular filters
and would allow a strong flow within the layer. However, in this specific case of Caesarea,
this flow is considerably reduced by the presence of the ca. 20 m stretch of sand filling
between the large concrete blocks and the inner quay wall. Hence, undermining of the whole
structure is not possible in this case.

Repeated storms have been put forward as a possible explanation for the breakwater
subsidence due to wave-induced liquefaction. As explained in our section on “Subsidence”
this would induce a larger subsidence at the outer side than at the inner side of the
breakwater and tumbling of large concrete blocks towards the offshore side would be
observed rather than a uniform vertical subsidence.
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Other explanations include earthquakes inducing tsunamis and/or liquefaction of the sandy
seabed of the whole outer harbour. Many earthquakes were felt in Antioch, Cyprus, Egypt
and other places in the Levant (around 25 are known in the first 500 years AD) and may
have affected Caesarea (Goodman-Tchernov, 2015).

It is acknowledged that not every tsunami is a devastating monster with a massive hydraulic
power of destruction like the ones we have witnessed around the world in the 215t century,
but the 365 AD tsunami might be one of them. It is also acknowledged that not every
earthquake will induce a tsunami, but it might be accepted that out of the 25 earthquakes
mentioned above, several (5-107) tsunamis may have reached Caesarea during that period.
At least four are known from ancient authors: one in 115 AD, one in 551 AD, one in 749 AD
and another in 881 AD. However, smaller tsunamis may have occurred without leaving any
trace in ancient literature, but adding to the gradual breakwater destruction.

Tsunamis would possibly push large blocks of Roman concrete placed on top of the
breakwater into the port, rather than generating a uniform vertical subsidence.

Another possible explanation for subsidence of the western and southern breakwaters might
be found in compaction of the sub-soil underneath these structures, because the initial
seabed consisted of loosely packed sand provided by longshore transport of Nilotic sediment
(2viely, 2007). Furthermore, vibrations due to wave action and to seismic action, induced
additional compaction of the sub-soil. Depending on the thickness of the sand layer,
compaction could possibly amount to a few meters.

In addition, consolidation might occur if a layer of clayey materials was found underneath
the surface layer of sand. Depending on the thickness of that layer, consolidation could
possibly add a few more meters of subsidence.

Obviously, more detailed geotechnical data is badly missed here (Shtienberg, 2016 for
Hadera, Galili, 1993 for Atlit-Yam).

Earthquake-generated liquefaction as explained in our section on “Subsidence”, would be
a convenient explanation as it is likely to affect a large area covered with cohesionless water-
saturated sand in the outer harbour, and liquefaction would not affect the rocky seabed of the
middle harbour. Longshore transport of Nilotic sediment provides this kind of liquefiable sand
in the nearshore area down to a water depth of ca. 10 m (Zviely, 2007).

At the end of this overview, it can be seen that local phenomena (local scour, piping and
undermining, local liquefaction, and even tsunamis) may have initiated limited destruction of
port structures, but do not suffice to explain the observed overall subsidence of the
breakwaters in the outer harbour. Only larger-scale phenomena like tectonic movement or
earthquake-generated liquefaction and compaction/consolidation might provide an adequate
explanation.
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Schematic options for subsidence of the Caesarea main breakwater.

With an assumed tectonic subsidence of 6 m, the outer harbour structures would have been
built on a 2.5 m water depth and the western breakwater would be ca. 6 m high from its
foundation at -2.5 m to its crest at say +3.5 m. The remains of this are still visible under water
today.

With a subsidence due to liquefaction and without any tectonic subsidence, the outer harbour
structures would have been built on an 8.5 m water depth and the western breakwater would
be ca. 12 m high from its foundation at -8.5 m to its crest at say +3.5 m. The remains of only
the top of this structure would be still visible under water today, and a further 6 m of the
structure would be buried in the sub-soil underneath.

The second option would be an unprecedented large marine structure in its time, but it would
be closer to Josephus Flavius’ descriptions mentioning a water depth of 20 fathoms (36 m).
Even if this value is probably exaggerated, it surely means “deep water”, i.e., more than the
2.5 m water depth of the first option.

According to geologists and to Galili (2021), the tectonic subsidence option is out of the
qguestion in this area.

Hence, the earthquake-generated liquefaction option, possibly combined
with long-term compaction and consolidation,
is the only option remaining at this stage.

Further geotechnical study by means of corings might yield some new insights.
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Ancient references

The following ancient authors mention the port of Caesarea (in chronological order):
ZENON's papyri (259-255 BC)

ANONYMOUS (215t ¢. BC), Stadiasmus, 272

STRABO (ca. 65 BD — 25 AD), Geogr, 16, 2

LUKE (1%t c. AD), Acts, 18.22 & 21.8
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JOSEPHUS FLAVIUS (37-100 AD), Jewish War, 1, 21 & Jewish Antiquities, 2, 2 & 15, 9
PROCOPIUS (ca. 500-560 AD), Anastasius, 19

2.6.4 Descriptions by Josephus Flavius

Jewish War, 1, 21 (or 410), dated around 78 AD
(transl. W. Whiston, 1737, London)

[...] for the case was this, that all the sea shore between Dora and Joppa, in the middle
between which this city is situated, had no good haven, insomuch that every one that sailed
from Phenicia for Egypt was obliged to lie in the stormy sea, by reason of the south winds
that threatened them; which wind, if it blew but a little fresh, such vast waves are raised, and
dash upon the rocks, that upon their retreat the sea is in a great ferment for a long way. But
the king, by the expenses he was at, and the liberal disposal of them, overcame nature, and
built a haven larger than was the Piraeus [at Athens]; and in the inner retirements of the
water, he built other deep stations [for the ships also].

Now although the place where he built was greatly opposite to his purposes, yet did he so
fully struggle with that difficulty, that the firmness of his building could not easily be
conquered by the sea; and the beauty and ornament of the works were such, as though he
had not had any difficulty in the operation: for when he had measured out as large a space
as we have before mentioned, he let down stones into twenty fathom water, the greatest part
of which were fifty feet in length, and nine in depth, and ten in breadth, and some still larger.
But when the haven was filled up to that depth, he enlarged that wall which was thus already
extant above the sea, till it was two hundred feet wide; one hundred, of which had buildings
before it, in order to break the force of the waves, whence it was called Procumatia, or the
first breaker of the waves; but the rest of the space was under a stone wall that ran round it.
On this wall were very large towers, the principal and most beautiful of which was called
Drusium from Drusus, who was son-in-law to Caesar.

There were also a great number of arches where the mariners dwelt; and all the places
before them round about was a large valley, or walk, for a quay [or landing place] to those
that came on shore; but the entrance was on the north, because the north wind was there the
gentlest of all the winds. At the mouth of the haven were on each side three great Colossi,
supported by pillars, where those Colossi that are on your left hand, as you sail into the port,
are supported by a solid tower, but those on the right hand are supported by two upright
stones joined together, which stones were larger than that tower which was on the other side
of the entrance.

Jewish Antiquities, 15, 9 (or 331), dated around 93-94 AD
(transl. W. Whiston, 1737, London)

[...] and what was the greatest and most laborious work of all, he adorned it with a haven,
that was always free from the waves of the sea. Its largeness was not less than the Piraeus
[at Athens:] and had towards the city a double station for the ships. It was of excellent
workmanship; and this was the more remarkable for its being built in a place that of itself was
not suitable to such noble structures, but was to be brought to perfection by materials from
other places, and at very great expenses. This city is situated in Phenicia; in the passage by
sea to Egypt; between Joppa and Dora: which are lesser maritime cities, and not fit for
havens; on account of the impetuous south winds that beat upon them: which rolling the
sands that come from the sea against the shores, do not admit of ships lying in their station:
but the merchants are generally there forced to ride at their anchors in the sea itself. So,
Herod endeavoured to rectify this inconvenience: and laid out such a compass toward the
land, as might be sufficient for a haven, wherein the great ships might lie in safety. And this
he effected by letting down vast stones of above fifty foot in length; not less than eighteen in
breadth, and nine in depth, into twenty fathoms deep: and as some were lesser, so were
others bigger than those dimensions. This mole which he built by the sea side was two
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hundred foot wide: the half of which was opposed to the current of the waves, so as to keep
off those waves which were to break upon them: and so was called Procymatia, or the first
breaker of the waves: but the other half had upon it a wall, with several towers: the largest of
which was named Drusus: and was a work of very great excellence, and had its name from
Drusus, the son-in-law of Cesar, who died young. There were also a great number of arches
where the mariners dwelt. There was also before them a quay, [or landing place,] which ran
round the entire haven, and was a most agreeable walk to such as had a mind to that
exercise. But the entrance or mouth of the port was made on the north quarter: on which side
was the stillest of the winds of all in this place: And the basis of the whole circuit on the left
hand, as you enter the port, supported a round turret; which was made very strong, in order
to resist the greatest waves, while on the right hand, as you enter, stood two vast stones,
and those each of them larger than the turret, which were over-against them. These stood
upright, and were joined together.
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2.7 CARTHAGE

Cicero (Agraria, Rullus, 2) wrote “Carthago succincta portibus” (Carthage surrounded by
ports), which denotes a fairly complicated configuration®. Moreover, we are dealing with 1500
years of evolution (from ca. 800 BC to ca. 700 AD), mostly under the present soil and water
levels ... Our aim is to provide some synthetic information, with a few hypotheses and
conjectures.

Carthage’s peninsula in Roman times, showing the rectanglar port,' the circular port ad he eatern shore
(view to north, the eastern tip of the peninsula is today’s Sidi Bou Said) (painting by Jean-Claude Golvin).
Note that sand is provided to the isthmus by R Medjerda to the north and R Miliane to the south.

Most of what we know today on the Roman ports of Carthage was summarised by Henry
Hurst (2010)'°. One might schematise Carthage’s port system by distinguishing three main
port areas:

1. Rectangular commercial port, in Salammbd area near the Phoenician Tophet,

2. Circular military port (the Cothon), with the famous circular “ilét de I'Amirauté”,

3. Eastern shore area between “de Roquefeuil’s Quadrilateral” (north) and “Falbe’s
Quadrilateral” (south).

Both first mentioned ports were located inside the city walls and closed by a chain (limen
kleistos), and the third was located on the water edge outside the city-walls.

9 ENNABLI, A., 2020, “Carthage. Les travaux et les jours — Recherches et découvertes, 1831-2016”, CNRS
Editions. See also https://en.wikipedia.org/wiki/Carthage

AOUNALLAH, S., 2020, "Carthage, Archéologie et histoire d'une métropole méditerranéenne, 814 avant J.-C. -
1270 aprés J.-C.", CNRS Editions, (220 p).

10 HURST, H., 2010, “Understanding Carthage as a Roman Port”, Bollettino di Archeologia on line | 2010/
Volume speciale B/B7/6, (p 49-68).
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Fig. 4 — Plan of coastal part of Roman Carthage from the Antonine Baths southwards. Bordj Djedid lies
immediately outside the plan to the NE. Drawn by Lacey Wallace after YORKE and LITTLE 1975, figs. 4 and 8,
RakoB 1991, beilage 36, and HURST 1999, fig. 2.

Port area between “de Roquefeuil’s Quadrilateral” (north, at modern helipad of Borj Jedid) and “Falbe’s

Ancient Ports & Harbours - Copyright A. de Graauw © 2024

Quadrilateral” (south, near Salammbd), showing the three port areas (picture, H. Hurst, 2010).
Note that de Roquefeuil’s Quadrilateral may not be ancient and that we have no evidence of a port
at or underneath the Antonine baths.
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Fig. 12 — The coastal area of Carthage in the vicinity of the Decumanus Maximus, with the German excavation area surrounding
Decumanus | North. Drawn by Lacey Wallace after YORKE and LITTLE 1975, fig. 4 and RAKOB 1991, beilagen 5, 33.

Eastern port area around “Neptune block” located in front of the Decumanus Maximus, and showing the double
line of coastal protection works (“boulder sea-wall”) in front of the “cellular structure” supposed to be Roman
warehouses looking out to the sea (picture, H. Hurst, 2010).

As far as we can reconstruct harbour evolutions today, Phoenicians from Sidon first settled
near the Antonine baths during the Bronze Age, followed by Phoenicians from Tyre who
landed on the beach in front of the Byrsa hill around 800 BC and built a fortified city on the
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hill. This landing place was outside the city walls, possibly sheltered by a sand spit growing
from north to south as suggested by Ennabli (1992, p 200) ', and probably soon got some
timber landing stages. Some archaeological evidence was found by Hurst and Stager (1978)
2. showing a 15 to 20 m wide and 2 m deep salt-water canal probably leading from the
Tophet area to the circular port area.

Fic. 8. — La zone portuaire (?)
et le « mur de mer » de Carthage
au 1ve siecle.

1 : le tophet; 2a : trong¢on de canal
repéré par la mission américaine al’ouest
du port marchand ; 2b : troncon repéré
par la mission britannique dans Iflot
circulaire (cf. H. Burst et L. Stager, dans
World Archaeology, vol. 9, n° 3, 1978,
p- 338-339; 3 : prolongement hypothé-
tique de ce canal ; 4a, 4b et 4c : porte
et trongons du rempart maritime (datés
4 partir de la fin du ves.) mis au jour par
la mission allemande (cf. . Rakob, dans
MDAI, Rém. Abt., 91, 1984, p. 5-12;
5 : plan schématique du quadrilatére de
Falbe (schéma S. Lancel).

Archaic canal and sea walls according to Lancel (1985) 13,

It is however still unclear where the beginning and ending of this canal was located and what
may have been its use. According to Hurst (2010), the Lake of Tunis never had an important
function as a port, and this canal was thus not used for navigation between the Lake and the
Byrsa hill. Anyway, as this canal was silted-up and abandoned during the 4th c. BC (Hurst
and Stager, 1978), it might be envisaged that a new harbour basin was dug somewhat
further east in the 3™ c. BC, including the Punic quay that was traced for 50 m by Stager.
This would later become the so-called 'rectangular port', with the very same quay still in use
in Byzantine times.

Both the rectangular commercial port and the circular military port (the Cothon) were built
inside the city walls and closed by heavy chains (Appian, Libyca, 96). The coastal part of the
city wall was built around 400 BC (Rakob, in Ennabli, 1992), and had a city gate in Quartier

1 ENNABLI, A., 1992, “Pour sauver Carthage — Exploration et conservation de la cité punique, romaine et
byzantine", UNESCO/INAA, Paris, (252 p).

12 HURST, H. & STAGER, L., 1978, “A metropolitan landscape: The late Punic port of Carthage”, World
Archaeology, 9:3, (p 334-346).

13 LANCEL, S., 1985, “La renaissance de la Carthage punique. Réflexions sur quelques enseignements de la
campagne internationale patronnée par I'Unesco”, Comptes rendus des séances de I'Académie des Inscriptions
et Belles-Lettres, 129¢ année, N° 4, 1985. (p 727-751).
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Magon, proving there was much activity in that eastern shore area which extended ca. 50 m
further out to sea'. The rectangular port was built between 300 BC and 250 BC, and the
circular port between 200 BC and 150 BC (Lancel, 1985 ; Ennabli, 1992). The north mole of
the Falbe Quadrilateral, located near the southern end of the rectangular port was also built
in Punic times and possibly used as a breakwater protecting the entrance of the ports (Hurst,
2010).

After the Roman conquest (146 BC), the city was first destroyed, and after one century,
Caesar ordered its reconstruction (44 BC). Both the rectangular and the circular ports were
soon refurbished as commercial ports, but their water depth was limited to a couple of
meters. Around 100 AD, the rectangular basin was changed into an elongated hexagon,
similar to Trajan’s basin at Portus. We might conjecture that the Roman cellular structures
located east of the Byrsa hill were built on top of (or behind) the ancient Punic city wall in
order to provide Rome with olive oil and grain during the first centuries AD and that larger
ships could moor in that area and near the “Choma” of Falbe’s Quadrilateral. However, this
area may have been undermined by wave action and was finally abandoned for shipping. A
two-line coastal protection would then have been built in the 5th or 6th c. AD to protect the
city from erosion due to wave action. At that time, the remaining double port system was
called “Mandrakion (Mandracium)” by Procopius (Vandals, 1, 20).

Eastern shore area. According to de Roquefeuil’s hydrographic chart (in Hurst, 2010) and to
modern investigations, the seabed in this area is rocky with an occasional thin sand cover.
This sand is most probably provided by R Medjerda to the north and R Miliane to the south
(further sedimentological analysis might prove this) and quantities may fluctuate with the river
discharges of sediment. Paskoff et al. (1991) explain that the sediment discharge of rivers
was reduced after the Roman occupation because of a reduction of deforestation yielding a
reduction of inland soil erosion (further geo-archaeological corings might prove this). This
would open the door to coastal erosion and the initial sand spit mentioned above might have
disappeared.

In order to understand erosion by wave action on the eastern shore, we must have a closer
look at the wind and wave conditions. The wind climate which was studied for the port of
Thapsus. From Bizerte to Cap Bon (and even Nabeul) prevailing winds are from NW all year
round. East and NE winds prevail only south of Nabeul and all the way down to Djerba.

This means that in ancient times, the eastern shore area was on open sea but that it was
fairly protected from prevailing NW storms and could be used for beaching ships. It would
later have been used (perhaps for short stops of ships) in conjunction with the inner port after
the latter was built. As this shore could be attacked by NE waves, we might conjecture that it
has been eroded, so that it finally had to be protected by rubble. The second line of rubble
defence was possibly added somewhat later. (Hurst, 2010, calls it “boulder seawall’). The
result was that no ship could reach the eastern shore.

Inner ports area. Both the rectangular and the circular ports obviously survived better than
the eastern shoreline as they were protected from the sea. The circular port was studied by
many archaeologists. It was called “the Cothon” because of its saucer-like shape, more than

14 PASKOFF, R., SLIM, H., TROUSSET, P., 1991, “Le littoral de la Tunisie dans I'Antiquité : cinq ans de recherches
géoarchéologiques”, Comptes rendus des séances de I'Académie des Inscriptions et Belles-Lettres, 135° année,
N° 3,1991, (p 515-546).
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because it was a man-made dug-out harbour basin'®. Both the outer perimeter and the

central islet were filled with slipways with shipsheds (Blackman, 2013) '6, before becoming a
market place in Roman times.

Scale model of 116t de I'Amirauté islet in the circular port
(Mus. du Port Punique de Carthage, picture A. de Graauw, 2018).

]

Remains of a slipway on the 116t de I’Amirauté islet in the circular port
(picture A. de Graauw, 2018).

Harbour entrance. It has been shown that the northern edge of Falbe’s Quadrilateral is
Punic. It reaches ca. 75 m in the sea in an eastward direction. Such a short breakwater
provides limited shelter against north and NW waves for a small number of ships (say five),

15 CARAYON, N., et al., 2017, “Kothon, cothon et ports creusés”, MEFRA, 129/1, (p 255-266).

16 BLACKMAN, D. & RANKOQV, B., et al., 2013, “Shipsheds of the Ancient Mediterranean”, Cambridge University
Press, (617 p).
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and no shelter for other wave directions. It might be conjectured that this breakwater was
built in Punic times to provide a sheltered access to the inner rectangular port. It was later
included into a Roman platform that was called Falbe’s Quadrilateral in the 20" ¢. and where
another Roman cellular structure was found by Yorke & Little (1975)". The Roman entrance
to the rectangular port was thus relocated southwards where large blocks of Roman
hydraulic concrete (opus caementicium) were found by Hurst (2010, fig. 8).

Further (fascinating) reading on: https://www.romanports.org

7 YORKE, R. & LITTLE, J., 1975, “Offshore survey at Carthage, Tunisia, 1973”, International Journal of Nautical
Archaeology and Underwater Exploration (1975), 4.1, (p 85-101).
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2.8 CENTUMCELLAE

The port of Centumcellae was built by order of Trajan by the famous architect Apollodorus of
Damascus in the years 105-110 AD. The construction of one of the breakwaters was
witnessed by Pliny the Younger (Letters, 6, 31) who provided us one of the very few
descriptions of the construction of a Roman rubble mound breakwater in 107 AD :

“a broad barge brings up a number of immense stones, which are thrown into the
water, one on top of the other, and these are kept in position by their own weight, and
gradually become built up into a sort of breakwater. [...] Subsequently, concrete
(pilae) will be added to the stones”, transl. J.B. Firth (1900).

Today’s Molo del Lazzaretto is the only Roman arched breakwater still visible in the
Mediterranean world. Acc. to Quilici (2004) it stands on a 3-3.5 m water depth (ca. 0.80 m
less in Roman times) and reaches 2.5 m above modern Mean Sea Level (ca. 3.3 m above
Roman MSL). The remaining length is ca. 100 m, out of a 250 m initial length, with 8 arches
remaining today. Its width was 11 m in Roman times, which was enlarged later to ca. 20 m in
order to support the “Lazzaretto”. The arches are around 2.3 m wide, with a pila width of ca.
5.3 m between the arches. The horizontal dimensions of the pilae are therefore 5.3 x 11 m
and the opening is 2.3/5.3 = 0.43 pila width.

RN I

LA,

Layout of Molo del Lazzaretto and Roman lighthouse, with ducts N°1 to 8 numbered from left to right (Quilici
2004).

As it was built in the early 2" ¢. AD, this structure may have inherited from previous
experience with flushing a harbour without allowing excessive wave penetration. This may
perhaps have resulted in the modest 2.3 m width of its ducts which would possibly provide a
better balance between flushing capacity and wave penetration than in the larger structures
like at Puteoli. It then may come as a surprise that similar arched breakwaters did not survive
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elsewhere. However, it is noteworthy that the 6" c. enlargement introduced an angle in the
ducts, as if this was intended to further reduce wave penetration. Moreover, ducts N° 5, 6, 7
and 8 have been closed by masonry on the south side and ducts N° 1, 2 and 3 were
obstructed by rock dumped on the north side at the toe of the tower. These modifications
seem to point at a need for further reducing wave penetration entering the harbour basin
from north to south.

Molo del Lazzaretto, south side, closed duct 7 (photo A. de Graauw, 2022).
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Molo del Laiiaretto, north side, open ducts 6, 7, 8 (photo A. de Graauw, 2022).

Molo del Lazzaretto, north side, open duct 4 and rock dumped in front of ducts 1, 2, 3 (photo A. de Graauw,
2022).
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2.9 DELOS
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Overview of the ports of Delos (on Google Earth 26/8/2017 picture)
Possible beaching and quays are shown with dotted lines: nearly 200 m in the Sacred Port
and 800 m in the commercial port.

Delos was a famous island because of its central position in the southern Aegean Sea,
halfway between Athens and Asia Minor. As the birthplace of Apollo (and Artemis), it was a
holy place. It became the headquarters of the 5 ¢c. BC Delian League, and it also became a
large emporium'®.

18 CONSTANTAKOPOULOU, C., 2017, "Aegean Interactions, Delos and its Networks in the Third Century", Oxford
University Press, (350 p).
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The following story is told about Apollo’s mother, Leto, looking for a suitable place to give
birth to her son (Homeric Hymn to Apollo, Hymn 3, lines 51-61, 8" - 71" ¢c. BC):

“Delos, if you would be willing to be the abode of my son Phoebus Apollo and make him a
rich temple; for no other will touch you, as you will find out: | think you will never be rich in
oxen and sheep, nor bear vintage nor yet produce plants abundantly. But if you have the
temple of far-shooting Apollo, all men will bring you hecatombs and gather here, and
incessant savour of rich sacrifice will always arise, and you will feed those who dwell in you
from the hand of strangers; for truly your own soil is not rich.” (Translation, H. G. Evelyn-
White, 1914).

Thucydides (History of the Peloponnesian War, Book 3, Chap. 104, 426 BC) tells this story:

“The same winter the Athenians purified Delos, in compliance, it appears, with a certain
oracle. It had been purified before by Pisistratus the tyrant; not indeed the whole island, but
as much of it as could be seen from the temple. All of it was, however, now purified in the
following way. All the sepulchres of those that had died in Delos were taken up, and for the
future it was commanded that no one should be allowed either to die or to give birth to a child
in the island; but that they should be carried over to Rheneia, which is so near to Delos that
Polycrates, tyrant of Samos, having added Rheneia to his other island conquests during his
period of naval ascendancy, dedicated it to the Delian Apollo by binding it to Delos with a
chain.” (Translation, R. Crawley, 1903).

Plutarch tells a story also (Live of Nicias, Chap., around 420 BC):

“It is matter of record also how splendid and worthy of the god his lavish outlays at Delos
were. The choirs which cities used to send thither to sing the praises of the god were wont to
put in at the island in haphazard fashion. The throng of worshippers would meet them at the
ship and bid them sing, not with the decorum due, but as they were hastily and tumultuously
disembarking, and while they were actually donning their chaplets and vestments. But when
Nicias conducted the festal embassy, he landed first on the neighbouring island of Rheneia,
with his choir, sacrificial victims, and other equipment. Then, with the bridge of boats which
he had brought along with him from Athens, where it had been made to measure and signally
adorned with gildings and dyed stuffs and garlands and tapestries, he spanned during the
night the strait between Rheneia and Delos, which is not wide. At break of day he led his
festal procession in honour of the god, and his choir arrayed in lavish splendour and singing
as it marched, across the bridge to land.” (Translation on Lacus Curtius, Loeb Classical
Library, 1916).

Another story comes from Strabo (Geography, Book 14, Chap. 5, around 10 BC):

“The exportation of slaves induced them [pirates] most of all to engage in their evil business,
since it proved most profitable; for not only were they easily captured, but the market, which
was large and rich in property, was not extremely far away, | mean Delos, which could both
admit and send away ten thousand slaves on the same day; whence arose the proverb,
"Merchant, sail in, unload your ship, everything has been sold." The cause of this was the
fact that the Romans, having become rich after the destruction of Carthage and Corinth,
used many slaves; and the pirates, seeing the easy profit therein, bloomed forth in great
numbers, themselves not only going in quest of booty but also trafficking in slaves.”
(Translation on Lacus Curtius, Loeb Classical Library, 1928).

The mass grave on Rheneia was found on the eastern coast at a place called Fossa
Katharsis, but the exact location of Polycrates’ chain is not known. The location of Nicias’
floating bridge can be guessed from beach to beach, via the isle of Remmatia (ancient
Hecate insula). The Sacred Port is located just in front of the Apollo temple and is now silted-
up but still visible, and the commercial quays are disseminated along the coastline south of
the Sacred Port, down to the Pointe des pilastres, and even further south to the bay of Fourni
where a natural shelter against northern winds (Meltem) is available. In addition, despite the
limited shelter against northern waves, a potential quay was found on the east coast at
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Gourna.

Major archaeological excavations were conducted in the early 20" c. and most of the
information available to us today comes from this period. However, these excavations have
changed the ancient seascape so much that it became difficult to recognise the ancient port
layout.

The latest archaeological source is from Duchéne'® (2001) and geomorphological work by
Dalongeville?® (2007) shows that the ancient sea level was ca. 2.5 m lower than today.

Let’s start with a detailed chart of the Delos strait located between the Delos and Rhenia
islands:

| i o s e o . eapbips wicins
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Chart of Delos island made by the Ecole Frangaise d'Athénes in 1907 and 1908 by Capt. A. Bellot of the French
Army Geographical Service with soundings by Lt A. Bringuier.
(https://gallica.bnf.fr/ark:/12148/btv1b53061904m )

Scale : the vertical distance between the two horizontal lines is one nautical mile (1852 m).

19 DUCHENE, H., and FRAISSE, P., 2001, “Le Paysage portuaire de la Délos antique”, Ecole Francaise d’Athénes,

(192 p).

20 DALONGEVILLE, R, et al., 2007, “Hausse relative du niveau marin a Délos (Cyclades, Gréce) : rythme et effets
sur les paysages littoraux de la ville hellénistique”, Méditerranée, 108 | 2007, http://mediterranee.revues.org/154 .
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From north to south along the Delos coastline (right side of the chart):

¢ The distance between the curved "large mole" (located at the spot where “Port” is
mentioned on the chart) and Lesser Remmatia (Mikros Rhematiaris on the chart) is
around 150 m, with a water depth reaching 5 m (2.5 m in Antiquity) which almost
closes the gap between the coast and the island, thus offering good shelter to the
whole area located south of it.

o The narrow SW-oriented strip of land is made of rubble from archaeological
excavations and is not ancient. It became the core of the modern breakwater.

e The water depth in the channel between Delos and Larger Remmatia (Meghalos
Rhematiaris on the chart) is 6.5 to 7.6 m (4 to 5 m in Antiquity) allowing access to
ancient ships coming from the north to this 100-150 m wide channel.

The northern wind (Meltem) in this area blows at more than 15 knots (Beaufort force 4) for
ca. 40-50% of time in summer. A good shelter from this wind direction was obviously needed
for safe anchorage near Delos and this was provided by Lesser Remmatia separated from
the coastline by very shallow waters (Mourtzas, 2012)?'.

2.9.1 The Sacred Port

Delos
Ancient Remains
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Delos map of ancient remains (2015)
(https://www.planetware.com/greece/delos-gr-aeg-delos.htm)

21 MOURTZAS, N., 2012, "A palaeogeographic reconstruction of the seafront of the ancient city of Delos in
relation to Upper Holocene sea level changes in the central Cyclades", Quaternary International, 250, (p 3-18).
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View of the port of Delos, with Rhenia island (right) and Paros island (background), drawing by Théodore d’Aligny
(1843-45) showing the Sacred Port, looking south towards the Pointe des pilastres.

The picture above was made before any archaeological excavation took place and is
therefore not showing the modern breakwater which would be located in the centre of the
bay. The ancient large mole is located beyond the right side of the picture.

The modern breakwaters just south of the Sacred Port and south of the Pointe des pilastres
are the result of archaeological excavations which have dumped abundant rubble material
into the sea at both of these locations, thus creating some protection of the coastline against
northern wave attack, as shown on the map provided by Convert after Jardé’s excavations in
1903 and 1904
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Excavations by A. Jardé in 1903 and 190422 (North is to the left).

22 CONVERT, H., 1906, Bulletin de Correspondance Hellénique, N° 30.

Ancient Ports & Harbours - Copyright A. de Graauw © 2024 Vol. lll, Page 70



Delos

According to Ardaillon?* (1896) the large mole consisted of an existing reef reinforced by
stones placed on top of it, resulting in a kind of coastal protection running parallel to the
shore on a distance of 280 m.

Holleaux?* (1909) produced the map below showing the large mole (“Grand méle”) and three
quays (A, B, C) assuming a traditional port layout with a breakwater protecting three quays.
The area between his quays A and B and his coastline (“Rivage moderne", which is fairly
close to today’s coastline around one century later) was silted-up (“Partie ensablée”).
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Delos Sacred Port (Holleaux, 1909) showing quays A (81 m, the oldest one), B (63 m) and C (the most recent
one) and a large mole (“Grand mdle”) on the north side, and a small mole (“Petit mdle”) near quay C on the
southern side. The latter was covered by dumping of archeaological rubble (“Déblais modernes”).

23 ARDAILLON, E., 1896, “Rapport sur les fouilles du port de Délos”, Bulletin de Correspondance Hellénique,
N° 20, (p 428-445).

24 HOLLEAUX, M., 1909, “ Rapport sur les travaux exécutés dans I'lle de Délos par I'Ecole francaise d'Athénes
pendant I'année 1908”, in: Comptes rendus des séances de |I'Académie des Inscriptions et Belles-Lettres, 53¢
année, N° 5, 1909, (p 397-417).

Ancient Ports & Harbours - Copyright A. de Graauw © 2024 Vol. lll, Page 71



Delos

The Sacred Port was initially probably no more than a protected beach area, and a retaining
wall was added in front of Apollo’s temple with a beach in front of it. The large mole would
then just shelter a beach where only small ships would have access?.

=1 A ‘§
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Restitution of the northern coast by Nakas (2022) showing the
Sacred Port and a narrow beach (looking north).
Note this picture assumes a 2.2 m Sea Level Rise since Antiquity.

The excavation dump (“Déblais modernes” of Holleaux’s map) became the core of a modern
breakwater structure with a quay on its southern side where today’s ferries bring tourists from
Mykonos for day trips to Delos.

It can be seen on the Google Earth picture below. This picture also shows a nice wave
pattern due to a mild northern Meltem wind. Waves propagate mainly on the western side of
both Remmatia islands and the Sacred Port is somewhat sheltered by the Lesser Remmatia
islet (see detail picture below).

25 NAKAS, 1., 2020, "Ships and harbours of the Hellenistic and Roman Mediterranean: a new approach", Honor
Frost Foundation, Maritime Archaeology Graduate Symposium, 22-23 February 2020, Short Report Series,

(25 p).

NAKAS, I., 2022, "The Hellenistic and Roman Harbours of Delos and Kenchreai", BAR International Series 3099,
Nautical Archaeology Society Monograph Subseries, Volume 6, (186 p).
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Wave pattern in Delos Channel with mild northern Meltem wind (Google Earth 24/7/2017)
showing fair shelter in Sacred Port thanks to Lesser Remmatia islet
and remains of northern “large mole”.
See also wave diffraction pattern around the remains of the large mole.
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The remains of the large mole were surveyed by Philippe Fraisse at the end of the 20" c.

e Relevé du littoral Nord, Ph. Fraisse

= 1=

a

1 , a
Survey of the large mole by Frais

se (2001)

Scale: each square is 10 m, north is top.

A,

[ "
Fraisse’s survey of the large mole placed in its natural
context (approximate location).

The large mole shown on this picture is around 200 m long, including the curve inside the
port. This structure is continued for another 80 m to the north as a coastal protection.

Unfortunately, no complete survey is

available which would show the extend of
the structure as it is today after 2000 years
of wave action, but Duchéne & Fraisse
(2001) mention: “The large mole with a
granite structure protecting the Sacred Port
and its southern end - the oldest part - with

Cycladic polygonal ashlar”.

This large mole might be as old as the first

coastal structures, i.e., the 8" c. BC.

Pictures: Details of the southern end of the large
mole of the Delos Sacred Port.
(Duchéne & Fraisse, 2001)

PLANCHE XXXIV
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2.9.2 The Commercial Port

Although some erosion occurred and the sea level rose by ca. 2.5 m, the best-preserved port
remains are found at the Pointe des pilastres and south of it.

Pointe des pilastres (Google Earth 16/4/6) ihwn at the top ofthis picture
(the outcrop seen at the bottom side of this picture
is an archaeological dump of excavation rubble)

The commercial port extends over around 800 m south of the Sacred Port. Shops and
warehouses are aligned next to each other on the water side. They seem to have been
literally on the water edge, with a narrow beach in front of them?®. However, the water depth
in a narrow channel between Delos and Remmatia islands may have reached 4 to 5 m
allowing uneasy access to large ships.

26 HASENOHR, C., 2012, “Ariarathés, épiméléte de I'emporion et les magasins du Front de mer & Délos”, in: Tout
vendre, tout acheter. Structures et équipements des marchés antiques., edt Ausonius, (p 245-260).
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Réétiiutior; 6f the souther-h—c-:oast by Nakas (2022) éhowing the
Commercial Port with warehouses and a narrow beach (looking north).
Note this picture assumes a 2.2 m Sea Level Rise since Antiquity.

La Pointe des pilastres. fouilles de J. Paris, 1909.

Quay at the Pointe des pilastres (Paris?’, 1909), looking south towards the remaining pilasters,
with the isle of Rhenia in the right background.

It was noted by archaeologists that the warehouses were not as large as might be expected
in a large commercial port (Duchéne, 2001). It is therefore envisioned that business located
at the Pointe des pilastres, was mainly for local consumption of Delian inhabitants. No
significant transshipment was operated, and no large storage area was available on land?.
Delos would thus be seen as a place of transit were ships anchor in a fairly poor shelter
between Delos and Remmatia islands, where cargo is negotiated without unloading the
ships, and from where ships sail to new destinations.

27 pARIS, J., 1916 “Contribution a I'etude des ports antiques du mond Grec”, Bulletin de Correspondance
Hellénique,N° 40, (p 5-73).

28 NAKAS, 1., 2022, "The Hellenistic and Roman Harbours of Delos and Kenchreai", BAR International Series
3099, Nautical Archaeology Society Monograph Subseries, Volume 6, (186 p).
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2.9.3 Carlini’s graffiti reproductions

We cannot visit the isle of Delos without speeking about ancient ships. A few of the famous

reproductions made by Capt. Carlini are shown hereunder. The real graffiti are available in
the beautiful Delos Museum, but almost nothing is now left of them.

——MAISON DU DIONYS0S —

—saue b m

Galley showing 28 oars copied by Capt. Carlini from the graffito of the
House of Dionysos on Delos Island in 1930-33.
If each sketched oar represents 3 levels of one oarsman, then this ship is
a trireme with 170 oarsmen (Musée de la Marine, Paris).

Trireme showing 85 oars copied by Capt. Carlini from the graffito of the
House of Dionysos on Delos Island in 1930-33.
The graffito was over 1 m long and surely is one of the finest
pictures of a trireme (Musée de la Marine, Paris).
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2.9.4 The Bull’s Monument

The Bull’'s Monument takes its name from the statues of bulls, but has no further connection
with these beasts. It was probably built around 330-320 BC by Athens and its dimensions are
69.4 x 10.4 m. It was a neorion hosting an ex-voto Athenian trireme of 35-40 x 5-6 m?.

The east side of the Bull's monument, features a vast open space without any ancient
construction, and Lucien Basch believes that this is the location of the “Delos ship”, which
was the flagship of the Macedonian king Antigonus Il Gonatas in the naval battle off Cos
against Ptolemy Il Philadelphus of Egypt, around 250 BC. The largest warships in antiquity
were built In this period.

This mega-ship, named “Isthmia”, may have had 18 oarsmen per side, on two levels of 9
oarsmen, i.e., 36 oarsmen on a transversal section. With 50 similar sections, a total of 1800
oarsmen would have been on board. The ship would then have to be around 70 m long and
possibly 20 m wide.

Lucien Basch suggests the graffiti below might have represented this ship. This is pure
conjecture, but fascinating!

GRAFFITI DE DELOS

o AT A Y 090 1)

DU DsOmries -

Galley showing 50 oars copied by Capt. Carlini from the graffito of the House of Dionysos
on Delos Island in 1930-33. The graffito was 85 cm long and if each sketched oar
represents 2 levels of 9 oarsmen, then this ship has 1800 oarsmen.

(Musée de la Marine, Paris).

Some believe that Caligula made a replica of this ship (ca. 40 AD) which is known as the
“Nemi I” because it was used for naval games on Lake Nemi, north of Rome. This ship (and
a second one) were found burried in the mud on the bottom of the lake, they were recovered
and studied in 1927-32, but unfortunately disappeared during a fire in 1944,

29 BASCH, L., 1989, “Le "navire invaincu a neuf rangées de rameurs" de Pausanias (1, 29.1) et le "monument des
taureaux", a Delos”, Tropis Ill, (p 43-72).
30 UCELLI, G., 1950, "Le Navi di Nemi", Libreria dello Stato, Roma, (386 p).
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Caligula's Nemi | ship on Lake Nemi (picture 1930).
Ship size 70 x 20 m, note the size of the persons standing in front of the ship.

According to Lucien Basch, this ship would fit perfectly in the open area east side of the
Bull’'s monument ...

==l > ‘é.‘ 2 5 %
“Delos ship” (70 x 20 m) tentatively located by Lucien Basch
near the neorion of the Bull's Monument.
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2.10EL HANIEH

El Hanieh is located 25 km NW of Bayda (El Beida) in Cyrenaica (Libya)
at 32.835° of latitude north, 21.51° of longitude east.

It is believed to be the ancient Aptouchou Hieron, or Aptoucha.

Hanieh anchorage
on 18/3/2009

Anchorage

Channel 2

Channe, =

4

El Hanieh ancient anchorage

The sheltered area is around 150 x 100 m, that is 1.5 hectares.

A number of ancient stone anchors were found there in the sixties by the diver Jean-Pierre
Misson. More than 12 stone anchors have been retrieved, to date. They are all less than 25
kg in weight: for fairly small boats. Not a single lead stock of anchor has yet been found in El
Hanieh, seemingly indicating that no large ships used the anchorage on an extended period
of time. Several lead stocks of anchors were found in Apollonia and a 50 kg stone anchor is
waiting to be lifted up. The stone anchor on the picture above was retrieved in 2012. These
places have ample surfaces for ships to manoeuvre. Was the "deep" portion of the El Hanieh
anchorage too narrow for large ships but good enough for small boats?

JP Misson also identified two channels cut into the rock on the rock outcrop located on the
western side of the site. The present document shows his pictures and finds.
It makes use of Google Earth imagery at various dates.
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Hanieh channel 1
on 5/10/2010

Channel 1:

Horizontal bottom
Length: 40 m

Width: 4 m

Central groove: 8 x 8 cm

Channel 1 (south)

The southernmost channel, ‘channel 1’, is shown on these pictures.

It is remarkably horizontal with a length of around 40 m and a width of 4 m. In addition, a
square central groove of nearly 10 cm runs in the centre of the bottom of the channel, on the
whole length. However, the channel is considered too horizontal to be a slipway.

It might have been useful in ancient times to be able to move boats from one side of the rock
outcrop to the other to find shelter under all wind conditions but the water depth is too small
in Channel 1 for a boat to be floated along, particularly as the sea level rose by around

0.50 m since antiquity. Tectonic movements of the underground are not know of in this

area ...

So, we are left with a question as to the use of a shallow channel with a central groove.
Perhaps a ship transfer system in the dry?
A semi-submerged sliding frame?
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N to NE waves
on 28/7/2009

July 28, 2009 N to NE waves

On July 28, 2009, remaining swell from N to NE was seen by the satellite and reported by
Google Earth. This seems to be a fairly infrequent event in summer time.

N to NE waves

weather
morphology

| 1/3/2013

N to NE wave pattern at the anchorage
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A detailed picture of wave action during this 2009 event illustrates the littoral drift (sediment
movement along the coast generated by wave action). It can be seen that channel 1 is
closed by sand accumulation. Channel 2 is still open.

The March 1, 2013 picture shows a similar, but milder, wave pattern. Waves are refracting
and diffracting around the islet showing a double pattern of waves inside the anchorage area
which explains sand movements along the coast line.

channel 2

o . & 74 Calm
T R e i weather
- morphology

19/3/2013

Calm weather conditions at the anchorage

Three pictures are available in calm weather conditions, showing morphological features
above and under water.

Sand tends to reach out towards the islets as a consequence of the local shelter provided by
the islets. This morphological feature is called a tombolo and shows very clearly the mean
direction of approach of waves: N to NW.
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Prevailing
NW waves

Slope =
angie of

De-silting current from Channel 2

Channel 2 was identified by JP Misson as a de-silting channel cleaning the anchorage area
from sand deposits.

The current in this channel is due to waves incoming from the N to NW direction, i.e., wave
set-up due to wave breaking leading to a slightly higher water level on the western side than
on the eastern side of the rock outcrop. Similar de-silting channels seem to have been built
also at Centuncellae (Italy), Caesarea Maritima (Israel), Sidon (Lebanon).

This current seems to have maintained the El Hanieh anchorage area at a water depth of
around 4 m over a length of around 200 m and a width of around 40 m. This is remarkably
efficient!

The south slope of the anchorage area is made of sand staying at its angle of repose of 35-
40° as can be seen on the underwater picture.

The stretch between the rock outcrop on the west side and the northern islet is around 1 m
deep and consists of rock that might possibly be the remains of an ancient breakwater.

Let's hope further underwater investigations will provide
some answers to these questions.
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2.11LEPTIS MAGNA

Leptis Magna, also spelled Lepcis Magna, is a Phoenician city in present Libya. It is located
about 110 km east of Tripoli. An archaic quay was located on the north coast without any
protection from the waves. Its date is not yet determined. After closure of the gaps between
the islets, a port was built on the west bank of wadi Lebda with good shelter from western
winds. The quay was rebuilt during the reign of Nero (54-68 AD). The port was then enlarged
to encompass the whole wadi outlet area. A large 220 m long dam was built 2 km upstream
of the wadi outlet. This dam was used to divert the flow from the wadi to the sea west of the
city, to fill some cisterns with fresh water and to stop sediment from flowing into the harbour
basin.

Leptis Magna and its ancient port is well-known because of emperor Septimius Severus
(reign 193-211 AD) who was born there in 146 AD.

1. Conformazione della costa.
2. Porto preseveriano.

1. Conformation of the coast.
2. The Pre-Severan harbour.

y . . ‘»&@Q!
Configuration of the wadi Lebda outlet, acc. to Bartoccini, 1958.

Major investigations were conducted by Renato Bartoccini and published in 1958 after 30
years of field work (see http://www.ancientportsantiqgues.com/a-few-ports/leptis-magna/ for
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his detailed drawings of the port). The ‘Mission Archéologique Frangaise en Libye’ also did
much field work published by André Laronde in 1988, 1994 and 2005. Preliminary surveys
were undertaken by the Universita Roma Tre between 1998 and 2007 (published by Luisa
Musso et al. in 2010) and by the Universities of Oxford and Leicester in 2010 (published by
Katia Schorle and Victoria Leitch in 2012). An underwater survey was performed by Carlo
Beltrame in 2009 and published in 2012 (see references below).

Eastern winds prevail in summer (April-October) and the shelter was not really good for
these winds, even if in the second half of the summer (August-October) eastern winds were
milder: winds over Beaufort force 4 (10 to 15 knots) occur only 13 to 19% of time.

Mois de I'année janv. févr. mars avril mai juin juil. ao(t sept. oct. nov. déc.  Année
01 02 03 04 05 06 07 08 09 10 1 12 1-12
Direction du vent > A 4 A A A A A A A v v A
Probabilité du vent >= 4 Beaufort (%)
24 26 24 27 25 26 25 13 19 15 13 13 20

Vitesse du vent moyenne (kts)

Monthly averaged wind statistics (source www.windfinder.com).

Distribution de la direction du vent en (%%)
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Annualy averaged wind statistics (source www.windfinder.com).

2.11.1 Brief historical review
Leptis Magna’s main historical milestones are the following (Laronde, 2005):

e Founded by Phoenicians from Tyre in the 7" ¢. BC, on the location of the later Roman
‘Old Forum’.

e Becomes a large free city under protection of Carthage in the 4" c. BC.
e Chooses for Roman protection in 111 BC, after the fall of Carthage.

e Grows further as a free trading city and becomes a Municipium around 75 AD and a
Colonia in 110 AD.
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e Favoured by Septimius Severus as from 193 AD, especially after his presumed visit in
203; the city area then culminates at 280 hectares.

Suffers from the 3rd c. economic crisis when the city area is halved to 130 hectares.
Devastated by the tsunami generated by the Cretan earthquake in 365.

Taken over by the Vandals in 435, but the port is already silted up.

Sacked by the Levatha Berbers around 530.

Christianised by the Byzantines in the 5-6" c. but the city area is further reduced to 18
hectares.

e Gradually abandoned after the Arab conquest in 642.

2.11.2 Leptis Magna’s north coast

The following observations were made on August 24, 25 and 26, 2000, thanks to the kind
hospitality of the late Professor André Laronde during his year 2000 campaign of the
“Mission Archéologique Frangaise en Libye”.

We walked from west to east from the eastern end of the beach close to the small temple
and we were heading for the ancient lighthouse located about 1 km away (NB: distances
indicated hereafter are approximate as they were measured in paces on an irregular terrain,
but the total distance was known from the available charts).

> 0 — 150 m: Straight concrete slab protected by rubble on the beach.
> 150 — 200 m: Idem in a broken line.

> 200 m: Stone ring imbedded into a quay (see sketches). This ring was mentioned by
Alberto Carlo Blanc in an annex to Bartoccini’s work in 1958.

“Trottoir” (recent geological feature, less than 2000 years) on 10 to 20 m width behind the
sandy seabed located around - 1.5 to - 2 m (Photo 1).

LEPTIS MAGNA Quai
de la cote Nord

Anneau de pierre taillée

Blocs 2t en soubassement

Colonaes Mur en blocs

appareillés

Quay on the north coast of Leptis Magna (A. de Graauw, 2000)
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> 200 — 250 m: Quay with 2 levels oriented N290-N110 (see sketches). Constructions behind
the quay front over about 15 m (levels acc. to A. C. Blanc) (Photo 2):

* quay at + 0.85 m on approx. 4 m width, consisting of blocks of approx. 2t,
* level of + 1.30 m on approx. 5 m width, partly consisting of a stone pavement,
* level of + 2.35 m on approx. 5 m width: colonnade passage.

> 250 — 270 m: Small sandy beach.

> 270 — 420 m: Rubble on the beach.

> 290 m: Pilaster of the Old Forum.

> 400 m: Cistern coated with hydraulic plaster (with shards of pottery having a similar effect
as pouzzolan). West of the cistern, the remains of what could have been a bathroom are
found (?) (Photo 3).

> 430 — 450 m: Concrete walls forming a small building with a curved vertical opening whose
use is unclear.
“Trottoir” in the sea behind the sandy seabed located around -2 to -3 m (Photo 4).

> 450 — 490 m: Wall with headers behind what seems to be a quay. Rubble on the beach
(Photo 5).

> 510 m: Concrete canal coated with hydraulic plaster. The inside width of this canal is
approx. 2 m. The canal connects the inner port to the sea and is around 220 m long
according to Bartoccini. It is located at the edge of primitive port and the Severian port near
the Neronian portico. It is more or less oriented towards NW. The beach-side end of the
canal is sharp ended mortar and seems to close the canal. A dogleg staircase is found on
the NE side. A trench is found on the SW side, perhaps an old archaeological excavation
along this side of the canal (Photos 6 and 7).

This structure was perhaps seen as a breakwater protecting the primitive port from waves (E.
Salza Prina Ricotti), but the U-shape coated with hydraulic plaster is difficult to explain in
another way than a canal. It would be worthwhile to explore the inside of the canal, to check
the slope and to excavate the mouth to confirm the hypothesis of a canal. It would then have
to be seen what may have been its use.

> 510 — 670 m: Slope at the toe of the wall, with pavement made of random blocks on the
beach (Photo 8).

> 670 — 700 m: Collapsed wall: former passage between the two primitive islets? Foundation
problem on the seabed? (Photos 9 and 10).

> 700 — 770 m: Wall with rubble on the beach and in the sea down to a depth of around 5 m
located at around 50 m of the shore. Rubble is rounded on the beach and angular on the
upper beach and under water. Quarry blocks smaller than 500 kg (decommissioned building
blocks?) seem to have been used as a coastal protection. Their weight is not sufficient and
they have been rolling in the wave breaking area during storms, which may explain their
rounded shape due to abrasion. This kind of coastal protection was reinvented in northern
Europe in the seventies under the name “Berm breakwater” (Photos11, 12 and 13).

> 770 — 950 m: Steep slope with rubble on the beach and in the sea like mentioned above.
> 950 — 980 m: Ancient lighthouse (Photo 14).
> 980 — 1000 m: Underwater pavement around -3 m.

> 980 — 1030 m: Blocks of 10 to 20 t placed randomly on an alignment parallel to the above
mentioned pavement.
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> Further south: Submerged breakwater oriented to NE and consisting of stones and large
concrete masses (one of them must weight hundreds of tons). This breakwater probably
formed the outer harbour of Leptis Magna. Its T-shape is visible on photo 17 and by the dark

areas on the seabed on photo 19. Photo 20 reproduces an aerial photo showing the size of
wadi Lebda and the silting up of the ancient port.

Photo 1

Photo 4

Photo 6

Photo 10 Photo 11
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Photo 14
pE—

Photo 16

Photo 18 Photo 19

Photo 20
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2.11.3 Dam on wadi Lebda

A large 220 m long dam was built 2 km upstream of the wadi outlet and was primarily meant
to divert water and sediment to avoid them from flowing into the port.

LEPCIS MAGNA
(Lebda)
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F1G. 1. — Plan de Lepcis Magna,
d’aprés D. Mattingly, Tripolitania, Londres, 1995, p. 117.

Earthen levees built around the city and the canal
diverting the wadi Lebda waters further north into wadi Rsaf.

Any dam or sill placed across a river will collect the larger particles flowing near the bottom
and let go the so-called ‘suspended load’ flowing in the upper layers of the stream. Hence,
the area upstream of the dam will silt up.

The question of the rate of silting up is a difficult matter because estimates of the sediment
discharge in semi-arid areas are extremely difficult to provide as they result from only a few
flash floods per year. Reality can be approached only with orders of magnitude, e.g., it might
be accepted that the sediment discharge of wadi Lebda is 10 000 m?/year (see also Pucci,
2010), but it could easily be several times more ... or less. Hence, the time required to fil the
volume upstream of the dam (ca. 750 000 m? acc. to Pucci, 2010) could be anything between
a few decades and a few centuries. This is disappointingly unprecise. Additional doubt must
be mentioned as wadi Lebda may have changed its regime from a perennial year-round
flowing river into the dry river with flash floods we see today (a famous flash flood occurred in
November 1987).
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Dam across Wadi Lebda now completely silted up (A. de Graauw, 2000).

Maintenance dredging in the area upstream of the dam would have been helpful, but was
surely quite difficult and expensive and therefore required strong motivation from the port
authority and related commercial actors.

Anyway, after some time, the area upstream of the dam got silted up and the wadi found a
way to get around the dam by its eastern side, where it still flows today. It is to be noted that
the dam is quite well preserved today and that according to Pucci (2010) “The structure of
the dam does not show any type of damage that could have been caused by a local
earthquake or by the occurrence of a destructive earthquake that hit a large part of the
eastern Mediterranean, such as the 365 A.D. Creta earthquake.”
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2.12MARIUS’ CANAL

Let's first read Stabo (Geog. 1, 4, 8) about the entrance to the Rhodanus river:

“With respect to the mouths of the Rhodanus: Polybius reproves Timaeus by saying
that there are not five but two; Artemidorus says three; Marius, later, seeing that, in
consequence of the silting, its mouths were becoming stopped up and difficult of
entrance, cut a new channel, and, upon admitting the greater part of the river here,
presented it to the Massiliotes as a meed of their valour in the war against the
Ambrones and Toygeni; and the wealth they carried off from this source was
considerable, because they exacted tolls from all who sailed up and all who sailed
down it. Nevertheless, the mouths still remain difficult of entrance for ships, not only
on account of the impetuosity of the river and the silting up, but also of the lowness of
the country, so that in foul weather one cannot descry the land even when close to it.
Wherefore the Massiliotes set up towers as beacons, because they were in every way
making the country their own; and, in truth, they also established a temple of the
Ephesian Artemis there, after first enclosing a piece of land which is made an island
by the mouths of the river.”

Caius Marius (157-86 BC) reorganised the Roman army and raised the number of soldiers
per legion from 4000 to 6000, i.e., 10 cohorts of 600 soldiers, each made up of 6 centuries of
100 soldiers. Plutarch (46-125 AD) tells that he arrived to fight the Ambrons and the Teutons
near Aquae Sextiae (modern Aix en Provence), probably in 104 BC. He had to wait for them
and finally crushed them in 102 BC. His army has been estimated to 5 legions, i.e., around
30 000 soldiers. While waiting for the enemy, he kept his army busy by digging a canal
between the sea and his camp in order to ease supply from the sea (see:
https://fr.wikipedia.org/wiki/Fosses Mariennes).

A probable section of the canal, and possible remains of the camp have been found recently
by Otello Badan and Mario Maretti (published respectively in 2013 and 2017).

2.12.1 Marius’ canal?
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A 5 km long section of a canal was identified by both investigators in 2012-2014, and
confirmed by an excavation in 2013 and geophysical surveys in 2014 (published in annual
reports of Les Amis du Marais du Vigueirat). At the north, the canal section ends in the
present Grand Rhoéne leading to Arles. At the south, the canal section is lost in the wetlands.

Let’s try to put this into its geomorphological context.

In Roman times the central Saint Ferréol branch of the Rhéne river was silting up and the
coastline of the Saintes Maries de la Mer was regressing. The western Peccais branch was
growing, as a precursor of the present Petit Rhéne, and pushing the coastline to SW. The
eastern Ulmet branch became the main stream, as a precursor of the present Grand Rhéne,
and the coastline was moving south. River sediment reaching the coastline was transported
eastward by waves and the coastline was moving to the south between Grand Boisviel and
Rebatun quite fast at a rate of around 10 m/year.

Upon arrival of Marius in 103 BC, the coastline was located somewhere between both
positions mentioned on the figure as 2400 BP (around 400 BC) and 2000 BP. Marius’ canal
must therefore have had its outlet in the area near the modern LNG terminal Fos Tonkin. The
islet La Roque d’Odor (now destroyed) was obviously a nice landmark for seafarers who had
no other landmark for landing in this region®'.

The only feature that is missing somewhat in this landscape is Plutarch’s outlet « sheltered
from waves » (Marius, chap. 16), except if a sand spit like the They de la Gracieuse would
have existed, even if for only a few decades, and this is not unrealistic from a
geomorphological point of view.

Another interpretation problem of ancient texts concerns the discharge of Marius’ canal
which was supposed to take « the major part of the Rhéne waters » according to Strabo
(Geogr., 4, 1), or at least a « large part of the water of the river » according to Plutarch
(Marius, chap. 16). Indeed, the width of the canal, which is estimated to 35 m, does not allow
for more than 5 to 10% of the mean discharge of the Rhéne river (1000 to 2000 m®/s
depending on the month in the year).

As a matter of fact, if the canal could discharge as much as the Rhéne river of that time, the
silting problem at its outlet (the ‘bar’ feared by seafarers) would have been exactly the same
and Marius would just have moved the outlet together with all its silting problems!! It
therefore seems more likely that he (or the ‘Marseillais’ coming after him) would have tried to
regulate the upstream river discharge in order to:

1. provide sufficient discharge to ‘clean up’ the canal down to the Pleistocene
substratum, without eroding the bank protected by wooden piling,

2. maintain the outlet by pushing the bar further offshore,
3. and, most of all, deviate the Rhoéne river floods.
He could have installed a kind of ancestor of our modern locks.

Nature nevertheless had the last word and the canal outlet was eventually closed by sand
travelling along the coast to the east. The canal then became a dead arm where black clays
brought down by the Rhoéne river could settle and fill the canal.

The difficult access to river outlets mentioned by Plutarch and Strabo are very common and
still exist at the present Grand Rhéne outlet, so that additional accesses were installed by
means of the Port Saint Louis and Barcarin locks.

31 MARTY, F., 2017, “Linstallation littorale grecque de la Roque d’Odor a Fos-sur-Mer”, Archeonautica, 19,
2017, (32 pp).
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2.12.2 Marius’ camp?

What are we looking for?

We have some information about a large Roman fortress that was built at Inchtuthil in
Scotland (56.5409°N, 3.4264°W), and abandoned shortly after that in the 15t c. AD, i.e.,
nearly two centuries after Marius stayed in the south of France (Breeze, 2002).

Forts, fortresses, fortlets and towers 41

INCHTUTHIL ; CENERAL PLAN OF THE LEGIONARY FORTRESS
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33. The legionary fortress at Inchtuthil, abandoned uncompleted probably in 86 or 87 (plan
drawn by L. A. Richmond, but with additions). All the barrack-blocks had been completed
but only six of the ten granaries. The barrack-blocks (e.g. 1) were arranged in cohorts, with
the first cohort (2) situated in the place of honour to the right of the headquarters building (3):
the houses for the centurions of the first cohort (e.g. 4) are larger than those for the mhgzr
centurions (e.g. 5). The walls and raised floors of the granaries were supported on posts set in
rows of parallel trenches (e.g. 6). The fort also contained a workshop (7) and a ho_spual (8).
South of the via principalis lay several of the officers’ houses (9), but others remained to be
built. Small store rooms (e.g. 10) lay along the streets behind a colonnade.

Inchtuthil fortress, after D. Breeze “Roman Forts in Britain” (2002)

This camp was meant to host one complete legion and covered an area of around 25 ha
(450 x 550 m). Supposing that each of Marius’ five legions would require the same camp
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layout, we might deduce that his army would need 5 times more space than at Inchtuthil, i.e.,
125 ha, e.g., an area of 1000 x 1250 m.

This is the kind of area we must look for in the Rhéne delta to find Marius’ camp ...

Further to their discovery of a section of the presumed Marius’ canal, Otello Badan and Mario
Maretti continued their search with great success. They found an extensive pavement
located inside a curve of the canal at about 0.50 to 0.70 m below the present ground level.
An accurate GPS positioning was conducted, showing 30 to 40 m wide stretches paved with
pebbles placed in the typical fashion used in the French Provence and locally called ‘calade’.

Légende

* Z Calade
® Pts-GPS-Differentiel
W —— Périmétres calade
[ Trame_Calade
[ Tracé Canal de Marius

e nt du Canal de Marius aété effectu‘é graphlquement sur. Goegle Earth par 0. B. et M. M.
s de bz des contours des calades ont été relevés avec précision ; 4 Laide d'un GPS dlfférenaue1
“Plan’ &rgseé en juin 2017 par robert fabre, geemetre expert en retrait.e §

Roman calades dlscovered by OV Badan and M. Maretti, surveyed by R. Fabre.

The total length of the paved stretches shown above is around 2200 m, covering over 7.5
hectare.

A wild guess would be that these paved stretches are border walkways of the camp. The
rectangular camp of 1000 x 1250 m mentioned above would then nicely fit here.

Further field investigations will obviously have to be conducted in this area.
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2.13NARBONNE

Thanks to recent excavations by French archaeologists (Corinne Sanchez and others) the
main port of ancient Narbo is now believed to be located at Le Castelou. This location is
inside a series of coastal lakes that were more widely open to the sea in ancient times. The
dominant NW wind direction in this area makes sailing difficult.

The port was located at the ancient outlet of the Aude river and this proved to be another
problem, as sedimentation had to be kept outside the port that was therefore built as a canal
that probably had to be extended periodically.

Let's first try to understand natural phenomena related to coastal hydraulics and to river
hydraulics, before having a closer look at the wind climate and to related sailing routes.

2.13.1 Maritime hydraulics
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Littoral drift is due to oblique wave incidence on the coastline (Larue, 2009, Kulling, 2017).

Wave incidence induces a littoral drift towards SW between Agde and Gruissan and
conversely, a littoral drift towards NE is induced between Leucate and Port La Nouvelle. At
places where both littoral drifts converge (at Grau de la Vieille Nouvelle), the mean wave
incidence must be nil.

Fluvial sediment transport is generated mainly during river floods, i.e., rather unsteady: one
or several hundreds of thousand m*® may be brought in in a few days, while littoral drift, which
is more steady, does not exceed a few tens of thousands m? per year. This means that most
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of the river sediment is carried offshore: that is the finer fraction of sediment brought in by the
river.

The coarser fraction of river sediment (i.e., sand) settles near the river outlet where the flow
velocity is reducing. This sediment gathers as a "bar" located at the place where river and
marine currents meet and which is under influence of both, depending on their relative
strength.

By building jetties, higher flow velocities are maintained and the bar is pushed offshore,
where the water depth is larger, yielding more draught for shipping. However, littoral drift is
interrupted by the jetties, inducing accretion on one side and erosion of the same volume on
the other side of the outlet. This problem is like that of harbour breakwaters, even without
any river outlet. This problem is still unresolved as mechanical transfer of sediment aiming at
restoring the interrupted littoral drift is usually too expensive.

2.13.2 River hydraulics

Sky water runs down our mountains and flows into our plains. The order of magnitude of the
Aude river discharge ranges between 10 and 100 m¥/s for an average year, but it can reach
several thousands of m%/s during exceptional floods with a return period of around one
century (that is as much as the normal Rhone river discharge!).

River beds are covered with fine and coarse sediment. These sediments are moved by water
flows: it is usually considered that the sediment discharge is proportional to the water
discharge. Hence, a flood will temporarily increase the sediment discharge by eroding the
riverbed. The order of magnitude of the sediment discharge of the Aude river was formerly in
the millions of m3/year, but modern works reduced this by a factor 10 according to Ifremer.
Similarly, if a structure locally increases the flow velocity, erosion will occur to satisfy the
locally increased transport capacity of the flow. As an example, longitudinal dikes (called
'levees' or 'training walls') aiming at containing the flow, induce a flow acceleration and thus
riverbed erosion (see picture below from G. Degoutte's book).

Avant (Q=0Q +0,)
\ 11 —\.. ? ' /

Figure 4.5. Elévation du niveau de I'eau et enfoncement du lit mineur dus a la
suppression des débordements dans le lit majeur.

Rising of water level and sinking of river bed level due to stopped lateral overflow on floodplains.

It is therefore possible to determine the width of a canal in order to keep a certain water
depth according to the sediment grain size ... if one remembers that beginning of movement
of sand with 0.5 to 1 mm diameter is around 0.5 m/s, on 1 to 5 m water depth.
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Sediment transport in a canal showing erosion at the intake upstream,
and accretion at the outlet downstream.

However, two collateral effect must be kept in mind:

1. The upstream flow must be guided towards the canal intake, including during floods,
and this may require quite extensive funnelling guide walls (called wing walls) to
avoid water flows wandering around during floods.

2. Accretion must be anticipated at the downstream outlet of the canal because of the
local decrease of flow velocity. The outlet must therefore be located at a water depth
allowing some sedimentation before navigation is hampered. Once the minimum
water depth for navigation is reached, the outlet must be dredged ... or the canal
length extended!

Obviously, canal extension cannot be indefinite as hydraulic resistance increases with canal
length which means that the water level increases at the upstream end of it and eventually
the river flows around the wing walls into the flood plains. In other words, the river searches
other ways that are more 'open' ... This seems to have been the case in the 14" c. when the
Aude river moved to its present estuary north of the Massif de la Clape.

Nature always has the last word.
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2.13.3 Sailing routes

NARBONNE

Bay of Narbo in ancient times (acc. Salel, 2014)

At the beginning of Christianity, before the Etang de Sigean silted up, the Narbo bay could be
entered between the isles of Sainte Lucie and Saint Martin, close to the present Grau de la
Vieille Nouvelle (see Faisse & Salel, 2014).

NW winds made this access to the ancient port of Narbo rather difficult. However, no ship
wrecks were found so far in that area ...

Aéroport Béziers/Cap d'Agde (BEZIERS)
Les statistiques basent sur les obsérvations entre 11/2000 - 6/2011 tous les jours de 7h a 19h, heure locale.
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Wind statistics at Beziers airport (2001-2011).

These statistics (©fr.windfinder.com) show wind-direction roses (yearly averages). Monthly
averages are also given together with probabilities of wind larger than 4 Beaufort ('Moderate
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breeze' of 10-15 knots) which is quite sportive for an ancient ship sailing at close reach.

Beziers airport provides stats over 10 years in an open area.

Gruissan-Plage/Narbonne (GRUISSAN

Les statistiques basent sur les obsérvations entre 5/2009 - 6/2011 tous les jours de 7h 3 19h, heure locale.
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Wind statistics at Gruissan (2009-2011).
Gruissan's stats are from an area more protected from NW winds because of the local

landscape (Massif de la Clape).

Let's conclude that winds on the Etang de Sigean and the Etang de Bages are mostly NW

and larger than 4 Beaufort during 30 to 40% of time.

At Gruissan, winds are mostly westerlies larger than 4 Beaufort only 5 to 15% of time.
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Sailing options from the sea to the port of Narbo.

In order not to be facing the wind, sailing ships have to tack reaching an angle with the wind
direction of not less than around 60° (see more on this in 'Ancient sailing') as shown on the
picture above. In front of the hill of Bages ships made a starboard turn towards Le Castelou
where it is believed the main port of Narbo was located on the ancient Aude river estuary.
However, this tacking sailing technique is very unconfortable for both ship and crew, and it
was used only if there was no other choice.

Access was probably also possible through the Grau de Gruissan and/or the Grau de Grazel,
ships sailed on the the Etang de Gruissan at the toe of the Gruissan village on top of its hill
(Guy, 1981). Sailing north or south of the Gruissan village, they had to cross two narrows
with @ minimum width of 250 to 350 m between the hills. Passing both narrows was difficult
with head winds from west to NW and this area probably required help of land-based hauling.
Nevertheless, sailing this route was easier than the route via the Grau de la Vieille Nouvelle
and Bages, and it was obviously even more easy with the rather infrequent easterlies.
Moreover, a group of around ten shipwrecks was found near Gruissan, perhaps showing the
sailors’ preference for that access to Narbo.
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2.14The NILE DELTA

Our aim in this short study is to put some order into the various ancient branches and outlets
of the Nile ... An almost impossible task as archaeology can help finding the location of
ancient water courses and even dating them, but it will usually not provide their names (with
the notorious exception of 'Darius' canal', also called 'Necho's canal').

But let’s try by starting with the pre-dynastic Nile Delta.
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The Nile Delta, from 4500 BC to 2000 AD (based on Butzer, 1976, with coastlines from Stanley, 1998).

As shown in the figure above, the Nile flowed straight to the north from Memphis towards
modern Baltim, via ancient Athribis, Bousiris and Sebennytos. The bell-shaped coastline
shows the effect of massive sedimentation around this main outlet of the “Great River” Nile.
Sediment was moved eastward along the coastline due to action of dominant waves from
NW. When this central Nile branch lost power, the Damietta branch took over and sediment
accumulated in the eastern part of the Delta (Stanley, 2017). In addition, two lateral branches
existed already at an early time: the Pelusiac branch to the east, and the Canopic branch
(also called Herakleotic branch) to the west.

This description is very close to Herodotus’ one.

Nile Delta acc. to Herodotus (History, book 2, chap. 17), ca. 450 BC
(source: Loeb Classical Library, 1920,
https://penelope.uchicago.edu/Thayer/E/Roman/Texts/Herodotus/2A*.html )

Now as far as the city Kerkasoros [north of Memphis] the Nile flows in one channel,
but after that it parts into three. One of these, which is called the Pelusian mouth,
flows eastwards; the second flows westwards, and is called the Canopic mouth. But
the direct channel of the Nile, when the river in its downward course reaches the
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sharp point of the Delta [i.e., the apex of the triangle, near Memphis], flows thereafter
clean through the middle of the Delta into the sea; in this is seen the greatest and
most famous part of its waters, and it is called the Sebennytic mouth. There are also
two channels which separate themselves from the Sebennytic and so flow into the
sea, by name the Saitic and the Mendesian. The Bolbitic and Bucolic mouths are not
natural but dug channels.

From Herodotus, we understand that at least four other branches exist in addition to the
three main branches, leading to a total of seven branches.

A similar picture is provided by Strabo, about four centuries later, where seven outlets are
still mentioned, but it is noteworthy that he mentions three main branches (Pelusiac,
Pathmitic and Canopic-Herakleotic), with other outlets in-between.

Nile Delta acc. to Strabo (Geography, book 17, chap. 1), ca. 25 BC
(source: https://penelope.uchicago.edu/Thayer/E/Roman/Texts/Strabo/17A1*.html )

[4] The Nile flows from the Aethiopian boundaries towards the north in a straight line
to the district called "Delta," and then, being "split at the head," as Plato says, the Nile
makes this place as it were the top of a triangle, the sides of the triangle being formed
by the streams that split in either direction and extend to the sea - the one on the right
to the sea at Pelusium and the other on the left to the sea at Canopus and the
neighbouring Herakleium, as it is called, - and the base by the coast-line between
Pelusium and the Herakleium. [...] Now these are two mouths of the Nile, of which
one is called Pelusiac and the other Canopic or Herakleotic; but between these there
are five other outlets, those at least that are worth mentioning, and several that are
smaller; for, beginning with the first parts of the Delta, many branches of the river
have been split off throughout the whole island and have formed many streams and
islands, so that the whole Delta has become navigable. [...]

[18] After Canopus, one comes to the Herakleium, which contains a temple of
Heracles; and then to the Canopic mouth and the beginning of the Delta. [...] After the
Canopic mouth one comes to the Bolbitic mouth, and then to the Sebennytic, and to
the Pathmitic, which is third in size as compared with the first two which form the
boundaries of the Delta [the Canopic and Pelusiac branches]; for not far from the
vertex of the Delta, the Pathmitic splits, sending a branch into the interior of the Delta.
Lying close to the Pathmitic mouth is the Mendesian; and then one comes to the
Tanitic, and, last of all, to the Pelusiac. There are also others in among these,
pseudo-mouths as it were, which are rather insignificant. Their mouths indeed afford
entrance to boats, but are adapted, not to large boats, but to tenders only, because
the mouths are shallow and marshy. It is chiefly, however, the Canopic mouth that
they used as an emporium, since the harbours at Alexandria were kept closed, as |
have said before. After the Bolbitic mouth one comes to a low and sandy promontory
which projects rather far into the sea; it is called Agnu-Ceras. And then to the Watch-
tower of Perseus and the Wall of the Milesians; for in the time of Psammitichus (who
lived in the time of Cyaxares the Mede) the Milesians, with thirty ships, put in at the
Bolbitic mouth, and then, disembarking, fortified with a wall the above-mentioned
settlement; but in time they sailed up into the Saitic nome, defeated the city Inaros
[unlocated] in a naval fight, and founded Naucratis, not far above Schedia. After the
Wall of the Milesians, as one proceeds towards the Sebennytic mouth, one comes to
two lakes, one of which, Boutic, has its name from the city Bouto, and also to the
Sebennytic city, and to Sais, the metropolis of the lower country.

Another ancient author is Chaeremon of Alexandria (Book of Phtomyris, book 2, chap.
73), ca. 85 AD, who was born in Naucratis, more or less confirms the above descriptions.

Ptolemy adds a distinction between “outlets” (or mouths) and “branches”.
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Nile Delta acc. to Ptolemy (Geography, book 4, chap. 5), ca. 150 AD
(source: Brady Kiesling, https://topostext.org/work/209 )

[4.5.10] The seven mouths of the Nile [with Longitude , Latitude in degrees, minutes]:
the Herakleotic or Canopic mouth: 60°50', 31°05'

the Bolbitic mouth; 61°15' , 31°05'

the Sebennytic mouth: 61°30', 31°05'

the Pineptimi pseudo-mouth: 61°45' , 31°05'

the Diolkos pseudo-mouth: 62°10', 31°10'

the Pathmitic mouth: 62°30', 31°10'

the Mendesios mouth: 62°45', 31°10'

the Tanitic mouth: 63°00', 31°15'

the Pelusiac mouth: 63°15', 31°10'

[4.5.39] The so-called Great Delta begins where the Agathodaimon branches off from
the Great river and flows through the Herakleotic mouth [and ends] into the so-called
Boubastic, which flows out through the Pelusiac mouth. The position of the fork of the
Delta is 62°00', 30°00' [Memphis-Babylon is located by Ptolemy at 62°15’ , 30°00’]

[4.5.40] The so-called Little Delta is where the Boubastic river splits into the Bousiritic
river, which flows out through the Pathmitic mouth, position of which [fork] is 62°40',
30°20' [north of Bousiris which is located by Ptolemy at 62°30° , 30°15’, probably at
Sebennytos located at 62°20' , 30°20.

[4.5.41] One might even mention a third delta somehow between the two
aforementioned, where the Boubastic forks into the one that flows through Athribis
city and the Pineptimi mouth. This is at 62°15' , 30°05' [a few km north of Memphis-
Babylon which is located by Ptolemy at 62°15’, 30°00].

[4.5.42] At the Great Delta two rivers branch off toward the north from the river
Agathodaimon; the first is called the Thermouthiac or Phermouthiac river, which flows
out through the Sebennytic mouth; its fork is at 61°30' , 30°15' [south of Nikiou which
is located by Ptolemy at 61°30’, 30°20°].

[4.5.43] Second is the so-called Taly river, which flows through the Bolbitic mouth; the
branching of the Taly river is at 61°00' , 30°50' [Hermopolis Mikra is located by
Ptolemy at 61°00’ , 30°50’].

[4.5.44] The Boutic river which runs along at a nearly equal distance from the
seacoast joins the Thermouthiac, the Athribitic, the Bousiritic and the Boubastic, from
which others springing from adjacent marshes and lakes flow into the sea through the
remaining mouths, some of which are connected, as we have said, with the Great
river.

The main features of Ptolemy’s description are a) a list of coordinates of 7 river outlets and 2
pseudo-outlets (chap. 4.5.10), b) a list of river names with coordinates of 4 forks
(embranchments, confluents) (chap. 4.5.39 to 43) and c) a stream flowing in an east-west
direction (chap. 4.5.44). In addition, Ptolemy provides a description of the nomes and major
cities of Delta in his chapters 4.5.46 to 4.5.54.

In order to locate the 4 forks mentioned by Ptolemy, we added the names of the nearest
ancient cities according to Ptolemy’s own coordinate system in brackets ([city]).

These texts are referring directly to rivers and outlets, but other texts also refer indirectly to
them (Redon, 2018).
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River outlets

We know that Ptolemy was somewhat mistaken on his longitudes (see
http://www.ancientportsantiques.com/ancientmaps/#2 ) but the distances between two places

may give a valuable indication. Furthermore, we know that one minute of longitude (1’ = 1/60
degree) near Alexandria is ca. 1570 m.

Ptolemy’s longitudes of the Canopic and Pelusiac mouths are respectively 60°50' and 63°15',
that is an east-west distance of 2°25’, or 145’, or 228 km. If we place the Canopic mouth at
Izbat as Sittin (31.28°N, 30.15°E), just east of the recently discovered ancient city of Thonis-
Herakleion (https://www.franckgoddio.org ) and measure an east-west distance of 228 km,

we end up within a few kilometres of the ruins of Pelusion. This confirms that the scale of
Ptolemy’s east-west distances is quite correct in the Nile Delta and that we might try to locate
other river outlets with his longitudes.

River forks

Although the above shows quite a good accuracy for east-west positioning of river outlets,
we shall avoid further use of Ptolemy’s coordinates as we know that each time this was
attempted in the past, it ended up in a very distorted picture because of the many
approximations (and possible errors) in his data (Litinas, 2015). We shall rather use his
coordinates to locate ancient cities, the locations of which are known in the modern WGS 84
coordinate-system (EES Delta Survey, 2016).

Even the location of the upstream fork where the Nile first splits into branches at the apex of
the Delta near Memphis-Babylon-Kerkasoros (Greater Cairo), is a subject of discussion for
Mark Lehner (2020) in his search for the early pharaonic ports near Gizeh.

River branches

Quite clearly, the names of the river branches are related to the cities they were leading to.
At this stage, we may try to put some order into the available data by listing branches and
outlets from west to east:

Name of river Fork location | Name of river | Ptolemy’s Name/location Ancient
branch (confluence) | outlet distance of modern authors
east of outlet
Canopic
mouth
Agathodaimon, Memphis- Canopic 0 km Izbat as Sittin, Ht
Herakleotic Babylon (or mouth, west of the port St
branch Kerkasoros?) | Herakleotic of Maadiyya
mouth Pt
Taly Potamos Hermopolis Bolbitic branch Pt
Mikra
Bolbitic branch South of Bolbitic mouth 39 km Rosetta is at only Ht
Cabasa? 27 km
St
Thermouthiac, South of Boutic mouth 63 km Bouto is at 56 km St
Phermouthiac Nikiou (Sebennytic Pt
branch mouth: Pt)
Great River Memphis- Sebennytic 86 km Baltim is at Ht
Athribitic branch, | Keérkasoros | mouth 89 km st
Sebennytic (Pineptimi
pseudo-mouth: Pt
branch Pt)
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Boutic branch Sebennytos? | Thermouthiac Pt
branch
Saitic branch Natho? Thermouthiac Ht
branch?
Perhaps an Diospolis Diolkos 126 km Gamasa is at Ht
ancient track of Inferior? pseudo-mouth 133 km Pt
the Bousiritic
branch? or the
man-made
Bucolic branch?
Bousiritic branch | Sebennytos, Pathmitic 157 km Damietta is at Pt
near Bousiris mouth 157 km
Mendesian ? Mendesian 181 km Birket el-Amriti? Ht
branch mouth At 181 km Bt
Tanitic branch ? Tanitic mouth 204 km Port Said is at Pt
205 km
Boubastis branch | Memphis- Sebennytic Pt
Kerkasoros branch at
Sebennytos
Pelusiac branch Near Pelusiac 228 km Pelusion Ht
Boubastis mouth
St
Pt

Ancient authors: Ht: Herodotus, Pt: Ptolemy, St: Strabo

Both Herodotus and Ptolemy mention the Canopic and the Pelusiac outlets. The Herakleotic
branch leads from Memphis to Naucratis, to Hermopolis Mikra and to the Herakleotic
(Canopic) mouth. The track of the Pelusiac branch is less certain, especially near the
Pelusiac mouth, and it must be remembered that the pre-dynastic coastline was far inland in
this area, probably on a line from Herakleopolis Mikra to Panephysis (Bietak, 1975, 2011;
Chartier Raymond, 1992; Stanley, 1998).

Herodotus adds that the Sebennytic outlet, yielding the largest stream of the “Great River”,
flows straight north of Memphis to Athribis, Natho, Bousiris and Sebennytos. The outlet must
be near Paralios (modern Baltim) as this area shows the largest accretion pushing the
coastline to the north (Stanley, 1998). Herodotus’ Sebennytic outlet must therefore be the
same as Ptolemy’s Pineptimi “pseudo-outlet”. This peculiar way of calling this outlet a
pseudo-outlet might be due to the fact that this outlet was already clogged in his time. This
makes sense from a hydraulic point of view, as the Sebennytic branch was getting just too
long and was thus hampered by a large hydraulic resistance which would favour other
branches like the Mendesian and the Tanitic branches which were the shortest way to the
sea at that time. Massive sedimentation of the eastern side of the Delta would occur as from
that time (Stanley, 1998). In a similar way, the Diolkos pseudo-outlet is possibly an ancient
sedimented outlet that was used as a slipway for ships in Ptolemy's time. It could also be the
man-made outlet of the Bucolic branch mentioned by Herodotus which would flow from
Diospolis Inferior near the Bousiritic branch, to the sea.

In the western Delta area, Ptolemy mentions the Taly Potamos flowing to the Bolbitic outlet
(probably via the Bolbitic branch) after splitting off from the Herakleotic branch near
Hermopolis Mikra. However, he does not mention the Saitic branch and we do not know
where was its outlet. After splitting off from the Herakleotic branch south of Nikiou, the
Thermouthiac branch flows to Strabo’s Boutic outlet, near Bouto (Wilson, 2012) which is
called “Sebennytic mouth” by Ptolemy.
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Herodotus’ Saitic branch is not mentioned by Ptolemy, but from Herodotus’ description, we
might conjecture that this branch might be a link between the central Great River (Sebennytic
branch) and the western branch (Thermouthiac branch) flowing to the west from Natho to
Sais via Tawa. Similarly, Herodotus’ Mendesian branch would flow to the east via Mendes.
The Tanitic branch is not mentioned by any of the three ancient authors, but may be
supposed to flow to Tanis from Boubastis or from Avaris.

Let’s now consider the Boubastic branch which probably causes most of the confusion in the
overall Delta picture. This branch is mentioned both in the south (with the Pelusiac outlet)
and in the north with the Bousiritic branch flowing to the Pathmitic outlet. This branch must
thus flow from Memphis to Boubastis first, where the Pelusiac branch splits off, and then
head for Bousiris, where the Bousiritic branch splits away towards the Pathmitic outlet. The
Boubastic branch is supposed to end up into the Sebennytic branch at Natho (Redon, 2018).

The last flow mentioned by Ptolemy is the Boutic branch between the Thermouthiac,
Athribitic, Bousiritic and Boubastic branches. A closer look at the map will show that this
branch needs to flow between Bouto (on the Thermouthiac branch) and Sebennytos located
at the junction of the Athribitic and Bousiritic branches, and connected with the Boubastis
branch further south. It would pass at Xois. This branch would thus be much shorter than
shown by other authors (Talbert’s Barrington Atlas, 2000; Schiestl, 2021).

The Nile to Red Sea canal

Special attention should be devoted to Necho’s Nile to Red Sea canal (Nekou Diorux), even
if it was Darius who realised it about a century later, we should remember that pharaoh
Necho Il was very interested in maritime expeditions as he was the one who launched a
circumnavigation of Africa around 600 BC. Several places are explicitly mentioned as
harbours on the Pithom stela (Arsinoe, Per Atum), and by Agatharchides (Arsinoe), Diodorus
(Arsinoe), Strabo (Arsinoe, Cleopatris), Pliny (Daneon Portus) and Lucian of Samosata
(Clysma).

The Nile to Red Sea canal was called Nekou Diorux and located in the archaic Tjekou valley,
today’s wadi Tumilat connecting the Pelusiac Nile branch to the Bitter lakes. As a possible
lead for the location of this canal, we might consider that when Darius had it (re)dug (ca. 500
BC), he placed his four commemorative quadri-lingual stelae at places where many people
would see them, e.g., at ports on the Nile to Red Sea canal. The first stela was near Tell el-
Maskhuta (ancient Tjekou, Heroonpolis) which is the closest to the Pelusiac branch of the
Nile Delta. The 2" stela was located at Serapeion, Serapeum, about 10 km south of Ismailia.
The 3" stela was near the promontory called Mahattat al Kibrit, Kabret, located between the
Small and the Great Bitter lakes, at Chalouf, Shaluf. The 4" stela was at Koubri, 6 Km north
of Suez (Tuplin, 1991).

But let’s widen our perspective on the available documentation:

o The four Darius stelae (515 BC) inform us that Darius had a canal dug from Tell
el-Maskhuta to Koubri, if we assume the four stelae have been placed along the
canal.

e Herodotus (ca. 450 BC) describes a canal first built by Necho (ca. 600 BC) from
the Pelusiac branch of the Nile near Bubastis, to the Red Sea which he locates
near Patumos.

e Atristotle (ca. 350 BC) notes that both Sesostris and Darius feared an inundation
of the Nile Delta if they finalised the Nile to Red Sea canal.

o The Pithom stela (264 BC) tells us that Ptolemy Il founded Arsinoe in Kemwer
province (the latter probably located near the Bitter lakes, acc. to Thiers, 2007)
from where his ships left to the southern Red Sea, returning laden with elephants
and precious goods and welcomed back by the king at Per Atum.

e Diodorus (1% ¢. BC) mentions the same canal ending with locks at Arsinoe.
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e Strabo (ca. 25 BC) tells us about the lock closing the canal built by Ptolemy II.
Strabo also tells about the construction of Aelius Gallus’ fleet at Cleopatris, which
should therefore be located not too far from the open sea. Furthermore, he
informs that the canal could be used by large ships and that it was connected to
the Pelusiac branch at Phakoussa, which is 30 km downstream of Bubastis
yielding a fairly impossible north-south connection to the Nile to Red Sea canal
crossing a 30 m high hill east of al-Qorin.

e Pliny (ca. 75 AD) might be slightly reinterpreted for Daneon Portus from where a
canal of 62 500 paces (92.5 km) would lead to the Pelusiac branch (near
Bubastis), but only 37 500 paces (55.5 km) were built by Ptolemy I, leading near
Tell el-Maskhuta. The distance from Déversoir (northern end of the Great Bitter
lake, near Difarsuwar air base) to the Pelusiac branch near Bubastis is around
87 km and Daneon Portus might therefore be near Déversoir.

o Claudius Ptolemy (ca. 150 AD) mentions Arsinoe at 20’ of latitude due north of
Clysma, which leads near Mahattat al Kibrit, which may have been a fort and
where a major police station on the modern Suez Canal is still located today.

e Lucian (ca. 175 AD) mentions navigation from the Nile to Clysma, inducing an
operational canal in the 2" c. AD.

Aubert (2004) provides a superb review of the history of the Nile to Red Sea canal.
Excavations were conducted at Qulzum in 1930-32 and reported by Bruyére (1966). Cooper
(2009) provides an estimated route of the canal and a redrawing of a survey by Bourdon
(1928) showing the location of the supposed lock at the Suez entrance of the canal, next to
an inner- and an outer-harbour and next to a ford crossing to the Sinai Peninsula.

As reported by Strabo (Geog. 17.1.25), we can understand fears to jeopardise the water
quality of the Bitter lakes, the Nile to Red Sea canal and even the Nile Delta, but we can
confirm today that a lock preventing the risk of inundating the Nile Delta during high Red Sea
water levels (only 1 or 2 m above its Mean Sea Level, resulting from high tide combined with
southern wind) was not required. However, the risk of changing the existing fresh water Bitter
lakes into salt water lakes was real when creating a connection with the Red Sea, and this
justified a lock. Such a lock was useful as long as the Nile would provide a volume of fresh
water large enough to compensate the severe evaporation on the Bitter lakes®.

When both Bitter lakes were fresh water lakes, they could not be considered as a marine
area and Clysma (Suez) must therefore have been the only true sea-port at the northern end
of the Red Sea since archaic times. Cargo was most probably transhipped there on- or from
large sea-going ships onto smaller vessels sailing on the Nile to Red Sea canal, even if
Strabo notes that the canal could be used by large ships. The location of the eastern end of
this canal was depending on its sedimentation and on the Nile floods. It could therefore be at
Tell el-Maskhuta in Necho’s days, at Déversoir, at Qulzum in Darius’ days and back at Tell
el-Maskhuta in Ptolemy II's days.

Concluding, it might perhaps be suggested here that although Ptolemaic Arsinoe-Cleopatris
and Greco-Roman Clysma are located near Kom el-Qulzum, locating Arsinoe-Cleopatris at
Kabret (or at Déversoir) also makes sense. Déversoir, might be another, not yet found, port
on the canal, possibly Pliny’s Daneon Portus, at ca. 87 km of the Pelusiac branch. Serapeion
might also be a port at ca. 75 km of the Pelusiac branch. Further upstream, Tell el-Maskhuta
is Archaic Tjekou, Per Atum, Pitoum, Patumos, Heroonpolis, at ca. 54 km of the Pelusiac
branch, and Tell el Retabeh is archaic Pithom at ca. 40 km of the Pelusiac branch (Thiers,
2007).

32 The modern Suez Canal (opened in 1869, initially 8 m deep, now 24 m) changed this situation completely as
no locks were included and salt water could flow freely into the Bitter lakes, and due to above mentioned
evaporation, the Bitter lakes are now even more salty than the Red Sea.
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For completeness, it may be noted that Ptolemy mentions a later addition to the canal, called
Traianos Potamos (Trajan's river), flowing through Babylon (Memphis), Heliopolis and
Heroonpolis.

Conclusion

As most Nile branches have been moving around due to natural meandering, it makes little
sense to look for a single fixed track for each of them. The Nile branches mentioned in this
study are shown on the map hereafter where they have been placed on the present streams
when possible. However, some tracks are completely unknown to archaeology and are
therefore pictured by straight lines.

Concluding, it may be said that all river branches, forks and outlets mentioned by Herodotus,
Strabo and Ptolemy have been satisfactorily positioned on the map without much need for
changing coordinates, names, or accepting errors by the ancient authors. In addition,
Ptolemy’s beautiful scheme with three imbricated deltas is validated.

It must be realised that this short study aims at providing an overall view of the Delta river
branches and outlets. However, many uncertainties remain, and there is still a great deal of
work to be done to locate ancient watercourses.
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Three imbricated deltas 6f the Nile Delta.
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List of modern coordinates

Ancient name Modern name Latitude (°N) Longitude (°E)
Athribis Tell el-Atrib 30.47060 31.18800
Boubastis Tell Basta 30.57250 31.51200
Bousiris Abusir 30.90630 31.24100
Bouto Tell Fara'un 31.19556 30.74222
Canopus Abu Qir 31.32250 30.05830
Herakleopolis Mikra Tell Belim 30.97880 32.17200
Hermopolis Mikra Damanhur 31.02160 30.42080
Memphis-Babylon Cairo, Hanging Church 30.00510 31.23010
Memphis-Kerkasoros Cairo, Rod El Farag 30.08600 31.22900
Mendes Tell el-Ruba 30.95800 31.51650
Nikiou Zawiyet Razin, Kom Manous | 30.41000 30.84800
Panephysis el-Manzala 31.15000 31.93330
Pelusion Tell el-Farama 31.03770 32.54960
Sais Sa el-Hagar 30.96500 30.76850
Sebennytos Samanud 30.95820 31.24490
Tanis Tell San el-Hagar 30.97490 31.87714
Tawa Tantah 30.78390 30.99910
Thonis-Herakleion Abugir bay 31.28160 30.11980
Xois Sakha, Djegapir 31.08950 30.95090
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Nirou Khani

2.15NIROU KHANI
This rock-cut structure has been inspected by several authors. Let’'s quote them first.
Frost (1963, p 107-109):

“Evans himself, Dr Marinatos and other archaeologists recognized the remains as
being part of a harbour. [...]

0. . * 0 el -
i, ’ " (24
: Shetler,
Nirou Khani; some harbour installations from a sketch in my log book.
Hatching indicates rock, and stippling sand (Frost, 1963).

The sketch was a personal aide mémoire, the various features were drawn relative to
each other but without being measured. | have since added the buildings mentioned
by Dr Marinatos.

The windward or north-westward slopes of the promontory are cut at water level and
below by quarries. [...}

In the report describing Dr Marinatos’ excavations of 1926 two structures, ‘a flagged
shelter of poros stone containing quantities of late Minoan jars and perforated
ceramic spheres’, and also a water well, were excavated in the field now covered by
rubbish dump. ‘A large rectangular space with walls of big limestone blocks, one
meter across’ started in the field, to the east of the well and ‘shelter’, ran across the
beach and ended in the sea. The clou of the whole area was the tank-like cutting at
the junction of the rocky promontory and the beach. This cutting '40 meters wide and
42 meters long is divided info two unequal compartments by a wall; the whole is now
about 1.80 meters below sea level. The use of the construction will only be explicable
if it is possible to determine the degree of subsidence of the land. In any case it was
either a mooring for boats or a Minoan shipyard. The port which was the first Minoan
example to be discovered, must have had connections with Knossos’

| have translated this passage from the original report on Nirou Khani, but | suspect
that there must have been a misprint where distances are concerned. The tank in
question is nearer 10 x 12 meters than 40 x 42.”
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Flemming & Pirazzoli (1981, p 74-76):

“Une structure rectangulaire taillée dans la roche a été différemment interprétée.
Marinatos (1926), qui estimait la profondeur de I'eau a 1.8 m, a l'intérieur, y voyait
une darse ou un chantier de construction naval. Frost (1963, p 107-109) parle pour
Nirou Khani de carrieres et de ce qu’elle croit étre une construction submergée. Elle
en déduit pour ce site une submersion de 4-5 m. Cette interprétation implique que la
‘darse’ était a sec. Or, d’apreés les observations de N.C. Flemming, la submersion a
été inférieure a 5 m.

Nirou Kha
R A
«?’b-
S
eaux profondes carriéres

e, Chantier de construction
navale minoen

ruines minoennes

¥
Nirou Khani (Flemming & Pirazzoli, 1981)

Cependant le bassin ne semble avoir la forme ni d’'une darse, ni d’une cale, ni méme
d’un chantier de construction. D’autre part, la submersion des carrieres et des murs
minoens a I'est du bassin indique une montée du niveau de la mer d’au moins

1.75 m. Cette submersion apparait insuffisante pour inonder la structure
rectangulaire, qui était donc a sec lors de son utilisation.”

In the same article Flemming & Pirazzoli estimate the relative sea level rise between 1.2 and
2 m at Nirou Khani, indicating that the structure bottom was close to the seawater level in
ancient times.

Blackman (2013, p 12):

“A promising parallel for the Minoan ‘shipsheds’ at Kommos has recently been
discovered on the north coast of Crete at Poros/Katsamba (Herakleion) [...]. We thus
have a plausible parallel for Minoan ‘storage shipsheds’, but Minoan parallels for the
later ‘covered slipways’ have not been found, unless one accepts some remains on
the shore at Gournia. The rock-cut basin at Nirou Khani has been suggested as a
parallel.”

However, Blackman does not mention the Nirou Khani structure any more in his book.
Theodoulou (2023, p 145):

“The most striking, though enigmatic, finding of Marinatos’ work concerns the large
rectangular cuttings at the base of the rocky cape. Its length is 47.4 m, and its width is
10 m. It is divided longitudinally with stonework, in two uneven zones, 4.95 m wide at
the south and 4.25 m in the north. Marinatos, considering that the bottom of the
cutting was below the sea level, by about 1.80-2.00 m, considered that the brush was
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on dry land during the Minoan times, arguing its possible use as a shipshed. Recent
underwater research shows that the northern compartment of the cutting is closed off
and could not have been used for keeping a ship in, except perhaps for the storage of
its equipment. However, the 47.4 x 4.95 m open south-eastern compartment is
considered to be more suitable for the construction, repair or guarding of two or more
ships. Confirming its use, however, requires an investigation.”

What can we add in order to clarify this matter?

Nirou Khani (Go

ogle Earth picture taken on 1/9/2018)

On the day this picture was taken, the sea was calm (no Meltem blowing). The dimensions of
the rock-cut basin are visible:

e Width: around 10 m, with a separating wall
e Length: upto47.5m
To the south of both basins, a slightly higher area looks like a quarried area.

A slope cannot be seen on the picture and the various visitors did not mention anything
about a slope as the bottom of the basin is probably horizontal.

The Nirou Khani rock-cut basin is therefore not a port, as it is too small, but the size of the
southern basin corresponds very well to a slipway. However, if it had no slope, it must have
been difficult to haul a ship inside or to keep the workers feet dry.

In any case, the large sheltered area on the south-eastern side of the rock-cut basin may
have been a safe harbour.
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2.16 PORTUS AUGUSTI

In the following sections, we will concentrate on the overall sedimentation and erosion
processes, on the structural aspects of the breakwaters and on the port capacity. Our aim is
to understand how it happened and how it was built.

2.16.1 Pictures of the port

Thousands of documents deal with Portus Claudius, Portus Trajanus or Portus Augusti
Ostiensis. The oldest pictures of Portus Claudius are on Nero's coins of one sestertius (64
AD).

Portus on a sesterce issued by Nero, in 64 AD.
Legend: AVGVSTI| S POR OST C = Portus Ostiensis Augusti, senatus consulto.
© Classical Numismatic Group. Reproduced with permission.

Fig. 4.5. Reverse of Nero's Portus issue (Courtesy of the British
Museum; CM BMC132, AN31942001).
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Nero’s coin of one sestertius showing Portus, Lugdunum, 66 AD, 33 mm,
picture C. Jacquand, Wikimedia, (Mus. civilisation gallo-romaine, Lyon).

The sea is on top of the coin pictures, north is to the right.

The right, or north, breakwater has been interpreted (first by Pirro Ligorio in 1554) as an
open breakwater supposed to allow water flowing through it.

0 On the British Museum coin, we might even see water flowing
around the arch piers, very much like the bow wave of a ship.
This concept of 'arched breakwater' was designed to avoid
harbour siltation, and similar 'pilae' constructions were found in
Puteoli, Misenum and Nisida, in the Bay of Naples, but no
ancient literary evidence is available.
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The left, or south, breakwater supports a row of buildings (warehouses?) with a larger
structure at the seaward end (temple? lighthouse?).

At the entrance, between both breakwater heads, a large statue seems to represent the well-
known lighthouse island.

A ship is leaving the port under oar on the right side and another ship is entering the port
under sail on the left side.

Three ships with furled sail are inside the port.

Several smaller boats under oar could be tugs (multiple oars) and service boats (single oars).

For further info see Mary Jane Cuyler (2014), (University of Sidney)3>.
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Torlonia relief of Portus
(photo credit: Zétema - Roma Capitale).

)

For a brilliant description of Portus, see Simon Keay (2014).

2.16.2 A few words on coastal morphodynamics

Coastal engineers are supposed to predict the impact of new coastal structures (i.e., ports,
seawalls, man-made beaches, etc.) on the adjacent coastal morphology. Their methodology
is usually as follows:

1. Understand coastal processes at hand (waves, tides, morphodynamics);

2. Build numerical models of these processes (physical scale models are used also) and
calibrate them on the past decade(s) if enough data is available;

3. Use these models to predict trends over future decade(s).

The following (very) short summary can be deduced from coastal engineering textbooks
(e.g., Komar, 1998)%.

As ports and harbours are supposed to be “low energy” areas (with reduced waves and
currents in order to provide sheltering for ships) they are subject to sedimentation.

33 CUYLER, MJ., 2014, "Portus Augusti: The Claudian Harbour on Sestertii of Nero", in 'Art in the Round': New
Approaches to Ancient Coin Iconography, Tibinger Archdologische Forschungen, Band 16.

34 KEAY, S., 2014, “The Role Played by the Portus Augusti in Flows of Commerce between Rome and its
Mediterranean Ports”, in “The Roman Economy”, edt. B. Woytek, Austrian Academy of Sciences, (147-192).
35 KOMAR, P., 1998, “Beach processes and sedimentation”, 2" ed., Prentice Hall.
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Sediment (sand and silt) moves both along the coastal zone (longshore littoral drift) and
across the coastal zone (cross-shore sediment movement). The coastal zone runs from the
dune to a certain water depth (frequently in the order of 10 m). The energy required for
sediment motion is mainly provided by wave action (and wind and tidal currents, if any).

e The source of sediment for littoral drift can be fluvial sediment load from river outlets,
or erosion of another stretch of the coast. Waves push sediment in front of them
when they break with an oblique angle on the coastline. Hence, depending on the
wave direction, the rate, and even the direction, of littoral drift can vary in time.

e Cross-shore sediment movement occurs mainly during storms when sediment is
taken away from the top of the beach or dune down to deeper water. Reconstruction
occurs in milder weather and wind will take fine sediment back to the top of the dune,
especially in a tidal area.

Let’s have a look at a typical river outlet with Piero Bellotti®®.

\

Beach ridges (5) show the progradation of the
shoreline due to sediment supply from the river. In
this case, wave propagation is perpendicular to
the initial shore line (waves move from right to left
on this picture). Waves spread the sediment on
both sides of the outlet leading to a shape that will
remind the Fujiyama (3).

It can be seen also that the total volume of
sediment between two equidistant ridges
increases in time because the lateral extent is
increasing. Hence, the speed of progradation of
the outlet cone reduces in time (if the fluvial
sediment load is constant).

Obviously, the ratio fluvial sediment load / wave
power is a dominant parameter here: more wave
action and/or less sediment input lead to a flatter
cone, and reverse.

Fig. 9 - Meccanismi di progradazione riconosciuti nei delta tirrenici,

.'g\‘_el pn‘cnn m:\-.ﬂl il Ed;poccl;llz)Idcl‘l]vl‘l-;wbbmdi ?isposlr:li_L|:‘ltgo la batti- If, fOF some reason, thIS I"atIO |S reduced (eg,
i, nel secondo 1ipo & ubicato nell'area di foce, nellultimo & spo- . .
priv 3 b 6 ool o idion: 4 reduced fluvial sediment load due to reduced

) cordoni litorali.

fluvial water discharge, due to a drought), the
cone will be flattened out and sediment will drift
laterally on both sides (4).

er mouth, in the lasi tvpe sand depocen
ings. 1) Inner deita plain, 3) first type progra
ogradation, 4) thizd type progradation, 5) beach

What happens if men interact with Nature? e.g., building some obstacle in an area with
littoral drift.

36 BELLOTTI, P., 2000, “Il modello morfo-sedimentario dei maggiori delta tirrenici italiani” Boll. Soc. Geol. It.,
119 (2000), (p 777-792).
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This picture shows the initial shoreline near Cotonou (Benin) (straight yellow line). This
was the shoreline before any human construction (a port) was built in the sixties. This
coast is known for its littoral drift of around one million cubic meters per year from west to
east (left to right on the picture).

Fifty years later, the western shoreline progressed more than 1 km in the offshore direction
to the south (i.e., around 20 m/year!). The same volume of sediment was taken away by
wave action on the eastern side, inducing erosion over many kilometres ... What Nature
gives with one hand, she takes back with the other hand.

After some more time, sand will by-pass the harbour entrance which will gradually silt up
and reduce draught for navigation®’.

2.16.3 Claudius’ southern breakwater

Fiumicino
Ostia

Coastal morphodynamics near Portus.

37 MANGOR, K., et al., 2010, “Bypass harbours at littoral transport coasts”, PIANC MMX Congress, Liverpool.
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The picture above (based on P. Bellotti’s, 2011 study??, see also Giraudi, 2009°°) shows that
the Tiber outlet moved from the north (into the future Roman ports) to the south (close to
future Ostia), probably around the 7-8" c. BC, before Ostia developed in the 5" ¢. BC. It also
shows that the shoreline between the present Fiumicino Canale and Fiumara Grande
progressed 3.5 to 4 km between 100 AD and 2000 AD. That is an average close to 2 m/year.
A more detailed analysis shows that this value might vary locally and reach 5 to 10 m/year
near both outlets (Bellotti, 2011).

Further information is found on the DIGITER web site of Antonia Arnoldus-Huyzendveld and
in her 2016 publications on coastline evolution and on Claudius’ harbour,

Waves are dominant from SE to SW according to data taken from the Wind and Waves Atlas
of the Mediterranean Sea (2004) at locations 42°N-11°E (west of Civitavecchia) and 41°N-
12°E (south of Fiumicino).

Considering the local coastal morphology, the fluvial sediment load from the Tiber is
supposed to flow as a littoral drift on both sides of the outlet, and offshore. The present total
sediment load is 0.3 million ton/year (Milliman, 20144") (that is around

150 000 cubic meter/year). It must be noted here that this fluvial sediment load was
drastically reduced by a factor thirty (30!) during the 20" c. due to upstream dam building.
Anyway, the finer fraction (silt) flows offshore and only the coarse fraction (sand) remains in
the coastal area (estimation of 50 000 to 100 000 cubic meter/year over the past centuries).
The south breakwater of Portus Claudius obviously was a large obstacle to sediment
movement towards north and sedimentation took place on the south side of the south
breakwater.

Let’s see this in a simplified vertical cross-section placed just south of the south breakwater
(looking north), and just after its completion.

BW length: 1000 m
BWat+4m(?)

Roman SWLat+0 m / Beachat+1m

Beach progradation

Sea bed at-10 m

BW length at sea bed: 700 m

NB: Roman Sea Water Level is around 0.8 m below present SWL*
(sketch distorted and not to scale)

38 BELLOTTI, P., 2011, “The Tiber river delta plain (central Italy): Coastal evolution and implications for the
ancient Ostia Roman settlement” The Holocene, 21(7), Sage Publications Ltd, (p 1105-1116).

39 GIRAUDI, C., 2009, “Late Holocene Evolution of Tiber River Delta and Geoarchaeology of Claudius and Trajan
Harbor, Rome”, Geoarchaeology, Vol 24, N° 3.

40 ARNOLDUS-HUYZENDVELD, A., et al, 2016, "How the coastline of Ostia changed over the centuries", Foro N°
41, Friends of Ostia, (13 p).

ARNOLDUS-HUYZENDVELD, A., et al, 2016, "The hidden harbour", Foro N° 63, Friends of Ostia, (9 p).

41 MILLIMAN, J., 2011, “River Discharge to the Coastal Ocean: A Global Synthesis”, Cambridge University Press,
UK (384 pp).

42 GOIRAN J.-P., et al, 2009, “Découverte d’un niveau marin biologique sur les quais de Portus: le port antique
de Rome”, Méditerranée, 112, (p 59-67).
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Sediment from the prograding beach will start to get around the toe of the breakwater (BW)
after a distance of 700 m. Sedimentation will start inside Portus Claudius at this moment. In
the simplified scheme shown above (1:30 slope on a 10 m water depth, note that Morelli
found 15 m*®) and considering the 5 to 10 m/year progradation, the beginning of harbour
sedimentation would be expected after 70 to 140 years, say one century, and that is well
after Trajan decided to build his Portus Trajanus. This leaves many more years for the
harbour to be still (partly) operational, as long as the water depth is at least 4 to 5 m inside
the harbour. This seems to have been the case until at least 879 AD (Paroli**). We would
consider nowadays that this is fairly overdesigned ...

It would however not be surprising that Claudius’ engineers anticipated this, at least in a
qualitative way, and this would then explain why they built such an expensive, long and

deep, south BW, as they did not need a 10 m water depth for contemporary ancient ships,
but they had to create a large sedimentation trap outside the harbour.

In the same line of thought, Claudius’ engineers may also have decided to use the concept of
an arched breakwater on the northern side of the port, as this concept was already in use at
Puteoli, Nisida and Misenum (by Agrippa in the thirties BC) for around one century. Such an
arched breakwater was supposed to allow currents to flow through the breakwater, providing
some flushing which would possibly help reducing siltation (modern engineers do not agree
any more with this idea, see section on ‘harbour silting-up’).

2.16.4 Hypothetical Sequence of construction

According to Dio Cassius (Roman History, 60, 11, transl. in Oleson, 2014, p 33) “First, he
[Claudius] excavated a considerable plot of land near the coast, built quay walls all around it,
and let in the sea. Next, in the sea itself he laid down great moles on either side of the basin
entrance and thus enclosed a large body of water, and in it he fashioned an island carrying a
lighthouse”. Hence, Claudius clearly built Portus in two stages: first inland near Monte Giulio
as modern archaeology has recently shown*, and second, both large breakwaters built into
the sea.

If Claudius’ engineers realised that sediment coming from the Tiber was flowing north along
the coastline as littoral drift, they must have thought that they had to build the south BW first
in order to stop this material from settling inside the future harbour area against the northern
BW, if that one were built first. They may not have realised that if sedimentation was to occur
on the south side of the south BW, then erosion was to occur on its north side, i.e., inside the
future harbour ... That was quite a nice opportunity to let Nature do the work of cleaning up
the area that would have to be dredged anyway ... After some time, they would decide to
start building the north BW and the coastline would readjust with some erosion near the
northern side of the south BW combined with some sedimentation near the southern side of
the north BW. The coastline between both breakwaters would then be stabilised. No problem
so far.

However, as sedimentation on the southern side of the south BW continued, erosion had
now to occur on the northern side of the north BW and this would soon start to undermine the
landward end of the brand new north BW.

43 MORELLI, C., 2011, “Porto di Claudio: Nuove scoperte”, in "Portus and its hinterland: Recent archaeological
Research", ed. Simon Keay & Lidia Paroli, The Britisch School at Rome, (p 47-65).

4 PAROLI, L., 2005, “History of past research at Portus”, in KEAY, S., & MILLETT, M., in “Portus in Context”, The
British School at Rome.

45 ARNOLDUS-HUYZENDVELD, A., et al, 2015, “Il paleoambiente di Monte Giulio e della parte nord-orientale del
bacino portuale di Claudio”, The Journal of Fasti Online, Associazione Internationale di Archeologia Classica
(www.fastionline.org/docs/FOLDER-it-2015-324.pdf)
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Waves diffracting around the breakwater head, inducing
erosion at the breakwater landward end (Cotonou, Benin)

littoral

drift This picture shows the erosion area east of
Cotonou where diffracted waves turn around the
breakwater head, then follow the curved
breakwater and take sand away at the landward
end of it.

Portus’ configuration is reversed: waves follow the
breakwater on the north side and “try to enter” the
port from north to south by getting around the

ke aves landward end of it, while sand is taken away further
e Nl N north.

incoming

This may be an explanation for the somewhat hectic layout of the north BW near Monte
Arena“®, where several designs are used, possibly showing repair actions. A northern access
channel for ships*” may not have been anticipated from the onset by Claudius’ engineers, but
the opportunity provided by this local erosion may have been taken to use it, and even to
enhance it artificially, for river transit from Portus Claudius through the northern canal leading
to the Tiber.

In the meantime, fine marine sediment was driven into the sheltered harbour area not only by
residual waves behind the breakwaters, but also by small sea level variations such as those
due to barometric variations, tidal effects and wind action. This fine sediment is therefore
now found underneath coarser fluvial sediment that entered the harbour much later, coming
from Fiumara Grande and drifting north along the coast to the harbour entrance.

These processes are summarised on the following hypothetical geomorphological evolution
of the Portus Claudius area:

Tiber

South sediment load
w erosion  pg\»

initial shoreline
 Tiedrift |< %Iut_t_ariﬁ >
accretion

Tiber
IZI erosion North South sediment load

accretion

46 FELICI, E., 2013, “Il Porto di Claudio e Vitruvio”, Atlante tematico di topografia antica: ATTA : rivista di studi di
topografia antica, 23(2013), Roma: «L’ERMA» di BRETSCHNEIDER.

47 GOIRAN J.-P., et al, 2008 “Portus, la question de la localisation des ouvertures du port de Claude : approche
géomorphologique”, Mélanges de I’Ecole Frangaise de Rome, 121, (p 217-228).
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Monte Giulio

IEI — South

BW
BW
Tiber

W accretion accretion sediment load
accretion
O s  accretion

Hypothetical construction sequence of Portus Claudius
1) Construction of first breakwater (south),

2) Construction of second breakwater (north),

3) Coastal progradation and harbour sedimentation.

initial shoreline

Fiumicino|Canale

Note that the so-called "Iseum" located just south of the via della Scafa viaduct over the
Fossa Traiana (Lat 41.7727°, Long 12.2554°), was most probably built later than the Portus
Claudius south breakwater. Hence, sedimentation on the south side of this breakwater was
already progessing and the temple could be built on the new beach.

2.16.5 Fiumicino Canale — Fossa Traiana

Let’s stay on this southern side, where it remains to be explained how Fiumicino Canale
could survive with such a large volume of sediment drifting to the north from the Fiumara
Grande outlet. Many centuries after the Tiber outlet moved from the north to the south,
Fiumicino Canale was artificially dug in the 15 c. AD and later wrongly called “Fossa
Traiana”. It provided a short connexion between the port (via Canale Trasverso) and the
upstream river portion leading to Rome. Although this canal is the shortest way for the Tiber
to sea, it was narrower than the branch flowing to Ostia and therefore did not attract a lot of
river discharge water (and sediment). It is said that nowadays, the discharge ratio is 20% via
Fiumicino Canale and 80% via Fiumara Grande, but that may have been very different at
times (droughts, floods). A small hydraulic power of Fossa Traiana would not enable to keep
its outlet open against massive sedimentation coming from the south and it seems likely that
the outlet was closed periodically (if not permanently) near the landward end of the south
breakwater, downstream of the Portico Claudio.

Rutilius’ observation*® shows that such variations could happen, as in his time it was safer to
sail out to sea via Fossa Traiana than via Ostia where a dangerous ‘bar’ had probably
formed. He also states that they spent the night inside the port. As he does not mention a
direct connexion of Fossa Traiana with the sea via a separate outlet, he might have sailed
out to sea directly from Portus Claudius.

48 RUTILIUS NAMATIANUS, 5t c. AD, “De Reditu Suo”, Book 1, Verse 179: “Then at length, | proceed to the
ships, where with twy-horned brow the branching Tiber cleaves his way to the right. The channel on the left is
avoided for its unapproachable sands [...]. We hesitate to make trial of the sea; we tarry in the haven [...]. In the
half-dawn we weigh anchor, [...], we make way along the nearest shores [...].”
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ANLPORTVS RELLIQVIAL

Ignazio Danti’s fresco, 1582 (Vatican Gallery of Mapé).
Paroli (2005) tells us that Fiumicino Canale remained navigable certainly until 1118 AD, but
that it was closed in 1461. However, Danti’'s famous fresco shows an open Fiumicino Canale
in 1582! His picture is quite accurate, showing various port remains, including in the sea, and
we have no reason to doubt that the Fiumicino Canale was correctly drawn.

To achieve this, a training wall (e.g., rubble mound running parallel to the south breakwater)
would be required to keep the outlet free from sedimentation and such a structure was not
found by archaeologists, but it was perhaps destroyed by port development in 1612 inside
Fiumicino Canale when it was re-opened towards the sea (Paroli, 2005).

On the other hand, the Tiber being known for its strong floods (up to say 2000-3000 m?/s), it
might be accepted that Fossa Traiana was periodically swept by such floods which would
clean up the canal and enforce an opening to the sea at least once a year (possibly with
some human assistance). By the way, a low sill (e.g., 1 m high) would help to prevent bed
load sediment from penetrating into Fossa Traiana. The modern-day shape of the intake of
Fossa Traiana on the Tiber at Capo Due Rami seems to confirm that special care is taken
there:

Tiber

to Ostia _“a-\a(\a
gos5?

Inlet of Fossa Traiana at Capo Due Rami.

The intake structure is obviously

Tiber calibrated to divert a certain fraction of
the flow. It is reinforced in order not to
be moved around by erosion.

‘ This arrangement may have been
inherited from an ancestral (Roman?)

L0 BANEERRNNEESR LU radition.

to Rome
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We are thus left with uncertainty as to the opening of the sea outlet
of Fiumicino Canale between 1118 AD and 1612 AD ...

Summarizing the morphodynamics in the Portus area: sand brought by the Tiber was spread
along the coastlines north and south of its outlet. The south BW of Portus Claudius stopped
the littoral drift to the north inducing: a) sedimentation south of the south BW, b) closure of
the seaward outlet of Fossa Traiana, and c) erosion north of the northern BW. After around
one century, sand started to enter Portus Claudius by its main access channel, probably
settling near the entrance, while finer materials entered further inside the port. Later on, sand
bypassed the port entrance and spread on the coastline north of the port. Even later, the port
was filled with sand and the coastline prograded in front of it.

2.16.6 Claudius’ breakwater remains

Engineers usually distinguish vertical breakwaters (BW) and rubble mound BWs. The first
are built with caissons filled with hydraulic concrete (e.g., Caesarea Maritima, Israel). The
latter are built by dumping stones from a lorry, and concrete can possibly be found on top of
the rubble mound (above sea level where it is easier to pour); as we still do today (see
http://fr.wikipedia.org/wiki/Brise-lames):

"~ This picture (Fujairah)
7 shows a modern BW under
construction: large artificial
blocks of concrete are
used nowadays instead of
rock, they are placed on
top of, and as an armour
layer of, a rubble mound
made of quarry rock of
several tons, which are
themselves placed on a
core made of quarry run.
The crest structure (under
construction) has a kind of
“L” shape.

7
# .

Fujairah breakwater under construction.

SR
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The emerging part of the north BW of Portus Claudius is made of concrete,
which was probably cast in the way described by Bartoccini®®.

Morelli’'s report on corings®® show that the crest of the deep section parts of the breakwaters
are located at approx. 5 m below present Sea Water Level (SWL) (i.e., ca. 4 m below Roman
SWL) with a total remaining structure height of around 10 m reaching approx. 15 m below
present SWL. The initial BW may thus have been a 15 to 20 m high structure. We thus have
two options: it could have been built higher and been partly destroyed by long term wave
action, or have been built as a low crested BW from the onset. The first option is usually built
as an emerging BW, built out from land with lorries, involving considerable logistics (lorries
meeting each other on top of the BW, etc.). In the second option, building a BW that does not
reach the water surface is done with barges from the water surface (like Pliny the Younger
described at Centumcellae / Civitavecchia), and consequently the remaining upper level of
the BW is built out from land with lorries, with ashlar blocks and/or possibly, with hydraulic
concrete poured into wooden formworks to create a massive or arched structure. In any
case, the upper level of the Portus breakwaters would have been lost over the years:
possibly due to re-use of stones during the Renaissance ... or possibly due to wave action.

Let’s consider the latter case and assume (until further data is made available) that the deep
section of the breakwaters consists of a rubble mound with an average stone diameter of
0.50 m.

We know from coastal engineers that because of wave breaking, waves cannot be larger
than around 0.6 times the local water depth; hence in shallower water, waves are smaller
and the required rock size for a stable BW is smaller too; conversely, a BW must thus have
an increasing rock size when building out to sea on increasing depth. When we move into
even deeper water, say over 10-15 m, breaking waves (of over 6-9 m) will not occur often,
but just during storms; however, we may consider that any size of big storm will have
occurred during the past 2000 years: so, if the water depth allows big waves to exist, they will
occur in the long term and destroy the BW accordingly.

Clearly, 0.50 m rock (typically a 2 to 500 kg class of rock) is not stable with waves larger than
only 1 m, which occur many times a year.

This is valid for frontal wave attack (wave crests parallel to the axis of the BW). Most of
Portus’ BWs are not subject to frontal wave attack, but to (very) oblique wave attack, which is
far less destructive. It is nevertheless expected that this 0.50 m rock placed on a water depth
of 10 to 15 m should suffer frequent damage during storms, especially at the roundheads
and at the lighthouse island which are both subjected to frontal wave attack.

This is perhaps a first start for explaining why the crest of the deep sections of the
breakwaters are located at approx. 5 m below present SWL. Coastal engineers tell us that a
rubble mound will be lowered by repeated wave attack until it is no more than a submerged
breakwater. Its elevation above the seabed depends on the size of rock (see Failure of
rubble mound breakwaters in the long term). In the case of Portus, with a water depth of

15 m and a rock size of 0.50 m diameter, the crest of the submerged BW would be lowered
to 13 m below the water surface, i.e., 2 m above the seabed if waves were strong enough.
But this is not the case in the area around Portus.

In addition, the total volume of rock cannot change. Hence, if a BW is flattened out by wave
action, rocks must be spread over the seabed in the following way (with Roman water
levels):

49 BARTOCCINI, R. 1958, “Il Porto Romano di Leptis Magna”, Boll. Centro Studi per la Storia dell’Architettura,
N°13.

50 MORELLI, C., et al. 2011, “Porto di Claudio: Nuove scoperte”, in "Portus and its hinterland: Recent
archaeological Research", ed. Simon Keay & Lidia Paroli, The Britisch School at Rome, (p 47-65).
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Destruction of a breakwater due to wave action.

This is however not (yet?!) confirmed by archaeology ... and large blocks of hydraulic
concrete were not (yet?!) found either ... It therefore seems more likely, at this moment, that
the north BW was not made entirely of rubble, but that another structure (concrete or ashlar?
massive or arched?) was built on top of a rubble mound having its crest at a few meters
below Roman SWL. If this structure was not destroyed by wave action, ashlar blocks could
have been dismounted during the Renaissance. The structure would thus have protected the
underlying rubble mound from wave action for at least 1400 year until they were removed.
After that, the rubble mound would be exposed to wave action and partly destroyed (see
Failure of rubble mound breakwaters in the long term). This would explain why rubble was
recently found on top of a thick harbour sedimentation layer®'.

As a very temporary conclusion on the northern breakwater, four sections can be

distinguished (see also Google Earth: http://www.ancientportsantigues.com/the-
cataloguelitaly/ ):

1. Eastern landward end of the emerging breakwater, 425 m long, in the eastern part of
which Oleson®? (2014) made corings POR.2002.01 & 03, showing poor quality
hydraulic concrete, possibly resulting from repair actions in this area further to local
erosion and a temporary 200 m wide northern port access (Goiran®®, 2011); further
west, good quality hydraulic concrete was poured into wooden caissons from the
seabed up to 2.5 m above the Roman SWL, and still visible on land;

2. Central part of the emerging breakwater, 333 m long, where travertine blocks were
found up to around 2 m above the Roman SWL;

51 ARNOLDUS-HUYZENDVELD, A., 2016, “The hidden harbour”, Foro N° 63, Friends of Ostia, (9 p).

52 OLESON, J., BRANDON, C., HOHLFELDER, R., JACKSON, M., 2014, “Building for Eternity — The history and
Technology of Roman Concrete Engineering in the Sea”, Oxbow Books, (327 p).

53 GOIRAN, J-P., et al., 2011, “Caractéristiques sédimentaires du basin portuaire de Claude: Nouvelles données

pour la localisation des ouvertures”, in "Portus and its hinterland: Recent archaeological Research", ed. Simon
Keay & Lidia Paroli, The Britisch School at Rome, (p 31-45).
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3. Western part of the emerging breakwater, 75 m long, ending near Goiran (2011)
corings CL3/4, where hydraulic concrete and tuffo blocks were found by Testaguzza®
(1970);

4. Submerged western section, about 900 m long, where Morelli (2011) made corings
PL04/05 and many others, showing rubble without any hydraulic concrete from the
seabed at 13 m below Roman SWL, up to 4 m below Roman SWL, and a possibly
disappeared upper layer, possibly arched and made of ashlar.

Testaguzza (1970) identified the three emerging parts of the ancient breakwater, but he
did not find the submerged western section that was burried deeper than he could
excavate at that time.

Airport: 600 m
900 m 75m 333m 425 m 200 m._
Hypothetical structure (arches?) i +2.5m
”- 7N N N N s/n+1lm
. . f N1 NN N 3
incoming _; , 1y gy A Roman
] 1
waves 1 : : 1 LI LI | LI | | SWL
N I 11 11 (| I
N | 11 11 11 (| I
! | 11 11 11 (| I 3m

-4m

Poor quality
marine concrete
on eastern end

Rubble mound
on western end

Good quality
marine concrete
on western part

| Travertine blocks

marine concrete
with tuffo blocks

-13 m

Hypothetical longitudinal section of Portus' north breakwater
(Beware the 1:50 distorted scale!)

Next enigma: where are the arch-blocks??!

54 TESTAGUZZA, 0., 1970, “Portus, lllustrazione dei porti di Claudio e Traiano e della citta’ di porto a Fiumicino”,
edt Julia, Roma, (263 p).
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2.16.7 How safe was Portus Claudius?

Tacitus (Annals, 15, 18) reports that 200 ships were sunk inside the port during a storm in 62
AD. Some believe that this event was a tsunami, although no sedimentological evidence has
been found so far to support this hypothesis®. In this study, we will show that a somewhat
exceptional storm may also have induced this catastrophic event.

Layout of Portus Augusti deduced from recent archaeological surveys.
Note that only a small part of the island supposed to protect the harbour entrance has been located.

The remains of the main north and south breakwaters of Portus Claudius shown on the
picture above leave a large harbour entrance for both ships ... and waves. This wide opening
is supposed to be sheltered by the offshore island which was only partly located by
archaeology.

Obviously, the breakwater layout must be an optimum between limited wave penetration on
one hand, and easy (wide) access for ships on the other hand. Ships may then shelter
behind the main breakwaters, depending on the wave direction: ships may shelter behind the
north breakwater with northern waves, and behind the south breakwater with southern
waves. This is satisfactory with stable meteorological conditions. However, should the wave
direction change from W to S and to E, or the other way round, dangerous situations for
ships anchored inside Portus might occur because of wave directions turning around the

55 DELILE, H., & SALOMON, F., 2020, “Palaeotsunami deposits at the Tiber River mouth (Ostia Antica, Italy): Do
they really exist?”, Earth-Science Reviews, EARTH 103268, Elsevier, (59 p).
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harbour entrance. A sudden change could even generate a serious problem for ships
anchored inside Portus, if it happened within a short time like one hour, because sailors
would not have enough time to move their ships to a better sheltered area inside the harbour.

Wave penetration inside the port

Back in 2009, Noli and Franco performed wave penetration computations inside Portus
Claudius, based on its assumed configuration®®. Results from their work are shown here for
waves from NW (310°), W (270°) and SW (220°). The protection provided by the (350 m)
island compared to the (250 m) port opening determines the wave climate inside the port. As
a result, very few western waves penetrate inside this layout of the port, but much more
waves from SW and NW penetrate.
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Wave penetration computations inside the Portus Claudius,
for 3 wave directions of 220°, 270° and 310° (Noli & Franco, 2009).

A sheltered anchorage was thus provided behind the southern breakwater, say around 20
hectares, enough for say 200 ships at anchorage. However, should waves suddenly change
their direction from the usual W - S sector to a NW sector, then the south anchorage area

%6 NOLI, A., & FRANCO, L., 2009, “The ancient ports of Rome: new insights from engineers”, Archaeologia
Maritima Mediterranea, 6
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would be exposed to heavy wave penetration. In order to find out if such meteorological
conditions could occur, we have to analyse the wave climate.

Waves in the Tyrrhenian Sea

As Murray (1987) has shown that the ancient wind climate is fairly close to the present one®’,
we are going to use modern waves statistics for this study.

Wind waves are generated by wind blowing over the sea surface for a certain lapse of time
and over a certain distance. During a storm, waves are thus generated under the wind field
and propagate from there in the same direction as the wind. If the wind stops, the waves
continue their trip with rather small loss of energy and some waves travel hundreds (even
thousands) of kilometres outside their initial wind field. Such waves are called swell. This
complex phenomenon is rather well understood today, enabling engineers and
meteorologists to operate mathematical models predicting the wave climate in a certain area.

If we wish to understand waves, it is useful to understand how meteorological depressions
travel over land and sea. In western Europe most depressions travel from west to east at
variable speed. The winds that are associated with a depression usually flow in a counter-
clockwise direction (in the northern hemisphere). In the Tyrrhenian Sea, depressions
frequently stop and deepen in the Gulf of Genoa before moving on to SE. Hence, a
depression travelling along the Italian mainland generates western winds (Libeccio) on its
southern edge in the Tyrrhenian Sea. If such a depression travels more south, it generates
southern winds first (Scirocco), followed by eastern winds, and possibly even northern winds,
later on. This is of course a simplistic representation, aiming at clarifying this vast subject.

Typical path of depressions in the Tyrrhenian Sea.

57 MURRAY, W., 1987, " Do modern winds equal ancient winds?", Mediterranean Historical Review, 2, (p 139-
167), https://doi.org/10.1080/09518968708569525.
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In the Tyrrhenian Sea, the waves can really approach the coast near Rome only from a
sector from west to south because other wave directions such as SE and NW provide waves
that propagate more or less parallel to the coast. Such waves will bend towards the coast
sooner or later (due to refraction) while losing much of their energy. Wave statistics
computed for Ostia confirm that most large waves come from a WSW direction, with some
smaller waves from south.

TYRRHENIAN SEA

Significant wave height Hs (m)
B3 o5<Hs<1
@@ 1<Hs<2
MD 2<Hs=<3
W 3<Hs<4
- Hs>4

Ll

Fia. 2. Geographical map with location of main ancient harbours near Rome
and representation of the directional wave climate offshore Ostia after transposition
of Ponza buoy records 1989-2005.

Wave climate offshore of Rome (source: Noli & Franco, 2009).

Analysis of wave data from a buoy near Ponza (ancient Pontia)

Our objective is to identify individual storms and identify sudden wave-direction reversals
during each storm, if any.

The buoy is located at 40.866°N, 12.950°E, on 115 m water depth, offshore between Rome
and Naples. Its registration period is 1989-2008, but the first period until end of 2002
provided records only every 3 hours which is not detailed enough for our purpose. In the
period of 2003, the measurement of wave directions was not satisfactory. A new (Triaxys)
buoy was apparently installed early January 2004 and a coherent set of 43876 records from
22/1/2004 to 30/3/2008 was chosen for the present analysis.

The data is recorded every 30 min providing Hs (significant wave height in m), Dir (wave
direction in degrees to north), Tp (period of the peak of the wave spectrum in s), Tm (mean
wave period in s). The sampling is at 1.28 Hz on each 20 min time-series, which means that
a 6 s wave is described with 7 to 8 points, and that around 200 waves are analysed for each
20 min record.

A storm in this area can be defined as Hs > 1.5 m. It may be called a “large storm” when Hs
=4 m and more. The storm durations are taken as Hs > 1.5 to 2 m. A change in wave
direction is called “sudden” when it occurs within 30 min.

Obviously, the waves from N and from E that are registered at Ponza, do not exist or are
very small at Portus. Wave-direction changes from W to N, or from S to E are thus
favourable for ships anchored inside Portus, as waves reduce during such an event, even if
the wind may remain a problem.
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The following results were found:

1.

w

Identified storms:

28/2/2004, 1.5 days, Hs = 4 m, Dir 225° => 270° (gradual change of 45° over 24h)
24/3/2004, 1.5 days, Hs = 4 m, Dir 270° (stable)

25/9/2004, 1.5 days, Hs = 3 m, Dir 270° => 360° (gradual 90° change)

8/11/2004, 1 day, Hs = 2 m, Dir 115° => 315° => 115° (two sudden 200° reversals)
20/11/2004, 1 day, Hs =4 m, Dir 270° => 90° (sudden 180° reversal)

25/1/2005, 1 day, Hs = 2 m, Dir 270° => 90° (sudden 180° reversal)

4/8/2005, 0.5 day, Hs = 1.5 m, Dir 295° => 90° (fast 155° reversal)

8/8/2005, 0.5 day, Hs = 1.5 m, Dir 270° => 180° (fast 90° change)

27/9/2006, 0.5 day, Hs = 1.5 m, Dir 250° => 360° => 270° (two sudden 90° changes)
2/11/2006, 1 day, Hs = 3 m, Dir 270° => 45° (sudden 135° near-reversal)

2/1/2007, 1 day, Hs = 4 m, Dir = 270° (stable)

24/1/2007, 2 days, Hs = 4-5 m, Dir = 220° => 270° (gradual change of 50° over 36h)
28/5/2007, 1.5 days, Hs = 4 m, Dir = 270° (stable)

21/10/2007, 2 days, Hs = 2 m, Dir = 115° => 360° => 295° (one sudden 245° reversal,
one sudden 65° change)

8/12/2007, 3 days, Hs =4 m (twice), Dir = 270° (stable)

23/1/2008, 1 day, Hs = 1.5 m, Dir 270° => 70 ° (sudden 160° near-reversal)

We found 7 large storms with max Hs = ca. 4 m during the registration period of ca. 4
years, and that is an average of 1 to 2 large storms per year, but 3 large storms were
found in 2004 and in 2007, and none occurred in 2005 and 2006. All large storms (save
one on 28/5/2007), occurred during the winter months (November - March).

The storm durations are between 0.5 and 2 days (save one in 2007 lasting 3 days).

For large storms, the mean wave period Tm = 7 to 9 s, which yields a wave length of 60
to 80 m on a 10 m water depth, and 45 to 60 m on a 5 m water depth. Smaller storms
feature Tm = 5 to 6 s, which yields a wave length of 35 to 50 m on a 10 m water depth,
and 30 to 40 m on a 5 m water depth.

The dominant wave direction is from SW to W, both for small storms (Hs > 1 m) and for
large storms (Hs > 3.8 m).

Four large storms and many other storms show stable wave directions. Five storms show
gradual wave direction changes.

Two gradual wave direction changes have been found (45° over 24 h on 28/2/2004 and
50° over 36 h on 24/1/2007) but it may be considered that this did not induce serious
problems for ships moored inside the port.

One case with a somewhat faster gradual change in wave direction was found on
25/9/2004 when the change from W to N occurred within 2.5 h near the end of the storm
when waves were decaying from Hs =2 mtoHs=1m.

Even faster changes occurred within 1 h and 1.5 h on 4 and 8/8/2005 respectively. On
4/8/2005, the reversing from NW to E, via N, occurred in 60 min, with Hs =1 to 1.5 m.
On 8/8/2005, the reversing from W to S occurred within 90 min when waves were Hs =
1.5m.
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7. Sudden 90° to 180° changes in wave directions have been found 10 times during the 4-
year period of observation:

On 8/11/2004, the change from E to NW occurred within 30 min at the beginning of the
storm with waves were increasing from Hs =1 mtoHs =1.5and 2 m.

On 8/11/2004, a sudden reversal from NW to E occurred at the end of the storm.

On 20/11/2004, the reversing from W to E occurred within 30 min near the end of the
storm when waves were decaying fromHs =3 mto Hs =2 m.

Wave height (m)

Wave height (m)

On 25/1/2005, the reversing from W to E occurred within 30 min near the beginning of the

storm when waves were Hs =2 m.

On 27/9/2006, the change from WNW to N occurred within 30 min when waves were Hs
=1.5m.

On 27/9/2006, 2.5 hours after the first change, waves turned further from N to W.

On 2/11/2006, the reversing from W to NE occurred within 30 min when waves were Hs =

2m.

On 21/10/2007, the change from E to N occurred within 30 min when waves were Hs =
1.5m.

On 21/10/2007, 3 hours after the first change, waves turned further from N to NW.

On 23/1/2008, the reversing from W to NNE occurred within 30 min when waves were Hs

=2m.
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8. Out the 10 cases shown above, 4 show a sudden change from W to S and to E,
corresponding to the usual path of meteorological depressions, as explained before.
Several other cases show waves suddenly turning to N.

Only one case on 8/11/2004 shows a sudden change from E to S and to NW.

Imagine a storm like the one on 8/11/2004: the wave-direction change from ESE (115°) to
NW (315°) occurs within around half an hour which is really short for sailors to move their
ships to seek better shelter inside the port. Two or three hundred ancient ships are at anchor
in the lee of the southern breakwater with a gentle eastern wind and almost no waves inside
the port. Ships are using their own anchors or fixed mooring boxes placed on the seabed.
The water depth is quite large (5 to 10 m) and the mooring lines are long. The ships' sterns
are located at 30-50 m from their anchor. Everything is under control and only one or two
sailors remain on board of each ship for safety.

Now, suddenly, within half an hour, the wind and waves turn to NW, first with Hs =1 m
waves outside, then growing to 2 m within a few hours. The sheltered area in the lee of the
southern breakwater now receives 0.5 m waves (growing to 1 m). The ships simultaneously
turn around their anchors to align in the wind direction. No big problem so far. However,
waves start to shake the ships who are pulling on their anchor lines and anchors will start to
rip on the seabed. Anchor lines that are tied up to fixed mooring boxes may break.

That is the beginning of a drama ... Unmoored ships are quickly blown towards the southern
breakwater where they crash on each other. Such an event might end up in a drama like in
year 62 when 200 ships were sunk in Portus Claudius.
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2.16.8 Berthing capacity of Portus Trajanus

Trajan’s coin showing the hexagonal Portus Traiani

(source: www.ostia-antica.org).

Like today: Bread and games to ensure social peace ...
(« Panem et circenses » Juvenal, Satires, 10.81)

Let's try to think like a Roman port engineer in 105 AD ...

Concerning the games, we have the Coliseum (built between 72 and 80 AD) and concerning
bread, we need a harbour basin enabling us to ensure Rome’s supply of food. We already
have Portus Claudius (around 200 ha, built between 42 and 54 AD) but 200 ships were sunk
in this port during a storm in 62 AD. Indeed, when observing the areas sheltered from waves
in L. Franco’s computations®, a sheltered area of around 20 ha is found close the south
breakwater for SW waves, and around 40 ha is found close the north breakwater for western
waves (NB: dominant waves are from SW to W). As around 10 ships of 25 x 7 m can anchor
on one hectare of water area, it can be seen that around 200 ships could be anchored safely
in Portus Claudius. That is quite a lot of ships but a disaster like the one in 62 AD could occur
if the wind would suddenly change direction.

We therefore need to add a new basin with better protection from storms: the construction of
Portus Trajanus (33 ha) will be undertaken from 106 to 113 AD.

This new basin will combine very well with the existing Portus Claudius that can be used as
an outer harbour allowing sailing in under full sail and furling sails in a sheltered area. This
existing basin offers a shelter for around 200 ships at anchor while waiting for unloading. The
new basin will not only offer better shelter against storms, but also have many warehouses
and a new canal to the Tiber from where goods will be moved faster upstream over around
30 km to Rome on hauled barges. Traffic will be separated: sea-going ships on one side of
the new basin and river barges on the other side near the new canal, with warehouses in

8 NOLI, A., & FRANCO, L., 2009, “The ancient ports of Rome: new insights from engineers”, Archaeologia
Maritima Mediterranea, 6.
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between. This separation is still in use in some ports nowadays (e.g., Rotterdam) as it
separates the marine world from the river world.

The logistic chain is thus completely redesigned.

Around 200 000 to 400 000 tons/year of grain coming from North Africa (Egypt, Tunisia) must
be provided to feed the one million people of the city. Other goods must be added to this
(olive oil, wine, garum, etc.). The total traffic can be estimated at 500 000 tons/year, as an
average®.

With 200- to 500-ton ships making two trips a year, 1000 ships are required to provide 2000
shiploads averaging 250 tons per load®. This is obviously quite approximate and variations
around these figures can be thought of, e.g., a part of these shiploads might go through
Puteoli®' and further to Ostia by means of smaller coasters that would pass the sandy bar at
the entrance of the Tiber, and probably even be towed all the way to downtown Rome.

Hence, let's stick to 1800 shiploads/year transiting through Portus Trajanus.

These ships sail mainly (and not 'only') during the good season (early April to the end of
October) using the “summer winds” from NW that blow on the eastern Mediterranean in July-
August and allowing a fast trip from Rome to Alexandria (one or two weeks, but at least
double on the trip back to Rome). A concentration of ships arriving at Portus may thus be
expected before and after July-August, in June and in October.

As each 250-ton grain ship carries around 8 000 sacks of one artaba (ca. 39 I) weighting
around 30 kg each (see section on “Ancient measures”), and if unloading is organised as a
continuous file of individuals, it might be possible to unload a ship within a few days, but it is
more realistic to expect 10 days for unloading a 250-ton ship and to take in provisions and
settle formalities 2. If we wish to host 900 ships in June (first trip) and 900 ships in October
(second trip), then we need a basin with quays for around 300 ships (i.e., 3 groups of 300
ships staying for 10 days each).

59 REDDE, M., 2005, “Voyages sur la Méditerranée romaine”, Actes Sud, (p 44).

BRANDT, J., 2005, “The Warehouse of the World”, A Comment on Rome’s Supply Chain during the Empire,
Orizzonti. Rassegna di archeologia 6 (2005), (p 25—47).

TCHERNIA, A., 2011, “Les Romains et le commerce”, Centre Jean Bérard, (p 275-287).

50 ARNAUD, P., 2016, “Conclusion”, in “The Sea in History: The Ancient World - La Mer dans I’Histoire
L’Antiquité”, Edited by Pascal Arnaud and Philip de Souza, General editor Christian Buchet, Woodbridge, The
Boydell Press, (p 623). See also section on ancient merchant ships.

61 Large merchantmen sailing from Alexandria would surely prefer calling at Puteoli than at Portus, as they
would save some precious time to return back to Alexandria as soon as possible for their second yearly trip.

62 BOETTO, G., BUKOWIECKI, E., MONTEIX, N. et ROUSSE, C., 2016, “Les Grandi Horrea d’Ostie”, in “Entrep6ts et
trafics annonaires en Méditerranée”, Marin B. et Virlouvet C. (dir.), Ecole Francaise de Rome, 522, (p 177-226).
This paper informs us that 3 days are needed to unload 70 tons and refers to POMEY (1978) who speaks of 2 to
4 days to unload a small- to medium-size ship. Pomey refers to ROUGE (1952) who speaks of 2 days to unload
and 4 days to load a ship of untold size. Rougé refers to WILCKEN (1912) who translates a letter of Eirenaios to
his brother in Egypt, telling him that he arrived in Portus on June 30 and that his (probably large) ship was
unloaded on July 12 (2" or 3™ c. AD). Rougé also refers to ASHBURNER (1909) who translates a contract telling
us that the captain has 4 days to unload 250 artaba (a small ship) in 236 AD.

In addition, KEAY, S., 2014, “The Role Played by the Portus Augusti in Flows of Commerce between Rome and
its Mediterranean Ports”, in “The Roman Economy”, edt. B. Woytek, Austrian Academy of Sciences, (147-192)
mentions 2 to 6 days for unloading a 150- to 350-ton ship (p 161). This order of magnitude was also confirmed
by BRANDT (2005).

Note also that, depending on (possibly corrupt) friends the shipper has in the port, administrative formalities
may take more time and require the ship to be anchored away from the quay walls.
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On the layout map of Portus Claudius®, 1000 m of quay walls are found outside the
“‘Darsena” (the Darsena itself, 48 x 230 m, is supposed to be used by river boats). In
addition, a further 700 m can be found along the Portico di Claudio (300 m) and Molo di
Claudio (“Nord-Sud”) (2 x 200 m). The total quay-wall length available for large sea-going
ships thus does not exceed ca. 2000 m. Hence, the total number of sea-going ships docked
in Portus Claudius is limited to a maximum of ca. 100 ships, plus 100 ships on Portico di
Claudio + Molo Nord-Sud, available only in good weather conditions.

Enlarging the port is therefore a necessity.

Porto di

e Portodi X
Traiano . /2

. Claudio-

..... i':., 8 s : Isola Sacra

Trajanic Harbour 0 0.5 1km !-

Layout of Portus Claudius and Portus Trajanus (Simon Keay et al, 2005)

HARBOUR BASIN SHAPES

Let’s suppose we get a phone call from the emperor ordering the digging of a new harbour
basin for 300 ships of 25 x 7 m ... We would first need to provide a quay length of 300 x 7 m
= 2100 m (all ships being docked bow first, like on the Torlonia relief). Any basin shape might
be accepted, from a straight-line of 2100 m to a circle with 668 m diameter, including a
triangle, a rectangle, a hexagon, etc.

For all angular shapes, some length is lost in the angles if ships are not to hinder each other.

The circular shape would be tempting to reduce the volume of excavation, but the circular
shape does not provide linear quays that are preferred for port operations.

63 KEAY, S., & MILLETT, M., 2005, “Portus in Context”, Portus, an archaeological survey of the port of imperial
Rome, The British School at Rome.

BUKOWIECKI, E. & MIMMO, M., 2021, "Infrastructures portuaires a Portus - Les entrep6ts dits de Trajan et le
mole nord-sud", Colloque Fréjus, 2018.
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Angular shapes have better perimeter/surface ratios. Let’s start with an isosceles triangle
which offers 30% more perimeter for the same surface as a circle, but quite some length is
lost in its sharp angles. Then come the square, the rectangle and multi-faced shapes like
pentagon, hexagon, etc. and finally, the circle. The total length lost in the angles obviously
increases with the number of angles, but at the same time the length lost at each angle
reduces, and it is seen on parameter C below that both effects more or less compensate
each other.

Let’s have a closer look at Portus Trajanus. It consists of a hexagon with six 358 m sides
which is thus inscribed in a circle with a 716 m diameter. This hexagon has a perimeter of
2148 m and an area of 33.3 hectares. This seems quite close to what we need to berth 300
ships with a length of 25 m and a width of 7 m as it has a little more than the 2100 m of quay
length we are looking for.

Let’s now go back to polygons with a 2148 m perimeter. We computed the number of ships
that might be aligned bow or stern first side by side in polygonal basins with an increasing
number of sides. We also computed the basin area and the number of ships per unit of area
to be excavated.

N = total number of ships in the basin

n = number of sides of the basin

a = length of each side of the polygon

L = length of ships (25 m)

b = width of ships (7 m)

D = diameter of the circle in which the polygon is inscribed

C = total quay length lost in the angles

P = perimeter of the polygon = quay length to be built

S = surface of the polygon = surface of the basin to be excavated

N/10 S = number of ships per 10 excavated hectares

Computation of the number of ships in a polygonal basin with n sides.

n >>a (m) >>D (m) >> S (ha) >>C (m) >> P-C (m) >>N >> N/10S
3 716 827 22,2 259,8 1888 270 122
4 537 759 28,8 200,0 1948 278 97
5 430 731 31,8 181,6 1966 281 88
6 358 716 33,3 173,2 1975 282 85
7 307 707 34,2 168,6 1979 283 83
8 269 702 34,8 165,7 1982 283 81
9 239 698 35,2 163,8 1984 283 80
10 215 695 35,5 162,5 1986 284 80
20 107 687 36,4 158,4 1990 284 78
50 43 684 36,7 157,3 1991 284 78

100 21 684 36,7 157,1 1991 284 77

(Computation with a constant perimeter of 2148 m)
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P - 2148 m # Nb bateaux ™ bateaux/10 ha
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Computation of the number of ships in a polygonal basin with n sides.

The number of sides of the polygon is set out horizontally and the number of ships in the
basin is set out vertically. It can be seen that the number of ships does not vary much
(around 280) with the number of sides. The triangle provides a little less quay length than the
other shapes.

It can be seen that between 8 and 10 ships per excavated hectare can be hosted (except for
the triangle which can host over 12 ships/ha).

It must be noted that a linear basin consisting of only 2 long quays of 1000 m each would
also host around 285 ships. The surface would be only around 10 hectares (assuming a
basin width of 4 ship lengths), leading to 28 ships/ha and to a much smaller volume of
excavation.

As a conclusion, it can be said that for 2148 m of quays to be built (including a little less
than 2000 m really available for docking), around 280 ships can be docked bow first in a
basin with four or more sides. Obviously, a smaller number of larger ships would be docked
in the same basin, e.g., less than 220 ships of 35 x 9 m, instead of 280 ships of 25 x 7 m.

A linear or a triangular shape would be optimal if the volume to excavate was to be
minimised, but this approach was clearly not chosen. The volume to excavate was therefore
not the main design parameter and it may be accepted that (like today) excavation in a sandy
subsoil was relatively cheap compared to the cost of quay wall building.

The hexagonal shape is not particularly optimal from a point of view of number of berths or
volume of excavation. It must therefore have attracted the Roman designers for other
reasons:

e integration into existing geography and land use,
¢ inspired by the famous circular 'cothon' at Carthage?

¢ with each of the six sides specialising on particular goods and warehouse types.
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Portus Augusti

Sorry for those who hate maths: they are exempted to read ...
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2.17PORTUS PISANUS

The Roman poet Rutilius Namatianus, who travelled in the 5" c. AD by boat from Rome to
Gaul, visited various ports, including Portus Pisanus:

“From there we make for Triturrita: that is the name of a residence, a peninsula lying in the
wash of baffled waves. For it juts out into the sea on stones which man’s hand has put
together, and he who built the house had first to make sure building ground.

| was astonished at the haven close by, ‘Pisarum Emporio‘, which by report is thronged with
sea-borne wealth. The place has a marvellous appearance. Its shores are buffeted by the
open sea and lie exposed to all the winds: here there are not sheltering piers to protect any
inner harbour-basin capable of defying the threats of Aeolus. But, fringing its own deep-water
domain, the tall sea-weed is like to do no damage to a ship that strikes it without shock; and
yet in giving way, it entangles the furious waves and lets no huge roller surge in from the
deep. [...]

So then | moor my ships in the safe anchorage, and myself drive to Pisa by the road the
wayfarer goes afoot. [...]

I scan the ancient city of Alphean origin, which the Arno and the Ausur gird with their twin
waters; at their junction the rivers form the cone of a pyramid: the opening front offers access
on a narrow tongue of land; but it’s the Arno that retains its own name in the united stream,
and in truth the Arno alone arrives at the sea.”

(de Reditu suo, Book 1, verse 527, Transl. Lacus Curtius).

This interesting description shows several features:

1. Coming with a ship from the south (from Rome) they first pass a man-made peninsula
with a villa maritima called Triturrita. An 18" ¢. chart shows that this villa (Turrita) is
located at the modern ‘Cimitero comunale dei Lupi’.

2. The port where he moors his ships, called Pisa’s emporion, is not protected by
breakwaters, but by a field of sea-weed that is known to reduce wave action without
damaging the ship’s hull when passing through it. This may be a lagoonal area near
the estuary of river Cigna. Recent archaeological discoveries were made at San
Stefano ai Lupi (Allinne et al. 2014).

3. A clear distinction is made between ‘Pisarum Emporio’ and the city of ‘Pisa’ that is to
be reached on foot.

4. Pisa was built at the confluence of the Arno river and the Auser river now called
Serchio and flowing further north. By the way, Strabo (Geog. 5, 2, 5) warns that
sailing the Arno river from the sea to the city, located two nautical miles upstream, is
very difficult for sea ships.
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18 c. chart showing the lagoon and Triturrita island
(Targioni Tozzetti, 1768-1779)

Further (fascinating) reading on: https://www.romanports.org/
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2.18PUTEOLI & NESIS

2.18.1 Puteoli

Puteoli (now Pozzuoli) was a major Roman port. It was sheltered by the most famous arched
breakwater resting on pilae. This breakwater was buried under the modern breakwater (!) but
it was still visible in the 19" ¢. and known as “Molo Caligoliano”:

(source: http://www.marine-antique.net/Port-de-la-maison-
de-Stabie-Pompei)

= T R e e
“Il Designo Bellori”, drawing by Pietro Santi Bartoli after
a 3 c. fresco found at Esquilino (Rome) (now
vanished) and published by Bellori in 1673.
(source: http://www.vesuviolive.it)

Fiaschetta di Populonia 30f7

Puteoli breakwater on a souvenir glass flask known as
Fiascetta di Populonia and showing the pilae (4t c.)
(source: http://www.archeoflegrei.it/i-souvenir-di-puteoli/)
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FIG. 12. Italy. No. 5. Drawing: The National Museum, Pragu

Puteoli breakwater on a souvenir glass flask kept at the
National Museum of Prague and showing the pilae (4™
c.)

(source: https://web.uvic.ca )

See also: Picard, C., 1959, “Pouzzoles et le paysage
portuaire”, Latomus, T. 18, Fasc. 1, (p 23-51).
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astum Puteolanum in the 17 c. (?) (detail)
(source: http://www.archeoflegrei.it/i-castra-flegrei/)

Paolo Antonio Paoli, Il molo Caligoliano

Puteoli breakwater after Paoli (1768)
(source: http://www.archeoflegrei.it/portodiputeoli/)

Puteoli breakwater after Morghen (1769)

(source: https://www.e-
rara.ch/zut/content/pageview/14428247)

Sl

Puteoli breakwater after Hamilton (176)
(source: https://commons.wikimedia.org/wiki/File:Willi
am_Hamilton - Campi Phlegraei, Pozzuoli.jpg)
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Puteoli breakwter after Leitch (1840)
(source: http://www.antiquemapsandprints.com)

reakwater after Smargiassi (ca. 1840)
(source: http://www.artvalue.com/)

It can be seen from the dates of these pictures that the pilae were still in place in the 19" c.
They were covered by a modern breakwater in the early 20'" c.

Paolo Antonio PAOLI, provided the dimensions of the ancient arched structure in his

“Antichita di Pozzuoli” in 1768 (with some later editions, including Giuliano DE FAZIO in
1828).

(source: http://www.archeoflegrei.it/portodiputeoli/):

2 %
wE A e

N
N

ity

G \ A rvigheddis! ol g icdes s (b i stsssiilern s o ol oms i diiinmatine.. G e
(T o izt oo o o e cmeere sons coverte Al g

Pilae at Pozzuoli, after De Fazio (1828)
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Paolo Antonio Paoli, Il molo Caligoliano

Pilae at Pozzuoli, after Paoli (1768)

The drawings show 15 pilae (including 2 submerged pilae) over a distance of 372 m (acc. to
C. Dubois, 1907%*). However, the inscription CIL X.1641 dated 139 AD, mentions repairing
20 pilae and adding a new protection embankment (“munitione”). In his Book of Phtomyris (1,
53) Chaeremon (ca. 85 AD) even speaks of “around 30 arches”. The largest pilae of ca. 15 x
15 m are at the offshore end of the structure. The nearshore pila is somewhat smaller: ca. 8

54 DUBOIS, C., 1907, “Pouzzoles Antique (Histoire et Topographie)”, Paris. He was one of the last observers of
the ancient breakwater as he visited the place during construction of the modern breakwater on top of the
ancient one. He estimates that many arches were 10 m wide, and that most pilae were 16 x 16 m. They were
made of hydraulic concrete for their underwater part and of dry masonry for their emerged part (that was also
underwater when Charles Dubois saw it, because of a ca. 2 m subsidence). He also suggested a double row of
pilae in a staggered arrangement, but archaeological evidence is poor.
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x 12 m. The opening between adjacent pilae (8 to 11 m) varies from 0.5 to 0.9 pila width,
which is close to the values for the pilae found for Portus lulius and Misenum.

The area north of the structure had to be protected from waves incoming from south and the
arched structure cannot have been very efficient as a breakwater. On the other hand, the
massiveness and the height of this structure above the seawater level makes it even less
acceptable as a simple jetty for loading/unloading ships, even if some mooring stones have
been found.

2.18.2 Nesis

Nesis (now Nisida) is located about 5 km SE of Puteoli and had a similar arched breakwater
which could still be seen in 1635:

(source: http://www.archeoflegrei.it/storia-del-lazzaretto-dellisola-di-nisida/mpd 07 069-21-
aprile-1635-conde-de-monterrey-al-rey/ ).

Arched breakwaters at the isle of Nisida, by Bartolomeo Picchiatti (1635)
(looking southward)
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The best-preserved remaining pila is at the NE side of the island and was studied in detail by
Matteiet al.%® showing its large dimensions (ca. 14.5 x 14.5 m) and deep-water location (ca.
10 m now, and ca. 7 m in Roman times). It may be noted that this structure is very similar,
but more exposed to SW wave attack than the one in Puteoli.

A very peculiar, and puzzling, aspect of this pila is the presence of opus reticulatum at its
bottom end. Pictures are provided by Mattei (2018) and also by Brandon (2008)% at 6 m
water-depth on a nearby place called Secca Fumosa (a third example is known at Egnazia
on a 6 m water-depth). The divers show cubilia blocks of 8-10 cm (Secca Fumosa) and

15 cm (Nesis) which are neatly arranged and it must be concluded that this work had to be
performed in dry conditions as it is hard to imagine Roman divers doing such a job 7 m below
the water surface. We then have two options: either the block was built in a dry-dock on land,
either it was built inside a watertight cofferdam in the sea.

In the cofferdam option, it thus stood on a 7 m water-depth and keeping it upright and
watertight would be a remarkable feat. The cofferdam would be reinforced by vertical and by
horizontal beams (the inprints of 7 horizontal beams were found at Nesis near the ancient
water level). Similar beams would also have been used near the bottom of the cofferdam in
order to take-over the tremendous lateral water pressure (7 t/m?). In addition, the side walls
would have to be deeply driven into the subsoil in order to prevent seepage. A layer of
hydraulic concrete would have to be poured on the bottom of the cofferdam before pumping
water out, to provide a plug against seepage and horizontal support for the foot of the
cofferdam walls. However, this plug should have a mass large enough to counterbalance a
7 m high water pressure and this would require around 4.5 m of hydraulic concrete with a
unit weight of around 1.6 t/m3. This simply does not allow opus reticulatum near the seabed.

In the second option, the block would, at least partly, be built on land in a dry-dock, it would
have to be floated to its location and then lowered down to the seabed, some 7 m below the
water surface. According to Golvin®’, a timber caisson would be filled partly in-the-dry with
hydraulic concrete and include an opus reticulatum facing. The dry-dock containing the
caisson would then be flooded and the caisson would float. Considering a unit weight of
around 1.6 t/m? for hydraulic concrete and 1.0 t/m?for wood and for water, a 2.5 m layer of
hydraulic concrete in the caisson would yield a 4 m draught when the caisson is floating. This
would be convenient for leaving a 5 m deep dry-dock with 1 m keel clearance. Once on site,
the caisson would be tethered to prepositioned barges and the filling with hydraulic concrete
would continue until the caisson would touch the seabed (when the layer of hydraulic
concrete reaches ca. 4.5 m). After that, the filling with hydraulic concrete would continue until
reaching the water surface. Above water, the filling might consist of traditional masonry or
concrete without pozzolana.

Partial onshore prefabrication of such large pilae is thus a huge entreprise, but it seems
easier than completely building them in a cofferdam at sea.

It must be noted that, in both cases, it would not have been required to use hydraulic
concrete that may be cast under water: traditional concrete would suffice. However, the
builders may have been aware of the better longevity of hydraulic concrete in seawater.

8 MATTEI, G., TROISI, S., AUCELLI, P., PAPPONE, G., PELUSO, F., STEFANILE, M., 2018, “Sensing the Submerged
Landscape of Nisida Roman Harbour in the Gulf of Naples from Integrated Measurements on a USV”, Water
2018, 10, 1686, (31 p).

66 BRANDON, C., 2008, “The Concrete Construction of the Roman Harbours of Baiae and Portus lulius, Italy: The
ROMACONS 2006 field season”, The International Journal of Nautical Archaeology (2008), 37.2, (p 374-392).

57 COULON, G., and GOLVIN, J-C., 2020, “Le Génie maritime romain”, Actes Sud/Errance, (201 p).
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2.19SHARM YANBU - Charmuthas

Let’s first go back to the initial description of this port by Agatharchides of Cnidus, in “On the
Erythrean Sea” (text lost, around 140 BC), after Diodorus of Sicily (Hist, 3, 21, around 40
BC), translated by BURSTEIN, S., 1989, “Agatharchides of Cnidus - On the Erythraean Sea”,
The Hakluyt Society, London, (202 p):

Travelling along the Arabian coast from north to south:

“[...] This coast, then, is occupied by the Arabs called Thamoundeni. A good sized gulf
occupies much of the next segment of coast. Scattered islands lie off it which are in
appearance similar to the Echinades [islands near Oeniades, now Katoxi, Greece]. The next
part of the coast is dominated by dunes which are infinite in their length and breadth and
black in colour. After these dunes, a peninsula and harbour named Charmuthas, the finest of
those known in history, come into view. For behind a superb breakwater, which inclines
towards the west, there is a gulf which is not only remarkable in appearance but also far
surpasses others in its advantages. A densely-wooded mountain range extends along it and
encircles it on all sides for a 100 stades [15 to 20 km, depending on the length of a stadium].
Its entrance is 200 feet wide [60 m], and it furnishes a sheltered harbour for 2000 ships. In
addition to these advantages, it has an extremely good supply of fresh water since a large
river flows into it. Also, in the middle of the gulf there is an island which has a good supply of
fresh water and is able to support gardens. In general, it is very similar to the harbour at
Carthage which is called Cothon ... A multitude of fish from the sea congregate in it because
of its calmness and sweetness of the waters that flow into it. [...]”

@@mmamsg
" @A ey
 uEne@ a1 Dl fisbn

Sharm Yanbu, located 15 km north of Yanbu (S. Arabia) is close to Diodorus' description:
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¢ the total circumference is 23 km (close to his 100 stades);

o the central island might be now connected to the mainland on the NE side where
siltation occurred over time, near the outlet of the wadi;

¢ the total area might have been between 2000 and 3000 ha (ample space for his 2000
ships);

¢ the entrance is now 300 m wide (more than his 200 feet = 60 m) but this depends
much on coral growth which may have varied in time and with urbanisation.

No archaeological remains are known so far and it might be worth having a look around ...
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2.20 THAPSUS — Ras Dimas, Bekalta

Thapsus is located at Bekalta, Ras Dimas, on the eastern Tunisian coast, between Lamta
(ancient Leptiminus) and Mahdia (ancient Gummi).

48
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Tunisian east coast

Thapsus has two ports. The so-called “Portus Pristinus” located in a natural shelter behind a
large sand spit oriented towards the NW, and the main port sheltered by one of the longest
ancient breakwaters in the Mediterranean Sea.
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The main breakwater is nearly 1100 m long and has been described by several authors:
e Daux (1869): onshore part of breakwater,
e Lézine (1961)%: idem, but with better interpretation of holes in the concrete,
e Yorke (1966)7°: first underwater survey of the offshore part of the breakwater,
e Younes (1997)"": detailed measurement of the offshore breakwater remains,

e Davidson (2014)72 transversal and longitudinal sections of the breakwater remains.

The general feeling is that this breakwater is made of Roman concrete, but much natural
rock is also scattered around the site. The question one may ask is why a large section of the
offshore part is now at 4 m under water. This can clearly not be caused by sea level rise
which is accepted to be no more than ca 0.5 m since Roman times. This cannot be caused
either by some tectonic movement, which would need to be very local as the onshore part of
the breakwater seems still to be at a correct level of a few meters above sea level.

Our aim here is to formulate some hypotheses about the structure of this breakwater and
possible scenarios for its destruction, hoping that detailed underwater archaeological surveys
will be conducted soon. We will first summarise the local meteorological conditions, and
secondly try to compute the long-term stability of the breakwater.

WIND STATS ON THE TUNISIAN EAST COAST (from north to south)
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68 DAUX, A., 1869, “Recherches Sur I'origine et I'emplacement des Emporia Phéniciens dans le Zeugis et le
Byzacium”, Imprimerie Impériale, Paris, (p169-171).

9 LEZINE, A., 1961, “Le mole de Thapsus”, Architecture romaine d’Afrique, Université de Tunis, Presses
universitaires de France, (9 p).

70 YORKE, R., 1966, “Cambridge expedition to Sabratha”, Report, (43 p).

7LYOUNES, A., 1997, “Recherches sur la ville portuaire de Thapsus et son territoire en Byzacéne dans
I'antiquité”, These de doctorat, Université Grenoble Il, (484 p).

72 DAVIDSON, D., 2014, “The Enigma of the Great Thapsus Harbour Mole”, International Journal of Nautical
Archaeology, 43.1, (p 35-40).
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Djerba Mellita
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Data taken from www. windfinder.com (2018)

It can thus be seen that north of Nabeul the wind climate is rather different from that south of
it: the famous ‘etesian winds’ from NW blowing in Egypt in the summer are not found south of
Nabeul.

Two seasons are defined by wind directions south of Nabeul:
o  Summer (April-Oct): E and NE winds
o Winter (Nov-March): W and NW winds

The wind velocities are characterised here by the percentage of time with winds over 10 to
15 knots (i.e., wind force over 4 Beaufort):

e Bizerte has a tough wind climate > 4 Bft for 35-55% of time in summer (blowing from
NW all year round)

¢ Nabeul has milder winds > 4 Bft for 20-45% of time in summer (NW all year round)
e Monastir has a tough wind climate: > 4 Bft for 35-55% of time in summer (E and NE)

e Mahdia area has the mildest wind climate: > 4 Bft for 10-20% of time in summer (NE),
but is this correct?!

e Sfax has: > 4 Bft for 20-40% of time in summer (E)
e Djerba has: > 4 Bft for 30-50% of time in summer (E)

Unprotected structures on these coasts may thus have quite some downtime. If we consider
the wind force of 4 Bft (10 to 15 knots) as a limit for safe port operation in ancient times, then
we may assume around 20 to 50% downtime during daytime, that is 6 to 15 days/month.
This might be acceptable for commercial traffic that can wait a few days, provided downtimes
are not too much concentrated, e.g., one week or more in a row.

TIDES ON TUNISIAN EAST COAST

Tidal ranges (spring tide) acc. to the North Africa marine pilot by Graham Hutt (IMRAY,
2012): tidal ranges are usually less than 0.5 m, but in the Gulf of Gabeés, higher values
appear:

e Sfax:1.4m

e Kerkennah islands, Sidi Youssef: 1.0 m
e La Skhira: 1.6 m

e Gabés:1.8m
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e Zarat:1.8m
e Djerba, Houmt Souk: 1.0 m
e Bou Ghrara (inside the bay): 0.5 m
e Zarzis: 0.8 m
The largest tidal range is 1.8 m near Gabés.

Note that the tidal range is somewhat smaller on the Kerkennah Isles and inside the bay of
Bou Ghrara.

Spring tides at Bekalta (Thapsus) range around 1.0 m, further reducing north of Monastir.

Little is mentioned about the tidal currents, but they can be strong (1 to 5 knots) near Djerba
(Houmt Souk and Ajim).

DESCRIPTIONS OF THE BREAKWATER AT THAPSUS

Lézine (1961) describes the onshore breakwater (p 145) “L’ouvrage est construit en blocage,
mais celui-ci présente deux parties nettement différentes : une couche inférieure de 2 m 40
de hauteur, dont le mortier de couleur foncée comporte une forte proportion de pouzzolane ;
une couche supérieure (1 m 30), dont le liant — beaucoup plus clair — contient des grains
d’une roche dure de teinte noire ou verte [...] Les trous qui percent la masse ne sont pas les
soupapes de sureté imaginées par Daux, mais simplement les logements de rondins qui ont
disparus depuis longtemps”. This is clearly a structure built with concrete poured into wooden
caissons, like in Caesarea Maritima (Israel).

Yorke (1966) mentions (p 15) “concrete and large squared blocks of average size 1.5 x 1 x 8
meters”. He estimates the total volume of the breakwater remains to 0.2 million cubic yards
(153 000 m3).

Younes (1997) explains (p 207) “La face nord bien exposée a ces vents est revétue d’'un
parement de pierres de bonne taille et de gros blocs en béton. Ces blocs s’étalent sur une
longueur d’environ 936 m a partir de la fin du méle. Ainsi, a 'origine, la face nord bien
exposee aux vagues est parementée de gros blocs de béton et de pierres dont la taille est
en rapport avec la profondeur et par conséquent avec la taille et la force des vagues. Quant
a la face sud abritée des vagues, elle est parementée sur sa grande partie de pierres de
petite taille et fournit un quai permettant aux navires de s’y amarrer”. Hence, the north side
consists of large concrete slabs composing a vertical wall which is protected by smaller rock
placed in front of it. This construction method is still used on some modern breakwaters.

Davidson (2014) was on site with Yorke in 1966 and tells us (p 36) “The visible part of the
structure was clearly made by the classic Vitruvian process of casting concrete into wooden
caissons confirmed by the existence of holes in the mole with vestiges of the horizontal
timbers that had once tied the sides of a caisson together. The submerged part of the mole
was made by another traditional Roman process. This involved tipping large quantities of
quarried rocks from carts, or over the sides of boats, for long enough and in the right place
for the surface eventually to be broken and a shelter from the weather thereby formed”.
According to him, the offshore and the onshore parts of the breakwater were not constructed
according to the same methods.
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Survey of the Thapsus breakwater (Younes, 1997, fig. 193b)

Younes’ survey shows that the offshore breakwater remains have a width of 65 to 81 m. The
water depth is 1.1 m, to 8.3 m on the north side, and 1.7 to 7.4 m on the south side. The
figures show that the southern side was around 1 m above the northern side, probably due to
some sedimentation inside the inner port.

Younes computed the volume of the breakwater remains found under water at 131 450 m3
and showed that this volume is close to that of a vertical offshore breakwater that would be
made on the same design as the onshore breakwater (around 100 000 m3). Our own
computations show that this volume increases to around 140 000 m? if a rubble mound was
built in front of the vertical breakwater on its northern side. Our computations also show that
a traditional rubble mound breakwater with 5 m crest width at 4 m above seawater level and
1:1 slopes would have a similar volume of around 140 000 m3. The combination of a vertical
breakwater placed on top of submerged rubble mound would yield a similar volume.

Ancient Ports & Harbours - Copyright A. de Graauw © 2024 Vol. lll, Page 169



Thapsus

Rubble mound BW Vertical BW

Sea Water Level

Sea Bed

Vertical BW with mound Vertical BW on mound

Cross-section of various types of breakwater

In any of the cases shown above, the volume of remains corresponds to a completed
breakwater, contradicting Davidson’s “enigma” of an unfinished structure.

The volume of the submerged remains indicates that the breakwater was built by men and
destroyed by the sea and we are going to show hereunder that the breakwater could indeed
not survive without damage during a 2000 year-period.

STABILITY OF A RUBBLE MOUND BREAKWATER AT THAPSUS

An analysis of long-term stability concentrates on the worst possible wave conditions,
considering that they will eventually occur in the long term. This means that we consider only
cases with waves breaking near the submerged structure. Hence, the local wave climate
must include waves large enough to break on the water depth in front of the breakwater. The
location of Thapsus on the Tunisian coast allows for large waves to approach the breakwater
from north and from NE. It is widely accepted that random waves are breaking when their
significant height Hs is around 0.6 h (h is the local water depth). Hence, on the 6 m water
depth in front of the Thapsus breakwater, waves with Hs = 4 m can exist just before
breaking. Such waves most probably occur at least once each year in this area of the
Mediterranean Sea. We are thus allowed to use the graph below”.

73 DE GRAAUW, A., 2014, “The long-term failure of rubble mound breakwaters”, Revue Méditerranée,
http://journals.openedition.org/mediterranee/7078)
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Stable submerged breakwater with breaking waves

Let’s look at the part of the breakwater located on a water depth of h = 6 m, and let’s
consider the rock size Dn = 0.5 m: the crest of the breakwater remains will then be at 0.7 h
below the seawater level, that is around 4 m below SWL, which is confirmed on site.
However, should the rock size be larger, e.g., Dn = 1 m, the crest of the remains should then
be around 2.5 m below SWL.

STABILITY OF A VERTICAL BREAKWATER AT THAPSUS

Let’s now consider a supposed vertical structure consisting of several layers of Roman
concrete poured into wooden caissons. Each layer of concrete adheres more or less on the
layer below it and can thus be moved by wave action. In other words, an ancient vertical
breakwater is not monolithic (like modern breakwaters usually are) and can therefore be
destroyed layer by layer by wave action.

Yoshimi Goda’™ provided a computation method to estimate the maximum wave pressure on
vertical walls. In the case of Thapsus, the horizontal wave pressure is around 15 ton/m? at
the seawater level and a bit less near the seabed. The cross-section of the concrete slabs
being 1.5 x 1.0 = 1.5 m?, the horizontal wave force on a block is 15 x 1.5 = 22.5 ton.

The block resists to this wave force through its friction on the underlying block, and this is
estimated to 0.75 x the weight of the block: 0.75 x 1.5 x 1 x 8 m® x 2 ton/m? = 18 ton. In other

74 GODA, Y., 1974, “New wave pressure formulae for composite breakwater”, Coastal Engineering Conference,
Copenhagen, ASCE, (p 1702-1720).
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words, the block can resist a horizontal wave force of up to 18 ton, but the actual wave force
is over 22 ton, inducing sliding of the block.

o=
—
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Goda’s distribution of wave pressure

Concluding this short study, the Thapsus breakwater was not stable in the long term. The
volume of the breakwater remains could be from a vertical breakwater made of layers of
Roman concrete as well as from a rubble mound breakwater, or some kind of combination.
Further underwater survey of the remains might give an answer: a vertical breakwater would
show large slabs of Roman concrete, and a rubble mound breakwater would show smaller
quarry rock.
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2.21 TYRE

This paragraph was prepared by Arthur de Graauw, Gilles Brocard, and Jean-Philippe
Goiran. It features breaking news about the harbour history of Tyre, particularly the southern
harbour, known as the "Egyptian Harbour".

Introduction

The renowned Phoenician city of Tyre (Lebanon) is one of the finest examples of major
changes triggered by the construction of a causeway affecting the development of its
harbours. Building sustainable ports along coastlines is a difficult endeavour because
coastlines are among the most rapidly changing landscapes on Earth. This challenge is
faced worldwide today. Besides, the erection of coastal structures alters coastal dynamics in
such a way that new structures tend to affect earlier constructions. The study of ancient
harbours shows that it has been a nagging problem in coastal management since Antiquity.
Therefore, investigating ancient cases is interesting because it provides more time depth into
these changes than the modern cases, owing to the centuries of coastal changes that have
elapsed since the structures started to alter their environment.

Tyre city was founded on a small coastal island from which it resisted invasions and sieges
for many centuries. In 332 BCE, Alexander-the-Great eventually succeeded in seizing the
city after building a causeway 4 stades long " and 2 plethra wide 76, which was laid in water
depths reaching 3 fathoms’’. The causeway interrupted longshore sand transport, forcing
sand to pile-up against and on top of the causeway, thus creating a sandy isthmus that has
connected Tyre to the mainland ever since.
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Location of Tyre in Lebanon.
Where was the “Egyptian harbour”?

The isthmus profoundly altered the layout of Tyre and its harbours. Ancient authors Strabo
(16, 2) and Arrian (2, 7), living in the first and second centuries CE, report that the
Phoenician city had two harbours, one opening towards the north (the so-called “Sidonian
Harbour”, or “Port of Astronoe”), and the other opening to the south (the so-called “Egyptian

75 ca. 750 m, acc. to Quintus Curtius, 4, 2 & Diodorus Siculus, 17, 7, however, Pliny, 5, 17 mentions 700 paces,
i.e., nearly 1 km.

76 ca. 60 m, acc. to Diodorus Siculus, 17, 7.

775.4 m, acc. to Arrian, Anabasis, 2, 18.
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Harbour”). The ancient northern harbour is filled with Hellenistic to Byzantine sediments and
is clearly documented below the modern harbour of Tyre (Marriner et al., 2005). The
southern harbour no longer exists and several hypotheses for its location have been put
forward over the past two centuries.
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|
L Il ONGOING CARTOGRAPHY

I MAPPED BLOCKS

'Y
% ROCK FILL

O == = == 10

PHOENICIAN
HARBOUR BASIN

T e e
L T e o lm|ll|IM’IM(WMIWMI!IMW\‘IWW

BREAKWATER

GOOGLE EARTH SATELLITE IMAGES PHOENICIAN HARBOUR BASIN

The east-west aligned, Phoenician-style breakwater discovered in 2019 extends over some 130 m. It displays a
double alignment of oblong blocks (Figure by Sylvia Vinai, adapted from Goiran et al., 2021).

A breakwater, similar in style to the Phoenician breakwater built in the 61"-4" centuries BCE
along the north coast (Nourredine, 2019), was discovered in 2019 along the south coast by a
team of researchers led by the Archéorient Laboratory, Maison de I'Orient et de la
Méditerrannée, at the University of Lyon 2, France (Goiran et al., 2021). Cores collected
onshore by the team revealed the presence of sediments typically deposited inside a harbour
basin, behind the offshore structure (Brocard et al., 2024). The newly identified breakwater is
therefore regarded as protecting the Egyptian Harbour of Tyre (“M” on the figure below). Its
basin (“10” on the figure below) would have covered an area of up to one hectare (100 x

100 m), south of the Roman baths complex. The port structures of the southern Phoenician
harbour of Tyre appear to have been buried during the Hellenistic and Roman periods,
allowing the south-east corner of the island to be used by the Romans for the development of
monumental baths. The team suggests that the southern harbour had to be abandoned
owing to the rapid growth of a massive sandy isthmus during the centuries which followed
the erection of Alexander’s causeway. The area of this southern harbour was then
repurposed, with the building of monumental baths, and the development of an urban district
protected by Roman-style seawalls.
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Distribution of man-made structures, bedrock, and sediments around the southern harbour of Tyre.

Red dashed line: Poidebard (1939)’s southern harbour enclosure. Green dashed line: axis of the monumental
Roman baths. Geology: 1: emerged part of the sandy isthmus, 2: emerged land over calcarenite bedrock
(wherever bedrock is above -2.5 m), 3: submarine part of the sandy isthmus, 4: submerged outcrops of
calcarenite, 5: shore platform cut into calcarenite (mostly man-made), 6: natural block pavement over calcarenite,
7: natural block pavement over marine sediments, 8: roman concrete (opus caementicium), 9: rubble mound
dyke, 10: proposed southern harbour-basin, 11 (M): east-west Phoenician-like breakwater.

In addition, coring also revealed the presence of harbour sediments likely deposited in
another basin, at an earlier location of the northern harbour of Tyre. This northern harbour
would have been also abandoned to give way to the growing sandy isthmus, and relocated to
its Hellenistic-Byzantine location, under the modern harbour of Tyre.
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Schematic paleogeographic maps of Tyre highlighting the effect of the formation of the sandy isthmus on its two
Phoenician harbours, the displacement of the northern harbour further north, and the repurposing of the southern
harbour into a Roman baths area. Red & blue dots: corings. Arrows: net sand flux (blue: marine, white: terrestrial).
Numbers on left panel refer to the minimum, currently constrained elevation of the calcarenitic bedrock relative to
the ancient sea level at -2.5 m.
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Tentative geomorphological chronology

The evolution of the marine landscape of Tyre was influenced by the development of the city
well before Alexander’s conquest. Tyre started as a small offshore outpost of the city of
Ushu, or Palaeotyre (Old Tyre), which was founded on the stretch of coast facing the island.
Urban and port development really started on the island after 1 500 BCE (Bikai, 1987).
Various archives indicate that some islets were then probably interconnected, enlarging the
original island, and improving shelter from sea waves to such an extent that by 1 350 BCE,
the Tyrian king Abimilky reportedly stationed battleships in a proto harbour in the lee of Tyre
Island (Amarna Letter EA 153). As sedimentation in the lee of Tyre Island further progressed,
a submarine sand bank formed, built by the refraction and diffraction of waves around the
island. A large harbour was still present in the lee of the island by around 1 200 BCE
(Anastasi 1 papyrus) but the accumulation of sand over the sand bank had led to its partial
emergence, creating a coastal “salient” attached to the lee of the island. Around 950 BCE,
famous Tyrian king Hiram |, friend of King David and King Solomon, connected one more
islet to the main island, and reclaimed the area in between, which was called “Eurychoros”
(wide space, agora) by Menander, according to Josephus Flavius (Apion, 1, 17-18, see full
text hereafter). Hiram | obviously used the naturally formed salient and extended it through
additional land reclamation. By then, the initial single harbour in the lee of the island had
probably been largely occupied by the sand bank, and a new layout with two harbours had to
be implemented, with a northern Sidonian Harbour and a southern Egyptian Harbour, set
astride the growing sandbank. We do not know who might have carried out the work,
possibly Hiram | himself, or one of his successors, possibly Ethbaal | around 875 BCE
(Katzenstein, 1973). At that time, the southern harbour could have been the main one, as a
north-south reef aligned with Tyre Island better protected the whole southern bay, which
therefore could have been used as a summer anchorage area.

The evolution of the marine landscape of Tyre was influenced by the development of the city
well before Alexander’s conquest. Tyre started as a small offshore outpost of the city of
Ushu, or Palaeotyre (Old Tyre), which was founded on the stretch of coast facing the island.
Urban and port development really started on the island after 1 500 BCE (Bikai, 1987).
Various archives indicate that some islets were then probably interconnected, enlarging the
original island, and improving shelter from sea waves to such an extent that by 1 350 BCE,
the Tyrian king Abimilky reportedly stationed battleships in a proto harbour in the lee of Tyre
Island (Amarna Letter EA 153). As sedimentation in the lee of Tyre Island further progressed,
a submarine sand bank formed, built by the refraction and diffraction of waves around the
island. A large harbour was still present in the lee of the island by around 1 200 BCE
(Anastasi 1 papyrus) but the accumulation of sand over the sand bank had led to its partial
emergence, creating a coastal “salient” attached to the lee of the island. Around 950 BCE,
famous Tyrian king Hiram I, friend of King David and King Solomon, connected one more
islet to the main island, and reclaimed the area in between, which was called “Eurychoros”
(wide space, agora) by Menander, according to Josephus Flavius (Apion, 1, 17-18). Hiram |
obviously used the naturally formed salient and extended it through additional land
reclamation. By then, the initial single harbour in the lee of the island had probably been
largely occupied by the sand bank, and a new layout with two harbours had to be
implemented, with a northern Sidonian Harbour and a southern Egyptian Harbour, set astride
the growing sandbank. We do not know who might have carried out the work, possibly
Hiram | himself, or one of his successors, possibly Ethbaal | around 875 BCE (Katzenstein,
1973). At that time, the southern harbour could have been the main one, as a north-south
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reef aligned with Tyre Island better protected the whole southern bay, which therefore could
have been used as a summer anchorage area.

Both harbours were probably used for several centuries, while the city remained an island, as
documented by the bronze bands of Balawat (858 BCE) and by Esarhaddon’s Annals

(671 BCE). During that time the city prospered and resisted several important sieges
(Salmanazar V, from 726 to 722 BCE, Nebuchadnezzar II, from 585 to 573 BCE), weathering
also earthquakes and tsunamis (760-750 BCE, 590 BCE, 525 BCE, 199-198 BCE, 148-

130 BCE, 92 BCE, 19 CE, 303 CE, 502 CE, 551 CE and many more after that) (Gatier,
2011a).

After Alexander-the-Great built his causeway, the tombolo formed, and the harbours were
once again threatened by sand accumulation. The northern harbour was moved away from
the tombolo, at its current location, below the modern harbour. The southern harbour, on the
other hand, was abandoned, possibly even before the Romans arrived in the area in 64 BCE
(Gatier, 2011b). They probably used sand removed during the levelling of the tombolo for
further land reclamation and built the monumental Roman baths and an urban district starting
in the 15t century CE. The research team suggested that the structures described by
Poidebard (1939) are the Roman seawalls that protected this urban area from sea waves.

An estimated 2.5 m relative sea level rise affected the site, submerging the southern harbour
structures. The age of this submergence is still poorly constrained, but it most likely occurred
quite late during Antiquity, possibly in Hellenistic and/or Roman-Byzantine times (between
say 500 BCE and 500 CE). The sea then overtook the seawalls of the southern district,
gutted the Roman landfill, and unearthed the Phoenician quay- and breakwater-structures
that were beneath it, exposing them on the seafloor.

How long did it take?

The research team conducted sand flux and sand volume calculations to provide a rough
estimate of the time required for coastal processes to accumulate the sand volume currently
contained in the peninsula that connects the former island of Tyre to the mainland.

The influence of tidal currents is negligible because the tidal range oscillates between 30 cm
(neap tides) and 50 cm (spring tides). Longshore sediment transport is therefore determined
by winds and waves (Nir, 1996). The sandy isthmus of Tyre started to form during the
Roman Climatic Optimum (200 BCE-100 CE), the climate of which is regarded as similar to
the present-day (Murray, 1987). The team therefore used the present-day wind and wave
climate at Tyre (fr.wisuki.com) to assess sand fluxes at Tyre. The strongest winds

(> 50 km/h) come from the southwest, with weaker winds (0-20 km/h) tracking from
northwest. Waves come from a narrow western sector, with some northwest storms.

Littoral drift is quantified by several more or less complex formulae. The simplest and most
widely used one was proposed by CERC (US Army Corps of Engineers) in 1984:

Q = K. H?5, sin (20)

where Q is the littoral drift (in m*/year), K is a coefficient determined by wave steepness and
sand grain size, H is the wave height at breaking (in m), and 8 is the angle (in °) of incidence
of waves on the coastline at the breaker line. Littoral drift is nil for wave crests parallel to the
coastline (6 = 0°), increases to a wave incidence up to 45° and diminishes at higher values.
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At Haifa, to the south of Tyre, modern longshore drift moves 50 000-80 000 m®/yr of sand
northwards (Zviely, 2007) for a mean incidence angle of waves of 6 = 10°. Assuming this
sand transport capacity at Haifa, the decrease in the incidence angle to 6 = 6° at Tyre implies
that longshore transport capacity at Tyre is reduced by a factor 0.6 to 30-50 000 m?/yr.

The total volume of sand accumulated behind Tyre Island was calculated as the difference
between the elevation of the modern onshore and offshore surface of the sandy isthmus and
the elevation of the substrate over which the sands were deposited. The resulting volume of
sand accumulated behind Tyre Island before 332 BCE was estimated to 10 million m3, and
the volume accumulated after 332 BCE, to 30 million m® (Brocard et al. 2024).

This volume required 6 to 10 centuries to accumulate at a rate of 30 000 to 50 000 m?/yr,
which means that the isthmus would have been able to reach its current size between the 3™
and the 7" century CE.

Conclusion

The harbour history of Tyre, spanning a period of 3 500 years, is one of abandonment and
relocation of infrastructures, resulting in a complex pattern of structures, often superimposed
one on top of the other. The development of many ancient ports was hampered at some
point by a geological process of some sort, such as tectonic uplift or subsidence, soil
settlement in deltas and estuaries, and, most commonly, by coastal progradation, either by
direct ingress of fluvial sediments in estuaries and deltas, or by coastal accretion down drift
of river mouths. There, man-made structures affect longshore sediment transport. For
example, sand accumulated updrift (south) of the Roman port of Caesarea Maritima (Israel),
but Tyre, in southern Lebanon, constitutes a remarkable case by the large amplitude of
changes imparted by man-built structures. The only other case of such an amplitude is
Alexandria (Egypt), and in both cases, the most important changes have been caused by...
Alexander-the-Great.
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Ancient references:
The following ancient documents mention the port of Tyre (in chronological order):

Amarna Letters, 77 & 89 & 92 & 114 & 146-155 ; Ugarit tablet RS 18.031 ; Anastasi Papyrus
; Wenamon's trip ; Assur-Nasir-Pal, Annals, Col Il ; Balawat bronze bands ; Nimrud Letter 12
; Esarhaddon's Annals ; Esarhaddon's treaty ; Herodotus, Hist, 2, 44 ; Scylax, Peripl ;
Zenon's papyri ; Polybius, Hist, 5, 14 ; Diodorus, Hist, 17,7 & 17, 46 & 19, 58 & 19, 62 ;
Strabo, Geogr, 16, 2 ; Curtius, Hist, 4, 2 ; Pliny, Nat. Hist, 5, 17 ; Josephus Flavius, Apion, 1,
17-18 ; Plutarch, Alexandre, 32 ; Arrian, Anabasis, 2, 7 ; Bible, Isaiah 23:1 & Ezekiel 27 &
Ezra 3:7 & 1 Kings 5:9 & Acts 21:3 ; Xenophon, Ephesian Tale, 1, 14 ; Benjamin of Tudela,
Itinerary (p 18) (ca. 1170 CE).

Description of Phoenician Tyre by Josephus Flavius, Contra Apionem, 1, 17-18, dated
after 94 CE (transl. W. Whiston, 1737, London).

17. [...] This Dius therefore writes thus, in his histories of the Phoenicians: “Upon the death
of Abibalus, his son Hiram [the first] took the Kingdom. This King raised banks at the eastern
parts of the city and enlarged it. He also joined the temple of Jupiter Olympus, [Tyrian Baal]
which stood before in an island by itself, to the city, by raising a causeway between them,
and adorned that temple with donations of gold. He moreover went up to Libanus, and had
timber cut down for the building of temples. [...]

18. And now | shall add Menander the Ephesian, as an additional witness. This Menander
wrote the acts that were done both by the Greeks and Barbarians, under every one of the
Tyrian kings, and had taken much pain to learn their history out of their own records. Now
when he was writing about those kings that had reigned at Tyre, he came to Hiram and says
thus: “Upon the death of Abibalus, his son Hiram took the Kingdom. He lived fifty-three years
and reigned thirty-four. He raised a bank on that called the broad place [Eurychoros] and
dedicated that golden pillar which is in Jupiter's temple. He also went and cut down timber
from the mountain called Libanus and got timber of cedar for the roofs of the temples. He
also pulled down the old temples and built new ones. Besides this he consecrated the
temples of Hercules [Tyrian Melgart] and of Astarte.” [...]
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Description of Phoenician Tyre by Herodotus, History, 2, 44, dated ca. 450 BCE
(transl. A. D. Godley, 1920-25).

44. Moreover, wishing to get clear knowledge of this matter whence it was possible so to do,
| took ship to Tyre in Phoenicia, where | heard that there was a very holy temple of Heracles
[Tyrian Melgart]. There | saw it, richly equipped with many other offerings, besides that in it
there were two pillars, one of refined gold, one of emerald, a great pillar that shone in the
night-time [a lighthouse?]; and in converse with the priests, | asked how long it was since
their temple was built. | found that neither did their account tally with the belief of the Greeks,
for they said that the temple of the god was founded when Tyre first became a city, and that
was two thousand three hundred years since.

Nabuchodonosor’s ramp in A Prophecy Against Tyre by Ezekiel 26:8, dated 1st-3rd c.
CE (transl. https://www.biblegateway.com ).

7. For this is what the Sovereign Lord says: From the north | am going to bring against Tyre
Nebuchadnezzar, king of Babylon, king of kings, with horses and chariots, with horsemen
and a great army.

8. He will ravage your settlements on the mainland with the sword; he will set up siege works
against you, build a ramp up to your walls’® and raise his shields against you.

9. He will direct the blows of his battering rams against your walls and demolish your towers
with his weapons. [...]

Description of Alexander’s causeway by Diodorus Siculus, Hist, 17, 7 (or 40-46), dated
49 BC (transl. Charles Henry Oldfather, 1933).

40.4. The king saw that the city could hardly be taken by sea because of the engines
mounted along its walls and the fleet that it possessed, while from the land it was almost
unassailable because it lay four stades [630-740 m] away from the coast. Nevertheless, he
determined to run every risk and make every effort to save the Macedonian army from being
held in contempt by a single undistinguished city.

40.5. Immediately he demolished what was called Palaeotyre [Old Tyre] and set many tens
of thousands of men to work carrying stones to construct a mole two plethra in width [61 m].
He drafted into service the entire population of the neighbouring cities and the project
advanced rapidly because the workers were numerous.

42.5. [...] As his engines drew close to the city and its capture seemed imminent, a powerful
north-west gale blew up (“apyéotng Gvepog péyag” Argestes meaning a N300° wind direction)
and damaged a large part of the mole.

42.6. Alexander was at a loss to deal with the harm done to his project by the forces of
nature and thought of give up the siege attempt but driven by ambition he sent to the
mountain and felling huge trees, he brought them branches and all and, placing them
besides the mole, broke the force of the waves [note the trees are not used for the mole
itself, but to protect the ongoing works].

42.7. It was not long before he had restored the collapsed parts of the mole, and pushing on
with an ample labour force until he came within missiles' range, he moved his engines out to

78 Translations for this structure differ, some use the word “ramp”, others speak of a “mount”. We could
imagine a mount reaching the top of the wall (15 m high), like the one built by the Romans to seize the
Massada fortress. However, on Tyre Island, such a mount would be on the beach and in shallow water near the
foot of the wall. In addition, a causeway from the mainland would be needed to transport the materials
required for the ramp. None of this has been substantiated by archaeology so far.
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the end of the causeway, and attacked the walls with his stone throwers, while he employed
his light catapults against the men stationed along the battlements. The archers and slingers
joined in the barrage and wounded many in the city who rushed to the defence.

43.5. [...] Now the causeway had reached the wall and made the city mainland, sharp
fighting took place along the walls.

43.6. The Tyrians had the present danger before their eyes and easily imagined what a
disaster the actual capture of the city would be, so that they spent themselves so freely in the
contest as to despise mortal danger.

46.1. Alexander addressed the Macedonians, calling on them to dare no less than he. Fitting
out his ships for fighting, he began a general assault upon the walls by land and sea and this
was pressed furiously. He saw that the wall on the side of the naval base was weaker than
elsewhere and brought up to that point his triremes lashed together and supporting his best
siege engines.

Description of Alexander’s causeway by Arrian, Anabasis of Alexander, 2, 18, dated
150 CE (transl. Edward James Chinnock, 1920).

18.1.[...] he resolved to construct a mole from the mainland to the city. The place is a narrow
strait full of pools; and the part of it near the mainland is shallow water and muddy, but the
part near the city itself, where the channel was deepest, was about three fathoms [5.4 m]. in
depth. But there was an abundant supply of stones and wood, which they put on the top of
the stones. Stakes were easily fixed down firmly in the mud, which itself served as a cement
to the stones to hold them firm. The zeal of the Macedonians in the work was great, and it
was increased by the presence of Alexander himself, who took the lead in everything, now
rousing the men to exertion by speech, and now by presents of money lightening the labour
of those who were toiling more than their fellows from the desire of gaining praise for their
exertions. As long as the mole was being constructed near the mainland, the work made
easy and rapid progress, as the material was poured into a small depth of water, and there
was no one to hinder them; but when they began to approach the deeper water, and at the
same time came near the city itself, they suffered severely, being assailed with missiles from
the walls, which were lofty, inasmuch as they had been expressly equipped for work rather
than for fighting. Moreover, as the Tyrians still retained command of the sea, they kept on
sailing with the triremes to various parts of the mole and made it impossible in many places
for the Macedonians to pour in the material. [...]

Description of Alexander’s causeway by Quintus Curtius, History, 4, 2-3, dated ca. 50
CE (transl. J.C.Rolfe, Loeb, 1946).

2, 7. But the Tyrians, having plenty of confidence in their situation, had decided to sustain a
siege; for a strait of four stadia separates the city from the mainland and was especially
exposed to the Africa wind [SW wind], which rolls upon the shore wave on wave from the
deep. And there was nothing which more than that wind stood in the way of receiving the
work by which the Macedonians were preparing to join the island to the mainland. Even with
a calm and mild sea foundations can only with difficulty be laid, while the Africa wind, by the
blows of the sea as it dashes against them undermines all the first structures, and no mass is
so firm that the waters do not eat it away, both by trickling through the joints of the works,
and when a more violent wind rises, by pouring over the top of the entire structure. Besides
this difficulty there was another equally great. The walls and towers of the city were
surrounded by very deep sea; [...]

2, 19. A great amount of rocks was available, supplied by Palaeotyre [Old Tyre], timber was
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brought from Mount Libanus for making rafts and towers. And already the work had grown
from the bottom of the sea to a moderate height, but nevertheless had not yet reached the
surface of the waters, when the Tyrians, bringing up some small boats, mocked them with
the taunt that those men famous in arms were carrying loads on their backs like beasts of
burden; they also asked whether Alexander was greater than Neptune. These very insults
inspired the soldiers to greater eagerness. And now the massive structure was rising a little
above the water and at the same time the causeway was increasing in width and moving
towards the city, when the Tyrians, seeing the size of the structure, whose increase had
hitherto escaped their notice, began to encircle with light craft the work which did not yet form
a juncture, and also to assail with missiles those who stood upon it. [...]

3, 6. On that day a more furious wind stirred up the sea from its very depths and dashed it
against the causeway, and the joints of the structure, lashed by surge after surge, loosened,
so that the sea, flowing in between the blocks, broke right through the work. Therefore, when
the heaps of stones which supported the earth that had been heaped upon them were
demolished, the whole structure sank headlong into the deep, and Alexander, on returning
from Arabia [Mont Liban], found hardly any traces of so great a causeway. Thereupon, as
usually happens in disasters, they all put the blame on one another, although all might more
reasonably have found fault with the fury of the sea. The king, on beginning to build a new
causeway, made its front (instead of its side) face directly into the unfavourable wind
[interpretation is difficult as the mole could not be built towards the NW or SW wind direction,
as it would miss Tyre Island]. Thus, the front protected the rest of the works, which were
hidden, as it were, behind it; he also made the causeway wider, in order that the towers
erected on the middle of it might be far out of range of a weapon. Furthermore, they threw
whole trees with their great branches into the deep, then loaded them with rocks, again threw
other trees upon the pile of rocks, and finally heaped on earth; besides this, by piling up
successive masses of rocks and trees they had joined together a continuous causeway, as if
by a kind of bond. [...]
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3 POTENTIAL ANCIENT HARBOURS

Nearly 6000 ancient coastal settlements have been identified so far. It may be accepted that
all of them had some kind of boat landing or shelter. From a nautical point of view, many of
these sites are not considered very good for sheltering modern yachts, but were
nevertheless used in ancient times. Conversely, would you believe that a shelter that is
considered today as “excellent” from a nautical point of view would not have been used in
ancient times, at least as a bad-weather refuge shelter?

If such a place, in addition, provided fresh water and food, it could become more than a
simple refuge. If it also had some “hinterland” providing trade opportunities, it could become
a bigger city with sufficient resources to build specific port structures like breakwaters and
quays.

The aim of the present study is to list “Potential Ancient Harbours” defined as natural shelters
that are considered ‘excellent’ by modern sailors but not (yet) listed as ancient harbours. The
result is a list of ca. 150 places that might be further considered by historians and
archaeologists to find out if they were indeed ancient settlements.

A few authors have been trying to define criteria for the location of ancient ports (Mauro,
2019"). Some authors used geographical criteria (headlands, islands, bays, rivers) and other
authors more specific criteria (protection from wind and waves, seabed quality for anchoring,
availability of water, salt and food). Nautical aspects were not often taken into consideration
(except by Arnaud, 2005%°) although they are vital for seafarers. The purpose of this paper is
to compare shelters considered as ‘excellent’ by modern yachtsmen with ancient shelters
known by archaeology, and to identify locations that might be accepted as ‘Potential Ancient
Harbours’ where archaeologists might have a look around.

3.1 A Catalogue of ancient harbours

A ‘harbour’ is a place where ships can seek shelter. The concept of ‘shelter’ has to include i)
anchorages, ii) landing places on beaches, and iii) ports with facilities for landing passengers
and goods, including structures such as access channels, breakwaters, jetties, landing
stages, quays, warehouses for storing commodities and equipment, shipsheds and slipways.
Shelters of interest include all places which may have been used by seafarers sailing over
long distances. Villae maritimae are also of interest, but shelters the likes of local fishermen,
who may have landed their boats on the beach in front of their homes, are of less interest. In
another limitation, only maritime harbours and some river ports that could be reached by
deep-sea ships are considered.

This paper presents work done to collect, identify and locate ancient harbours and ports. It is
based on a study of existing documentation, i.e., on the writings of nearly 100 ancient
authors and hundreds of modern authors, incl. the Barrington Atlas.

The ancient authors are usually historians, philosophers or poets, but for this work the
geographers retained most of our attention: Strabo, Pausanias, Pliny the Elder, Ptolemy,
Avienus, Mela and others, some anonymous, who tell about their journeys like ‘Antonine’,
‘Scylax’, ‘Scymnos’, Pythias, Hanno, Odysseus, Aeneas, Jason, Arrian in the Black Sea. In
addition to ports mentioned by ancient authors, some ports have been included as
mentioned by modern authors: Karl Lehmann-Hartleben (1923), Honor Frost (1963), David
Blackman (1982 & 2014), Talbert’s Barrington Atlas (2000), Nic Flemming (1986), Getzel
Cohen (1995 & 2006), Micha Tiverios (2008), Helen Dawson (2013), Anton Gordieiev (2015)
and some up to date web sites (http://pleiades.stoa.org/ and http://imperium.ahlfeldt.se/ and
https://www.trismegistos.org and https://topostext.org/).

7 MAURO, C., 2019 “Archaic and Classical Harbours of the Greek World - The Aegean and Eastern lonian
contexts”, Archaeopress Publishing Ltd, Oxford, (115 p).
80 ARNAUD, P., 2005, “Les routes de la navigation antique”, éd. Errance, (248 p).
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In a first stage, only ports were listed that are explicitly mentioned by each ancient author
(portus, navale, statio). Cities where the presence of a port was known from other sources
were not attributed to an author who mentions the city but does not mention the port. This
limitation was certainly questionable as one cannot imagine coastal settlements without at
least a minimal shelter for boats. It was therefore decided to include all sites mentioned by
the authors of a Periplus such as Stadiasmus, Antonine, Arrian and Marcian who were
sailing ships and for whom one might consider that all places they mention are harbours.
Furthermore, it was considered that all coastal settlements mentioned in the Barrington Atlas
must have had a shelter, and they were included too.

A list of ca. 6000 ancient ports and shelters was elaborated. They are scattered mainly
around the Mediterranean Sea, but also in the North Sea, in the Atlantic Ocean, in the Red
Sea and the Gulf and in the Indian Ocean. It can be viewed on: Catalogue of Ancient Ports.

3.2 A list of modern shelters
Modern yachtsmen use sailing guides, ‘Pilots’, for each area. These guides provide
information on sailing routes, waypoints, services to be found in marinas, etc. They
sometimes also rate the quality of the shelter:

e A: excellent,

e B: good with prevailing winds,

e C: reasonable shelter but uncomfortable and sometimes dangerous,

e O:in calm weather only.
Seafarers are intuitive people, they integrate all aspects to provide a judgment on the shelter
quality. This judgment is of great value to us here. An excellent A-shelter provides all-round
protection from wind, waves and currents, from all directions and at all times. This kind of
protection from offshore waves is usually found inside bays with a narrow entrance and
complex shape such as a ‘dog-leg’. Protection from wind is important also and usually
depends on the land topography surrounding the shelter. Note that shelters are defined for
modern sailing ships with modern sails and some ‘A-shelters’ might prove not that good for
ancient ships with square sails.
The work sequence was to list A-shelters and to check if each of them was or not recognised
as one of the ancient harbours mentioned on the Catalogue of Ancient Ports. Therefore, the
14 modern nautical guides, or ‘pilots’ listed in the references hereafter have been searched.
They contain over 4000 shelters, anchorages, marinas and commercial ports. Around 25% of
them are excellent shelters. After comparing each of them with the Catalogue of Ancient
Ports, the list hereafter was obtained for shelters that are not yet recognised as ancient
harbours, but are good candidates from a nautical point of view.

3.3 Results

A list of ca.150 sites was obtained from the comparison of ancient and modern shelters. It is
summarised in the figures and table below, grouping the numbers of Potential Ancient
Harbours (PAH) for each area (a complete list is given at the end of this section).

COUNTRY PAH
Belgium 1
Spain & Portugal 6
Baleares islands 17
France west & south & Corsica 4
Italy, Sicily, Sardinia, other islands and Malta 12
Adriatic Sea 29
Greece & Crete 20
Black Sea 2
Turkey west & south 7
Red Sea & Oman & Somalia 56
Levant, Cyprus & North Africa 2
Total 156
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Figure 4. Potential Ancient Harbours

in the Red Sea. Figure 3. Potential Ancient Harbours
on the Balearic Islands.

The maps shown here have no pretention of precision;
they just intend to show concentrations of

Potential Ancient Harbours;

exact locations are available on Google Earth maps
shown on:www.AncientPortsAntiques.com
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The data above show that quite a lot of Potential Ancient Harbours are found in Greece,
scattered on the mainland and on the islands. Concentrations of Potential Ancient Harbours
are found in Croatia, on the Baleares islands and NE Sardinia. The Red Sea provides the
largest number of Potential Ancient Harbours, but they are scattered all over the area, with a
concentration of ‘marsas’ in northern Sudan.

3.4 Some additional potential ancient ports

Everybody knows that a coral reef borders the Red Sea on almost its entire length. It is
known also that the coral reef hates fresh water, polluted water and sediment and that it
therefore is interrupted in places where large ‘wadis’ have their outlet into the sea. Such
discontinuities of the reef provide deep-water coves that can be used as shelters for ships.
As a matter of fact, water is very deep (over 10 m) and the reef features a kind of vertical
underwater cliff. | had an opportunity to swim in such a place in the nineties with my friend
Xavier Bohl from Port Grimaud when we were asked to design a marina in a place now
called Port Ghalib, and | confirm that it is an impressive swim as one cannot see the seabed
although the water is crystal clean. Such a deep-water cove is obviously not for anchorage,
but the little beach inside the cove is suited for beaching.

The Google Earth view below shows the Marsa Gawasis cove as an interruption of the coral
reef, and wadi Gawasis flowing into the sea.
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sis flowing into the sea at Marsa Gawasis, generating an interruption of the coral reef.
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Archaeological remains and location of the ancient port about 300 m from the present coastline.
The wadi outlet was filled with sediment provided by the wadi.

The main point here is that:

this interruption of the reef and the resulting cove
have been there for 4000 years.

Until recently, | thought wadis were wandering around and present coves were not ancient.
However, | changed my mind when looking at Marsa Gawasis where recent archaeological
finds show that this cove was used as a sea port in very ancient times 4000 years ago (Bard
& Fattovich, 20078"; Tallet, 2015%2).

Other similar places where this can be seen are wadi Safaga located 9 km north of wadi
Gawasis, a place possibly called Quei located 26 km south of wadi Gawasis, Hamrawein port
(possibly ancient Arsinoe Troglodytika), Quseir al-Qadim (ancient Myos Hormos), Marsa
Dabr, Marsa Nakari (ancient Nechesia?).

This new insight may help to identify other ‘Potential Ancient Harbours’. This does of course
not mean that an ancient port will be found in each present cove on the Red Sea coast, but it
may be worth listing them in order to have a closer look for archaeological remains in these
places in the future. Note that many of these coves are used today for holiday resorts and
diving centres which may be a sign of good shelter.

Here is the list for the stretch between Hurghada and Ras Banas (400 km). This stretch was
chosen because it is the most likely area where ships would stop fighting against the
northern wind when returning from their trip to the Land of Punt, and would unload their
precious cargo to continue over land to the Nile river.

81 BARD, K. & FATTOVICH, R., 2007, “Spatial Use of the Twelfth Dynasty Harbor at Mersa/wadiGawasis for the
Seafaring Expeditions to Punt”, Journal of Ancient Egyptian Interconnections, Vol. 2:3, 2010, (p 1-13).

82 TALLET, P., 2015, “Les « ports intermittents » de la mer Rouge a I’époque pharaonique: caractéristiques et
chronologie”, Nehet 3, 2015, (p 31-72).
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List of (19) Additional Potential Ancient Harbours

(Latitudes & longitudes are in decimal degrees, taken from Google Earth)

PLACE NAME* COUNTRY LATITUDE LONGITUDE
Makadi Bay Egypt 26.99200 33.90500
Al Nabila Egypt 26.96630 33.92160
Unnamed cove Egypt 26.94470 33.93370
Unnamed cove Egypt 26.92910 33.94260
Coral Garden Egypt 26.57180 34.03200
Kalawy Imperial Egypt 26.50810 34.06890
Abu Sawatir Rocky Valley Egypt 26.20550 34.22010
Sharm el-Bahari, Mangrove Bay Egypt 25.86800 34.41800
Santido Resort Egypt 25.83930 34.43750
Marsa Wizr Egypt 25.78600 34.48930
Marsa Toronbi Egypt 25.62070 34.58880
Coraya Bay Egypt 25.60210 34.60600
Port Ghalib Egypt 25.53090 34.63400
Marsa Mooray Egypt 25.39600 34.70300
Marsa Abu Dabbab Egypt 25.33900 34.74000
Marsa Fokairi Egypt 24.75550 35.06760
Shams Alam Resort Egypt 24.69000 35.08700
Unnamed cove Egypt 24.51950 35.14100
Kala’an Gulf Egypt 24.36000 35.29800

*: place names are taken from Google Earth and may contain some approximations

3.5 Analysis

Homeric seafarers often used beaches to land their ships on. It may be noted that a 30 m
penteconter with 50 ‘strong’ oarsmen could be hauled on the beach if the slope was mild
enough, say no more than 1:10, or 10%, or 6° (the steepest man-made slipways had a slope
of 1:6 acc. Blackman, 2013). This requires sand of a certain grain size (Komar, 1998): the
very fine sands (or silts) found in large deltas yield a very flat slope which keeps ships far
from land. Conversely, a shingle beach has a steep slope that is dangerous for landing ships
on. With increasing ship sizes (and weights), beaching became unpractical, if not unfeasible,
and places for safe anchorage were sought (see Greg Votruba, 2017).

During Athenian military expeditions, 200 people had to be fed on board triremes. It was
impossible for masters to fill their ships with tons of food. In the absence of ports, ship pilots
had to find places with a degree of shelter where drinking water could be found, and river
estuaries could provide both. The Stadiasmus is an example of a collection of such
knowledge and can be considered as the ancestor of medieval portolans and modern
nautical instructions.

Commercial ships also preferred sheltered creeks and river estuaries, possibly with some
kind of jetty, as their ships were too heavy to be pulled on the beach.

Seafarers obviously preferred sheltered creeks with clear landmarks on shore (such as a
typical mountain). Many shelters were needed, as seafarers often followed the coast, using
safe shelters to stop overnight and escape bad weather. Even though they could sail 50 to
100 nautical miles in a day, it was important to know where they could find safe shelter within
two to three hours of navigation; i.e., only approx. 10 miles.

Many of these sheltered creeks still exist today, but large changes have occurred in some
places:
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e crustal movements which explain why some ancient ports are now submerged
(Alexandria, Crete);

e a eustatic sea level rise of around 0.50 m over the past 2000 years which has
sometimes completely changed the seascape (large deltas);

e seismic events inducing tsunamis which devastated adjacent coastal areas (Crete,
Crane/Agrostoli);

e river estuaries usually tend to silt up, as rivers carry most of the materials that create
beaches, and this explains why some ancient ports are now so far from the sea
(Ephesus, Portus at Fiumicino) or have simply filled up with sand (Leptis Magna);

e in some large cities the ‘old port’ has been reclaimed to create a new waterfront area
(Marseille, Beirut);

e Dbeaches are subject to sedimentation and erosion by wave action, and the latter
explains why some ancient ports were lost to the sea (Tunisia).

It should be noted also that ancient ports mentioned here have been collected from texts of
various dates ranging from 1500 BC to 500 AD (with a few exceptions), that is 2000 years.
The various authors have not seen the same things ... and some authors have just repeated
what others wrote before them!

3.6 Conclusions

The aim of this study is not to provide a comprehensive list of yet unknown Potential Ancient
Harbours based on rational and scientific deductions, but rather to list places that might be
further investigated by historians and archaeologists. The somewhat intuitive methods used
here do not give any proof, but just an indication of Potential Ancient Harbours.

Some areas show few Potential Ancient Harbours and this may be due to:

e ancient authors providing a comprehensive description of the coast (e.g., Arrian in the
Black Sea);

e comprehensive modern archaeological surveys (e.g., in France, Italy, Spain, Tunisia);
hence, many of today’s excellent shelters are recognised ancient harbours;

e many of today’s excellent shelters are modern marinas just added to a coastline without
any good natural shelter and do not qualify as Potential Ancient Harbours (e.g., in
France, Italy, Spain);

¢ some nautical guides did not survey the smaller anchorages (e.g., North Africa).

Without insult to the modern authors of the nautical guides, it can be said that the ancient
Stadiasmus includes more places than the modern pilot of the North African coast between
Carthage and Alexandria! The same holds for Arrian’s periplus of the Black Sea.

Conversely, some areas show many potential ancient harbours. This is probably due to a
reversed combination of the above factors, e.g., in the Red Sea, Croatia where ancient
sources are inaccurate, if any, and modern pilots are quite detailed.

The Catalogue of Ancient Coastal Settlements, Ports & Harbours tries to be exhaustive, but
is most probably not. Hence, some Potential Ancient Harbours listed here may be recognised
by some expert as ancient harbours already known to him and the present author will be
delighted to hear about that in order to remove such places from the list of ‘potential’ ancient
harbours. However, large parts of the listed Potential Ancient Harbours are probably real
newcomers and will definitely require more attention from historians and archaeologists to
find out if they were indeed ancient settlements.

Some of these places may not show a single sign of ancient presence at the anchorage or
on land because erosion may have taken away all remains; they will therefore remain
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‘potential’ ancient harbours. Hopefully, other places will provide more evidence of ancient
human presence (amphorae, stone anchors, ballast stones, etc.) even if this evidence may
be difficult to find as it may be under water and buried under thick layers of sediment.

Even more optimistic, the list of Potential Ancient Harbours might help historians re-
interpreting ancient ‘Periploi’ and Ptolemy’s places in the Red Sea.
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List of Potential Ancient Harbours
(Latitudes & longitudes are in decimal degrees, taken from Google Earth)

PLACE NAME

Nieuwpoort

Camarinas

Isla Toxa Grande

Ensenada de San Simon

Isla Cristina

El Rompido

Sancti-Petri

Las llletas

Puerto de Soller

Porto Cristo

Porto Colom

Puerto de Cala Llonga, Cala d'Or
Porto Petro

Puerto de Cabrera

Cala Pi

Puerto de Fornells

Puerto de Cala de Addaya

Cala Grao, Colom island

Cala Alcaufa

Cala Badella

Port del Torrent

Puerto de San Miguel

Cala Portinatx

Puerto de Sabina, Estanque Peix
Sausset les Pins

Port St Pierre on lles des Embiez
Baie du Lazaret

Porto

Stintino

Cala Gavetta, on Isla La Maddalena

Cala Bitta

Poltu Quatu

Porto Vecchio of Porto Cervo
Bay of Cugnana-Portisco
Porto Rotondo

Edilnautica marina, on the isle of Elba

Mellieha bay

COUNTRY
Belgium

Spain north
Spain north
Spain north
Spain south
Spain south
Spain south
Spain Mallorca
Spain Mallorca
Spain Mallorca
Spain Mallorca
Spain Mallorca
Spain Mallorca
Spain Cabrera
Spain Mallorca
Spain Minorca
Spain Minorca
Spain Minorca
Spain Minorca
Spain Ibiza
Spain Ibiza
Spain Ibiza
Spain Ibiza

Spain Formentera

France south
France south
France south
France Corsica
Italy Sardinia
Italy Sardinia
Italy Sardinia
Italy Sardinia
Italy Sardinia
Italy Sardinia
Italy Sardinia
Italy west
Malta

LATITUDE
51.137000
43.132356
42.487487
42.303984
37.206216
37.214239
36.397146
39.531926
39.796642
39.540520
39.419308
39.369239
39.356874
39.148226
39.362034
40.046405
40.004438
39.953126
39.828192
38.913538
38.967198
39.084369
39.114326
38.730422
43.330747
43.079451

43.082920
42.266501

40.938117
41.212045
41.125616
41.135830
41.133359
41.016495
41.029277
42.806320
35.974829

LONGITUDE
2.749000
-9.172238
-8.844113
-8.63775
-71.327774
-7.125718
-6.206802
2.587282
2.693481
3.336989
3.265063
3.224449
3.212041
2.933627
2.834320
4.130221
4.199634
4.273486
4.294459
1.222857
1.267691
1.437616
1.518128
1.414050
5.107255
5.781492
5.905755
8.693291
8.225224
9.404022
9.470911
9.495848
9.5636260
9.523114
9.546367
10.314434
14.364465

Ancient Ports & Harbours - Copyright A. de Graauw © 2024

Vol. lll, Page 191




Potential Ancient Harbours

Saint George's bay

Marsamxett, Msida creek

Blue Lagoon, on the isle of Comino
Uvala Tunarica, in Zaljev Rasa
Kraljevica

Zaton Soline, on the isle of Krk
Vrbnik, on the isle of Krk

Bay of Kosljun, Puntarska Draga, on the isle of Krk
Punta Kriza, in Uvala Ul, on the isle of Cres
Luka Krivica, on the isle of Losinj
Uvala Lukovo-Sugarje

Uvala Jasenova

Uvala Soline, in Luka Soliscica on Dugi island
Kukljica, on Ugljan island
LukaTelascica, on Dugi island
Uvala Soline, on Pasman island
Uvala Vela Luka

Betina, on Murter island

Jezera, on Murter island

Rasline

Uvala Beretusa

Jadrtovac

Banovci, in Luka Grebastica
Kremik Marina

Uvala Rasotica, on the isle of Brag
Bobovisca, on the isle of Brag
Blace

Mali Ston

Uvala Luka, near Loviste

Rijeka Dubrovacka

Gruz

Bigova

Pagania

Vathi Vali

Varko

Nisis Trizonia

Boufalo, Voufalo

Ormos Vathikelon

Ormos Mesopanayia

Ormos Kriftos

Mal
Mal
Mal

ta
ta

ta

Croatia

Croatia

Croatia

Croatia

Croatia

Croatia

Croatia

Croatia

Croatia

Croatia

Croatia

Croatia

Croatia

Croatia

Croatia

Croatia

Croatia

Croatia

Croatia

Croatia

Croatia

Croatia

Croatia

Croatia

Croatia

Croatia

Croatia

Croatia

Montenegro

GR

GR:
GR:
GR:
GR:
GR:
GR:
GR:

: north-west
north-west
north-west
north-west
Evia

Evia

north-east

north-east

35.926135
35.896406
36.012741
44.971613
45.272957
45.155990
45.078000
45.029639
44.641311
44.500672
44.443888
44.282389
44.141501
44.033868
43.917810
43.924342
43.860591
43.821538
43.784346
43.807630
43.818403
43.675937
43.636672
43.569867
43.307747
43.352859
43.001627
42.847606
43.029569
42.670778
42.653862
42.354278
39.659491
38.758364
38.764219
38.368055
38.301918
38.940900
40.202842
40.221810

14.488961
14.494795
14.323565
14.097678
14.566458
14.608581
14.672386
14.619498
14.503273
14.495218
15.18564

15.210407
14.866483
15.24751

15.142861
15.360994
15.572466
15.604590
15.643490
15.857736
15.886719
15.945718
15.957561
15.940943
16.885881
16.461513
17.481396
17.704852
17.027106
18.121156
18.086801
18.704058
20.098357
20.780577
20.805779
22.075595
2411946

22.940174
23.780868
23.782357

Ancient Ports & Harbours - Copyright A. de Graauw © 2024

Vol. lll, Page 192




Potential Ancient Harbours

Ormos Dhimitriaki

Ormos Panayia

Khaidhari

Limin Gouvion, on Corfu
Palaiokastritsa, Limin Alipa, on Corfu
Sivota, on the isle of Lefkada

Ormos Abelike, on the isle of Meganisi
Ormos Langeri, inside Ormos Naousis on Paros
Ormos Moudhrou, on the isle of Lemnos
Koukounaries, on the isle of Skiathos
Planitis, on the isle of Pelagos
Soudha

Yakakent Liman

Hamsilos

Dalyankdy

Gokkovar Limani, Kokar

Kayugak

Okluk Koyu, inside Degirmen Bk
Ingilizi Limani, inside Degirmen Buku
Buyuk Cati

Aksaz, in Karaagag¢ Limani

Mersa Thelemet

Merset el-Qad Yahya

Marsa Abu Makhadiq

Bodkin reef

Sharm el Madfa, Marsa Hasa

Marsa Shaab

Marsa el Qad

Marsa Abu Naam

Marsa Gwilaib, Marsa Ribda

Marsa Oseif, Khor Abu Asal

Marsa Hamsiat

Marsa Wasia

Marsa Gafatir

Marsa Halaka, near Abu Imama
Marsa Shinab, Khor Abu Mishmish
Marsa Fijja, Fijab, Bahia de Fuca
Marsa Ata

Harmil island

Melita bay near Ras Nasiracurra

GR: north-east
GR: north-east

GR: Peloponnese

GR: lonian Isl.

GR: lonian Isl.

GR: lonian Isl.

GR: lonian Isl.

GR: Cyclades Isl.

GR: Eastern Isl.
GR: Eastern Isl.
GR: Eastern Isl.
GR: Crete north
TR: Black Sea
TR: Black Sea
TR: West

TR: West

TR: West

TR: West

TR: West

TR: West

TR: South

Egypt:
Egypt:
Egypt:
Egypt:
Egypt:
Egypt:
Egypt:
Egypt:
Sudan
Sudan
Sudan
Sudan
Sudan
Sudan
Sudan
Sudan
Sudan
Eritrea

Eritrea

Red Sea
Red Sea
Red Sea
Red Sea
Red Sea
Red Sea
Red Sea
Red Sea

40.226768
40.232231
37.533736
39.654110
39.673427
38.622712
38.665943
37.138657
39.870490
39.150560
39.347330
35.497358
41.638876
42.060269
38.353285
38.137537
37.153570
36.920552
36.923470
36.790077
36.840444
29.054510
27.929551
27.041819
23.478978
22.956168
22.842591
22.607727
22.497571
21.790160
21.759722
21.686785
21.643104
21.595219
21.489421
21.349183
20.035033
19.289287
16.538714
15.264342

23.753190
23.737014
22.921406
19.849040
19.709291
20.683317
20.790318
25.266262
25.245694
23.399511
24.071967
24.079312
35.501672
35.042210
26.312599
26.607011
27.559237
28.171595
28.156911
28.012561
28.391038
32.635191
33.893634
33.893311
35.493572
35.668514
35.777153
36.260299
36.309290
36.865975
36.871819
36.886603
36.895915
36.919704
36.954236
37.010724
37.185976
37.328189
40.153202
39.811446
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Edd
Mersa Dudo

Ras Terma

Tongue island, near Monfreid's Zoukour, Zugar

As-Salif, near al-Qaryah

Ugban island, Monfreid's Okban
Dumsugq island, Monfreid's Dumsuk
Saso, Sarso island

Khor al-Birk

Khor Nahud

Marsa Qishran

Abu Shauk

Sharm Abhur, Bihar

Al Jazeerah, near Ras Hatiba

Al Qadimah

Sharm Al Khawr

Sharm Hasy

Sharm Habban

Sharm Antar

Sharm Dumaygh

Sharm Jubbah, industrial port of Duba
Sharm Yahar, Al Harr

Sharm el-Sheikh

El-Kura

Khor Shoreh, Shoora

Guinni Koma, Monfreid's Gubet Karab
Tadjoura

Obock

Khor Omeira, Monfreid's Kor Omeira
Ras Imran

Bal Haf, Balihaf

Khaisat, south of Ras Fartak
Salalah, Raysut

Sour

Bandar Khairan

Al Suwadi, Sawadi

Atalayoun, Marchica near Nador

Mohammedia-Fedala

Eritrea
Eritrea
Eritrea
Yemen
Yemen

Yemen

Saudi Arab:
Saudi Arab:
Saudi Arab:
Saudi Arab:
Saudi Arab:
Saudi Arab:
Saudi Arab:
Saudi Arab:
Saudi Arab:
Saudi Arab:
Saudi Arab:
Saudi Arab:
Saudi Arab:
Saudi Arab:
Saudi Arab:
Saudi Arab:

Red S.
Red S.
Red S.
Red S.
Red S.
Red S.
Red S.
Red S.
Red S.
Red S.
Red S.
Red S.
Red S.
Red S.
Red S.
Red S.

Gulf of Agaba
Gulf of Agaba

Somalia
Djibouti
Djibouti
Djibouti
Yemen
Yemen
Yemen
Yemen
Yemen
Oman
Oman
Oman
Morocco

Morocco

13.933478
13.864934
13.214607
13.881270
15.320000
15.519620
16.553170
16.871260
18.214000
18.263000
20.254630
20.876420
21.717350
22.088060
22.353040
24.273910
24.625870
26.067420
26.592360
26.642810
27.559700
27.621700
27.859350
28.475120
10.819660
11.532760
11.782000
11.966177
12.638344
12.753677
13.982719
15.610251
16.937126
22.573202
23.519779
23.785968
35.220721
33.712125

41.694754
41.907061
42.526752
42.713690
42.675000
42.378800
42.060750
41.587620
41.529000
41.504000
40.011820
39.354980
39.098440
39.030930
39.084470
37.673650
37.337310
36.572160
36.251000
36.219320
35.544000
35.520980
34.291970
34.499530
45.859680
42.523550
42.878000
43.294719
44.137997
44.724326
48.173209
52.186919
53.999393
59.536214
58.72588
57.794247
-2.907731
-7.397729

Ancient Ports & Harbours - Copyright A. de Graauw © 2024

Vol. lll, Page 194




Ancient port structures

4 ANCIENT PORT STRUCTURES

The main elements of a port are its breakwater(s) to reduce wave action inside a protected
basin, where quays or jetties, with some mooring devices, are available for loading/unloading
ships. Hence, a breakwater and a quay have to be built using available construction materials
and methods, and a basin has to be dredged and maintained at adequate depth®.

From our Catalogue (Volume I), we know that for nearly 6000 ancient coastal settlements, ports
and harbours, we have around 650 ports (only 12%) with at least one of the structures listed
below. The following port structures were found in ancient ports:

Abbr. Type of structure Nb
BW Breakwater, sometimes also called mole 380
Qu Quay_ (masonry V\{ith berthing on one side),_pier orje_tty (masonry with 375
berthing on two sides), and landing stage (jetty on piles)
PL Pila, made of hydraulic concrete containing pumiceous volcanic ash 51
(pozzolana)
MO Mooring device (bollard, pierced block) 83
CN Canal (for navigation or basin flushing and/or desiltation) 70
SL Slipway to take ships in/out of the water 140
SH Shipshed (always including a slipway) 86
SY Shipyard (neoria, navalia) (incl. arsenals) 56
EX Man-made basin excavated in the rock (e.g., Carthage's circular cothon) 36
LK Limen Kleistos, "closable" harbour with a narrow entrance 88
PH Lighthouse 174
HO Warehouse 88

4.1 Brief historical overview

Many Paleolithic, Mesolithic and Neolithic sites have been identified in coastal areas, but they
did not have any port structures®. A few examples are provided by logboat wrecks in northern
Europe, Tarsos and Anchialeia (Turkey), Cape Andreas, Nissi Beach, River Aspros,
Kyssonerga, Akanthou, Akrotiri (Cyprus), Tell Kabri, Shavei Zion, Megadim, Athlit -Yam, Neve-
Yam (Israel), Gorham's cave (Gibraltar), Bouldnor Cliff (UK).

A submerged probable seawall dated ca. 5500-5000 BC was found at Hreiz (Israel)®®. The
oldest known seaport structure (in 2022) is the wadi al-Jarf breakwater in the Gulf of Suez
(ca. 2570 BC, Khufu-Chéops). This structure is ca. 325 m long and ca. 6 m wide. It is made of

83 DE GRAAUW, A., 2020, “Ancient Port Structures — An engineer’s perspective”, Portus Limen Project
workshop, Rome, January 2019.

84 DAWSON, H., 2013, “Mediterranean Voyages — The Archaeology of Island Colonisation and Abandonment”,
Left Coast Press, Walnut Creek, California, (324 p).

85 GALILI, E., et al., 2019, "A submerged 7000-year-old village and seawall demonstrate earliest known coastal
defence against sea-level rise", PLoS ONE 14(12): e0222560, https://doi.org/10.1371/journal.pone.0222560,
(17 p).
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cobbles and clay®®. Extensive port facilities were built near Khufu's pyramid construction-site at
Memphis for transport of large ashlars (Gizeh, Egypt). Further coastal settlements are found at
Ayn Sukhna (Egypt), Malta, several Aegean islands, several places on the Bulgarian-Romanian
coasts, Ictis insula (UK). The port of Byblos (Lebanon) is from the same period, but it is located
inside natural coves with no known port structures®. Between 2400 and 2000 BC, a 4 m deep
basin of 215 x 35 m was built with fired mudbrick at Lothal (India) near River Sabarmati, but this
may have been a water reservoir. The smaller basins of Ur were probably also built in this
period®. Further coastal settlements are found in the Gulf in at Susa, Uruk (Iraq), Rishir (Iran).

The very large port on Pharos island might also date from this period and its more than 2 km
long main breakwater might be seen as an ancestor of the typical Phoenician breakwater
structure with two ashlar vertical walls and interspace filled with rubble®®. Many more places
were found in the Nile delta, e.g., Avaris (dated 1700 BC) with a 450 x 400 m basin excavated
near the Pelusiac Nile branch.

A series of Minoan ports were found on the north coast of Crete: Kydonia (Chania), Knossos
and Amnissos (near Iraklio), Mallia, Ag. Nikolaos, Istron, Pachia Ammos, Tholos, Pseira,
Mochlos, Kaloi Limenes, Lebena which are usually quite small®.

Natural shelters were used in the 2™ millennium BC on the Turkish coast: Troy, Klazomenai,
Miletos, Halicarnassus. Anchorages more or less sheltered by offshore ridges were used as
natural shelters on the Levantine coast: Ugarit, Gibala, Shuksi, Siannu, Marathos, Simyra, Arca,
Ibirta, Orthosia, Tripolis, Ampa, Botrys, Berytos, Akko, Ascalon, Gaza. In Yavne-Yam (Israel) a
100 m x 50 m stone rempart may have been built to improve the shelter®’.

Early Phoenicians gradually improved their natural shelters by adding breakwater structures on
top of the offshore ridges, like at Sidon on the “Languette rocheuse” mentioned by Poidebard

86 TALLET, P., 2015: http://www.orient-mediterranee.com/spip.php?article3017 : Khufu-Khéops is therefore a
precursor, not only for his Great Pyramid, but also for his maritime works.

87 CARAYON, N., 2012a, “Geoarchaeology of Byblos, Tyre, Sidon and Beirut”, Rivista di Studi Fenici 1
2011_Impaginato 30/06/12 14:52, (p 45-55).

88 WWOOLLEY, L., 1974, “Ur excavations, Volume VI, The buildings of the third dynasty”, Plate 61, The trustees of
the two museums, London, Philadelphia, (184 p).

BLACKMAN, D., 1982, “Ancient harbours in the Mediterranean”, International Journal of Nautical Archaeology
and Underwater Exploration, 11.2 (p 79-104) and 11.3, (p 185-211).

OLESON, J., 2015, “The Evolution of Harbour Engineering in the Ancient Mediterranean World”, Harbors and
Harbor cities in the Eastern Mediterranean from Antiquity to the Byzantine Period, BYZAS 19 Conference, 30/5
—1/6/2011, Istanbul, (p 509-522).

8 JONDET, G., 1916, “Les ports submergés de I'ancienne ile de Pharos’’, Mémoires présentés a Iinstitut
égyptien, Tome IX, Le Caire, (121 p).

WEILL, R., 1916, “Les ports antéhelléniques de la cote d’Alexandrie et I'Empire crétois”, Bulletin de I'Institut
Francais d’Archéologie Orientale, Tome XVI.

SAVILE, L., 1940, Presidential address of Sir Leopold Halliday Savile, K.C.B. on 6/11/1940, Journal of the
institution of Civil Engineers 15, No 1, November 1940, (p 1-26).

BELOVA, G., et al., 2019, “Russian underwater archaeological mission to Alexandria, General report (2003-
2015)”, Egypt and neighbouring countries 3, (p 1-31).

%0 FROST, H., 1963, “Under the Mediterranean, Marine antiquities”, Routledge and Kegan Paul Ltd, London,
(278 p).

91 GALILI, E., et al, 1993, “Underwater surveys and rescue excavations along the Israeli coast”, IJNA, 1993, 22.1,
(p 61-77).
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and Lauffray in 1951, and at other places (Arwad, Batroun, Zire)%. Corings show that Sidon’s
inner port was already existing in the 17-15" ¢. BC thanks to this artificially improved reef.%

At Kommos (Crete) a shipshed located near the coast, and including 6 galleries of 37 x 5.60 m,
is dated Late Minoan (ca. 1400 BC)%. A possible Minoan slipway with two galleries of ca. 5 x
40 m is located at Nirou Khani (Crete). A slipway was also found at Sounion (Attica) and
shipsheds were found at Kition (Cyprus). Mycenaean ports on the Peloponnesus® also date
from this period: Epidauros, Egina, Hydra, Asini, Tiryns, Gytheion, Pylos®.

Next are the following port structures, all located in ancient Phoenicia:

e Dor (Israel, ca. 1000 BC) with a 35 m shallow water quay made of large ca. 0.7 x 0.5 x
2 m ashlar headers facing the sea”,

e Tabbat el-Hammam (Syria, ca. 900 BC) breakwater 200 x 15 m®,

o Sid%g] (Lebanon, ca. 800-600 BC) north breakwater 230 m long, with headers up to
5 m¥,

e Tyre (Lebanon, ca. 800-600 BC) north breakwater 70 x 12 m, with 0.5x0.4 x 2 m
headers ',

e Athlit breakwater (Israel, ca. 800 BC) 130 x 10 m, with 0.65 x 0.65 x 1.8 m headers'®".

These vertical breakwaters all included ashlar headers ca. 0.5-1 x 0.5-1 x 1-5 m. These
pioneering breakwaters consist of two ashlar vertical walls with interspace filled with rubble.
Moreover, this type of structure was still built much later in the 3™ ¢. BC (Amathus in Cyprus
380 m, with 0.7 x 0.7 x 3 m headers) '°? and in the 2" c. AD (Leptiminus and Acholla in Tunisia,

92 VIRET, J., 2005, “Les « murs de mer » de la cdte levantine”, Méditerranée, N°104, (p 15-24). This paper is very
informative, even if we do not completely agree with its conclusion.

9 CARAYON, N., 2012b, “Les ports phéniciens du Liban - Milieux naturels, organisation spatiale et
infrastructures”, Archaeology and History in Lebanon, 36-37 (2012-2013), (p 1-137); and for further details on
corings: MARRINER, N., 2009, “Géoarchéologie des ports antiques du Liban”, edt. L'Harmattan, (262 p).

9 BLACKMAN, D., & RANKOV, B., 2013, “Shipsheds of the Ancient Mediterranean”, Cambridge University Press,
p 10.

9 Achaeans from the Peloponnesus were also called Danaans or Argives by Homer, and possibly Ahhiyawans by
the Hittites and Tanaju by the Egyptians; today they are called ‘Mycenaeans’.

% MAURO, C., 2019 “Archaic and Classical Harbours of the Greek World - The Aegean and Eastern lonian
contexts”, Archaeopress Publishing Ltd, Oxford, (115 p). See also her http://www.ancientgreekharbours.com/ .
97 ARKIN SHALEV, E., 2019, “The Iron Age Maritime Interface at the South Bay of Tel Dor: results from the 2016
and 2017 excavation seasons”, International Journal of Nautical Archaeology, 48.2, (p 439-452).

Headers are long blocks placed with the smallest section towards the outer side of the wall. Stretchers are
placed with their large side to the outer side.

%8 BRAIDWOOD, R., 1940, “Report on two sondages on the coast of Syria, south of Tartous ", In: Syria. Tome 21
fascicule 2, 1940. (p 183-226).

9 CARAYON, N., 2012b, “Les ports phéniciens du Liban - Milieux naturels, organisation spatiale et
infrastructures”, Archaeology and History in Lebanon, 36-37 (2012-2013), (p 1-137).

100 NOUREDDINE, 1., 2010, “New Light on the Phoenician Harbor at Tyre”, Near Eastern Archaeology 73:2-3
(2010). See also his 2018 publication: Archaeological Survey of the Phoenician Harbour at Tyre, Lebanon.

1 HAGGI, A., 2005, “Underwater excavation at the Phoenician harbor at Athlit, 2002 season”, R.I.M.S. News,
report N° 31, Haifa, 2005

102 NAVIS 11, 2002, The Navis Il Database Project, European Commission Directorate General X:
https://www2.rgzm.de/navis2/home/frames.htm (go to Harbours/Harbour Information/Israel/Caesarea). This
RGZM site does not function presently and will be transferred to www.leiza.de: https://www?2.leiza.de/navis/.

Ancient Ports & Harbours - Copyright A. de Graauw © 2024 Vol. lll, Page 197



Ancient port structures

with 1 m headers) ' and even in the 4" c. AD (Seleucia Pieria, 120 m, with 5 m headers'®).
They re-emerged in the 18™ c. when international sea-borne trade asked for them again'®.

A major evolution was the introduction of 'Puteolanus pulvis' (‘pozzolana’) for hardening
concrete under water. This enabled large blocks of hundreds of cubic meters of concrete to be
constructed under water by pouring concrete into timber caissons, as described by Vitruvius
around 20 BC (Coulon, 2020). The first known use for vertical concrete breakwaters is at
Agrippa's naval base of Portus lulius, near Pozzuoli, in 37 BC, and the most famous is at
Caesarea Maritima (Israel) built between 21 and 10 BC'%. The largest was probably built
between 40 and 50 AD at Portus Claudius (Testaguzza, 1970, Noli, 2009, Oleson, 2014).

The first rubble mound breakwater was possibly built on Delos island in the 8" ¢c. BC'%, but the
Samos breakwater (ca. 530 BC) described by Herodotos (Hist, 3, 44-60) is more famous. This
type of structure was widely used for breakwaters in water deeper than a few meters where
dumping loose rock over-board barges was easier than positioning ashlar headers with divers.
This construction method was described later on by Pliny the Younger at Centumcellae (103
AD). This construction method is still used very often nowadays (see chapter on Portus Augusti
hereafter).

Some of these rubble-mound breakwaters have been luckily preserved and survived two
millennia of wave attack, but most of the ancient breakwaters were destroyed by wave action
and remains are found under water as “submerged breakwaters”. Careful examination of
historical Google Earth images enables us to see quite a few breakwater remains in shallow
waters (see section on “Remains of ancient breakwaters”).

As the process of destruction of breakwaters by waves was not all that clear, further analysis
was undertaken by the author, focussed on the worst possible wave conditions, considering that
they will eventually occur in the long term'%. In other cases, an approach based on a ‘design
wave’ must be used.

Breakwater destruction by wave action is not the only way for breakwaters to be submerged.
Subsidence is another possibility because coastal structures were often built on layers of loose
sand provided by longshore sand transport along the coast. Such layers might have been
compacted by the overload and by wave-induced liquefaction due to repeated storms.
Earthquake-generated liquefaction is another option for subsidence as it is likely to affect large
areas covered with cohesionless water-saturated sand. Last but not least, tectonic subsidence
involves crustal movements of the earth which may be horizontal, vertical or combined.

Vitruvius’ "de Architectura" dated around 20 BC, is the only ancient text left about marine works.
Unfortunately, no drawings are available, so that his descriptions are not all that clear to us. The

103 STONE, D., 2014, “Africa in the Roman Empire: Connectivity, the Economy and Artificial Port Structures”,
American Journal of Archaeology,118(4), (p 565-600), and

STONE, D., 2016, “The Jetty with Platform: a distinctive port structure from North Africa”, Antiquités Africaines,
52-2016, CNRS éditions (p 125-139).

104 pAMIR, H., 2014, “New Researches and New Discoveries in the Harbours of Seleucia Pieria”, Harbors and
Harbor Cities in the Eastern Mediterranean, BYZAS 19, (p 177-198).

105 ALLSOP, W., PIERSON, A., BRUCE, T., 2017, “Orphan breakwaters-what protection is given when they
collapse?” ICE Coastal Structures and Breakwaters, Liverpool

106 GALILI, E., et al., 2021, “Archaeological and Natural Indicators of Sea-Level and Coastal Changes: The Case
Study of the Caesarea Roman Harbor”, Geosciences 2021, 11, 306, (26 p).

OLESON, J., BRANDON, C., HOHLFELDER, R., JACKSON, M., 2014, “Building for Eternity — The history and
Technology of Roman Concrete Engineering in the Sea”, Oxbow Books, (327 p).

See also: http://www.romanconcrete.com/romanconcrete.htm

107 ELEMMING, N., 1980, “Cities under the Mediterranean”, in: “Archaeology under Water”, edt. Keith
Muckelroy, McGraw-Hill Book Co, (p 162-177).

See also: http://www.ancientportsantiques.com/a-few-ports/delos/

108 DE GRAAUW, A., 2014, “The long-term failure of rubble mound breakwaters”, Journal Méditerranée. N° 123,
online.
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three of his methods are considered in some detail with help of various sketches prepared by
previous architects and engineers.

A question might be asked why the ancient engineers did not invent reinforced concrete, e.g.,
by means of chains placed inside the mortar. As steel is subject to corrosion and therefore to
increase of its volume, that induces cracking of the concrete, the ancients may not have found it
such a good idea (NB: the oldest modern reinforced concrete structures are around one century
old and are not in a good condition today, e.g., Tour Perret in Grenoble, France). Another part of
the answer might be that as the ancients had vaults, they did not use overhanging structures
that require reinforced concrete. However, massive structures like walls and towers needed to
be reinforced at their base in order to provide internal cohesion. It appears that courses of
bonding tiles were used for this purpose. It can be shown from available testing results that the
initial shear strength of lime mortar on tiles and bricks is somewhat larger than on natural
stones. Hence, each course of tiles placed inside the stone masonry acts like a modern tie
beam made of reinforced concrete.

Pilae are massive piles (opus pilarum), which are made of stone or concrete (opus
caementicium) which have been used as a base for arched structures like aqueducts and bridge
piers. Many of them can still be seen on Google Earth pictures and some, like the one at Nisida,
have been studied in detail. It is proposed here that several alignments of maritime pilae may
have been the base of arched breakwaters.

Pierced stones can be used as mooring devices when the hole has a horizontal axis. Holes with
a vertical axis are believed to be used for derricks like those used onboard ships.

Defensive chains strechting across a harbour entrance are mentioned by several ancient
authors, including Vitruvius who explains that chains are suspended by means of machinery
placed inside towers located on each side of the harbour entrance. Considering the forces
involved, the length and the weight of the chain was obviously limited.

Silting-up of harbours was always a major concern and that is still the case for modern port
engineers. One should remember that waves are the driving force of the so called “littoral drift”
(longshore sand transport along the coast). As the aim of breakwaters is to reduce wave
penetration into the port, sand will settle down. Hence structures including arches are not
efficient to stop waves while letting sand passing through. That simply does not work!
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4.2 Ancient documents on port structures

It might be considered that we would not be able to shed any new light on ancient texts
that have already been studied so many times in the past centuries. It is nevertheless
worth the effort of reading the complete corpus of ancient texts providing a description
of ancient port structures (French translations are available in Appendix 1 hereafter).

Centumcellae (Pliny the Younger, Letters, 6, 31)

Portus Claudius (Suetonius, Claudius, 20)

Portus Claudius (Dio Cassius, History, 60, 11)

Portus Claudius (Pliny the Elder, Natural History, 16, 76 & 36, 14)
Portus lulius (Dio Cassius, History, 48, 50)

Portus lulius (Suetonius, Augustus, 16)

Puteoli (Strabo, Geography, 5, 4)

Brindes (Caesar, Civil War, 1, 25)

Hereum Promontorium (Fenerbahce, Chalcedonia) (Procopius, Buildings, 1, 11)
Hellespont crossing by Xerxes (Herodotus, History, 7, 34-37)
Ephesus (Strabo, Geography, 14, 1)

Samos (Herodotos, History, 3, 60)

Tyre (Quintus Curtius, Stories, 4, 2)

Caesarea Maritima (Flavius, Jewish War, 1, 21)

Caesarea Maritima (Flavius, Jewish Antiquities, 15, 9)

Alexandria (Strabo, Geography, 17, 1)

Alexandria (Pliny the Elder, Natural History, 36, 18)

Alexandria (Athenaeus, Philosophers’ dinner, 5, 9)

Carthage (Appian, Libyca, Book 8: The African Book, chap. 96)

And a few more general texts:

Poliorcetica (Philo of Byzantion, chap. 3-4)

Harbours (Vitruvius, de Architectura, 5, 12)

Sand (Vitruvius, de Architectura, 2, 4)

Lime (Vitruvius, de Architectura, 2, 5)

Pozzolana (Vitruvius, de Architectura, 2, 6)

Pozzolana (Pliny the Elder, Natural History, 35, 47)
Mortar & lime (Pliny the Elder, Natural History, 36, 52-54)
Iron (Pliny the Elder, Natural History, 34, 39-43)

In addition to this corpus of textual information, we also have an iconographic corpus
consisting of over 260 depictions of ports during the Imperial period on coins, mosaics,
paintings, ceramics, etc., as provided by Stéphanie Mailleur (2020)'°.

It appears from these documents that much is still unknown about ancient port
structures and, more generally, about the “portscape”.

4.3 Some ancient Greek terms

NB: the definitions provided below are no more than the most probable (and schematic)
definitions. Note also that some small variations of the meaning may exist when translating
from one language into another.

109 MAILLEUR, S., 2020, “Imagining Roman ports. the contribution of iconography to the reconstruction of
Roman Mediterranean portscapes of the Imperial Period”, PhD Thesis, University of Southampton, (249 p).
See also her 2019 presentation (in French).
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4.3.1 Geographical descriptions

oikoumene (Latin: oecumene, mundus; FR: monde habité; GB: inhabited world): initially
described as a circular island in the middle of an external ocean.

periégésis, periodos, periplous (Latin: periplus, descriptio; FR: périple; GB: round trip):
designates a go-around tour with a detailed description, and ‘periplous’ being more devoted to
sailing.

stadiasmos (Latin: stadiasmus; FR: stadiasme; GB: stadiasmus): description of the world
based on an itinerary, usually along the coastline, on board a ship or on foot and mentioning
distances (usually in stadia).

4.3.2 Harbours and mooring places

emporion (Latin: emporium, portus; FR: ville portuaire; GB: port of trade): maritime city with
commercial port and trade facilities.

aigialos, akté (Latin: acta, litus; FR: plage de halage; GB: beaching area) is a simple beach
used for hauling ships on. Such a beach can be made of sand, shingle, or even rock.
Thucydides (Pelop. War, 4, 26) used ‘katarsis’ and ‘prosbolé’ for a landing place. The Latin
word 'ripa’ was used for what we might call a “beach market” where business was conducted on
an urban beach without any port infrastructures (e.g., Vicus Lartidianus at Puteoli).

salos, episalos, ankyrobolion (Latin: statio navium; FR: mouillage peu profond sur rade
ouverte; GB: shallow anchorage in open roadstead): shallow anchorage preferably on sandy
bottom providing good holding for anchors, but with limited protection against waves and
therefore of temporary use. The Latin word ‘statio’ seems to designate a secondary maritime
customs office, among many other meanings.

limén (Latin: portus, statio navium; FR: rade, havre, abri, port; GB: roadstead, harbour, port):
sheltered area where ships can load and unload in most weather conditions, with or without port
facilities like quays. A good port will enable operations independently of wave and current
conditions. Strabo (Geogr. 16, 2) also used ‘eulimenos’ for a good harbour at Laodicea and
‘euphuei limeni’ for a good harbour at Sidon. The word ‘panormos’ is used for a very good
shelter and often used as a toponym. Strabo (Geogr. 14, 1 & 14, 6) also used ‘hyphormos’ for
a landing place sheltered from only one wind direction.

hormos, lekanion (Latin: navaculum?; FR: darse, bassin portuaire; GB: harbour basin): man-
made harbour basin used for loading, unloading, building or repairing ships, with mooring
facilities on a quay or on a mooring buoy. Procopius (Wars, 3, 20) first used the Late-
Antique/Medieval term ‘mandrakion’ for the port complex of Carthage in the 6" c. AD.
epineion (Latin: portus; FR: avant-port; GB: fore-port): port disconnected from the city and used
for war ships (e.g., Piraeus/Athens and Ostia/Rome).

naustathmon (Latin: portus, castra navalia; FR: base navale; GB: naval base, naval station):
harbour, or harbour section, used mainly for war ships.

neodrion (pl. nedria) (Latin: navale, navalia; FR: arsenal, chantier naval; GB: dockyard,
shipyard): place for ship building and repair, including a slipway where a ship can be hauled out
of the water, and possibly a dry-dock in which a ship can be dried-out.

neodsoikos (pl. nedésoikoi), epistion (Latin: navale, navalia; FR: loge, hangar a bateau; GB:
shipshed, boathouse): shed for sheltering a boat, usually built partly over water.

limén kleistos (pl. limenes kleistoi) (Latin: portus; FR: port fermé; GB: closed port): port
whose access was restrained by a closing device (kleithron, pl. kleithra) (Arnaud, 2023),
usually with a narrow entrance closable by means of doors and/or a chain, sometimes intra-
muros and connected to the city.

kéthon (Latin: cothon, cothonum; FR: cothon; GB: cothon): used since antiquity to refer to the
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circular port of Carthage. Elaborating on Festus’ definition''?, today’s specialists of harbour
archaeology unduly associate this term to an excavated harbour-basin of any shape connected
to the sea through a channel (Carayon, 2017). The term 'kibotos' (chest, box), used in
Alexandria, fits a quadrilateral shape. The Greek word for an excavated man-made harbour-
basin is ‘oryktos’.

ichthyotrofeion (Latin: piscina; FR: basin d’aquaculture; GB: artificial fish tank): used for
breeding fish, usually a structure built out from the shoreline into the sea with hydraulic
concrete, or cut into shoreline formations of soft bedrock (acc. to Oleson, 2014).

diorygma, didrux cheiropoiétos (Latin: fossa; FR: canal; GB: canal): man-made navigation
canal.

4.3.3 Harbour structures

prokumia, prokymatia (Latin: moles, brachium; FR: brise-lames; GB: breakwater): massive
structure built out into the sea to protect a port from wave attack: Flavius (Jewish War 1.412 &
Jewish Ant. 15.334) describing the Caesarea mole, makes a distinction between the detached
outer breakwater as a ‘prokumia’ and the main breakwater supporting the city wall, towers,
warehouses and quays, as a ‘teichos’ (wall). The Latin word ‘munitio’ was found on an
inscription (CIL X.1641 dated 139 AD) designating a embankment protecting the Puteoli arched
breakwater. The Latin word ‘brachium’ stands for ‘arm’ and is used in ancient port descriptions
to designate a mole with a curved plan-shape (typically at Portus). The word ‘mole’ is still used
both in FR and GB by archaeologists for a massive structure separating two bodies of water,
like a breakwater, a jetty or a causeway. A massive rubble mound built out into the sea is also
called chéma. Appian (Libyca, 121) uses this word for Scipio's rubble embankment at
Carthage. However, the same Appian (Libyca, 123-124) also mentions a quay as a ‘choma’ -
‘chémati’, and Strabo (Geogr. 5.4.6) describes the Puteoli arched moles as a ‘chdémata’.
chéma, probolon, apobasis (Latin: crepido; FR: quai; GB: quay; US: dock): structure to load
and unload ships that can be berthed and moored on only one side, usually made of blocks of
stone or masonry. A tidal dock (FR: bassin a flot) is an enclosed basin where ships float at low
water of the tide. A dry-dock (FR: forme de radoub) is an enclosed basin in which a ship can be
dried-out for maintenance. To bring in a ship into the port to its allotted place for mooring, is to
berth or to dock a ship (GB or US) (FR: accoster).

skala (Latin: scala; FR: appontement, débarcadére; GB: wharf, landing stage; US: pier, landing
stage): structure to load and unload ships, usually on piles (e.g., finger pier).

siténion (Latin: horreum (pl. horrea); FR: entrep6t; GB: warehouse): public warehouses used to
store grain and many other types of consumables.

diolkos, olkos (Latin: clivus; FR: cale de halage; GB: slipway, ways): ramp sloping toward the
water on which boats can be hauled in and out of the water with a windlass system
(‘stropheion’). The most famous one being the Diolkos of Corinth.

4.3.4 Harbour construction

symmagma? (Latin: caementa; FR: agrégats; GB: rubble aggregate): decimetre-sized chunks
of rock (preferably Puteoli volcanic tuff, but possibly calcarenite) incorporated with mortar to
form Roman concrete (Latin: rudus, opus caementicum).

telma (Latin: materia, arenatum, commixtione; FR: mortier de chaux; GB: lime mortar) is a
mixture of lime (GR: chalix; Latin: calx; FR: chaux) and sand (GR: ammos; Latin: arena; FR:
sable).

The Romans invented hydraulic concrete (FR: béton hydraulique, béton maritime) which is
made by adding some activated aluminium silicates (pozzolana) to activate setting in wet
condition, or underwater, and further protect hardened concrete from chemical attack, inducing

110 gextus Pompeius Festus (De verborum significatum, 3, 7) (2" c. AD): “Cothones appellantur portus in mari
interiores arte et manu facti” which does not refer to excavated basins but only to man-made basins. It is
therefore suggested to use the word “kothon” only as a local nickname for the circular basin of Carthage.
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an extraordinary longevity in seawater, not yet fully understood.
ammokonia, konis (Latin: puteolanus pulvis; FR: pouzzolane; GB: pozzolana) is a sandlike,

pumiceous, incoherent volcanic ash, found in the Campi Flegrei volcanic district, near the city of

Puteoli (modern Pozzuoli) (Oleson, 2014).

pila (Latin: pila; FR: bloc de béton; GB: block of concrete): large mass of concrete, often a cube

or rectangular prism in shape which is poured into wooden formworks, possibly underwater.

kibétion (Latin: arca; FR: coffrage, caisson; GB: formwork, caisson): structure, usually made of
timber, into which concrete or similar materials are poured. The vertical piles placed on the outer
walls of the caisson are called stipites, the piles placed inside the caisson are destinae and the

horizontal tie-beams are catenae.
anachoma, gephyra? (Latin: arcae duplices, saeptio; FR: batardeau; GB: cofferdam):

watertight structure, usually made of sheet piling, that encloses an area under water that can be

pumped dry, in order to enable construction work to be carried out “in the dry”.

Further reading

ARNAUD, P., 2023, “Closed or open ports: Technical solutions for a difficult
compromise between an efficient traffic flow and security requirements in ancient
ports. The limen kleistos and the kleithra (part one)”, in Archaeologia Maritima
Mediterranea, An International Journal on Underwater Archaeology, 2023:20, (p 13-
29).

ARNAUD, P., 2016, “Entre mer et riviére: les ports fluvio-maritimes de Méditerranée
ancienne”, Colloque ‘Les ports dans I'espace méditerranéen antique. Narbonne et les
systémes portuaires fluvio-lagunaires’, Espace Capdeville, Montpellier 22/23 mai
2014.

ARNAUD, P., 2016, "Cities and Maritime Trade under the Roman Empire", in
"Connecting the Ancient World - Mediterranean Shipping, Maritime Networks and
their Impact", Christoph Schéfer (ed.), Pharos

Studien zur griechisch-romischen Antike, Band 35, (p 117-173).

ARNAUD, P., 2015, “Inscriptions and port societies: evidence, “Analyse du discours”,
silences, portscape ...”, International Conference on Roman Port Societies through
the evidence of inscriptions, organized by Pascal Arnaud and Simon Keay as part of
the ERC Advanced Grant funded Rome’s Mediterranean Ports Project in conjunction
with the British School at Rome, 29-30 January 2015.

BONNIER, A., 2008, “Epineia kai limenes: the relationship between harbours and
cities in ancient greek texts”, Opuscula, 1, 2008, Stockholm.

CARAYON, N., ARNAUD, P., CASACUBERTA, N., KEAY, S., 2017, “Kothon, cothon
et ports creusés”, MEFRA, 129/1, (p 255-266).

CASACUBERTA, N., 2018, “Limenes. The terminology of the Mediterranean ports of
the Roman empire as documented in the literary sources”, PhD Thesis, University of
Souithampton, Université Lton 2 Lumiére, Vol 1 & Vol 2, (379 & 270 p).

KOWALSKI, JM., 2012, “Navigation et Géographie dans I'antiquité Gréco-Romaine -
La terre vue de la mer”, éd. Picard, Paris.

OBIED, C., 2021, “Navigating Perceptions - Mariners and geographers of the Roman
Levant”, in “Under the Mediterranean |”, Honor Frost Foundation, edt. Stella
Demesticha & Lucy Blue, Sidestone Press, Leiden, (p 321-342).
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Eternity — The history and Technology of Roman Concrete Engineering in the Sea”,
Oxbow Books, (327 p).
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e OLESON, J., 1985, “Herod and Vitruvius: Preliminary Thoughts on Harbour
Engineering at Sebastos; the Harbour of Caesarea Maritima”, BAR International
Series 257, (p 165-172).

o RITTER, M., 2021, “Naval bases, Arsenals, Aplekta: Logistics and Commands of the
Byzantine Navy (7th-12th c.)”, in Seasides of Byzantium. Harbours and Anchorages
of a Mediterranean Empire. Byzanz zwischen Orient und Okzident 21 (Mainz 2021).
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4.4 Beaching ships?

Homer repeatedly mentioned beaching ships. In Odysseus’ time, the ships may have been of
the eikosoros-type, with two files of 10 rowers. This oared ship is the ancestor of what would
later be called a ‘triaconter’ (triakontoros) with two files of 15 rowers and a length of around
20 m. Such a ship may have weighted one or two tons.

It is worth comparing this to Senegalese traditional fishing boats (“pirogues”). Most of these
boats are 10 to 20 m long with a 1 to 4 m beam. They are made from a single tree-trunk
(monoxyle pirogues) which is enlarged by lateral planks. Considering the rather rough
Atlantic wave climate, one of the questions is how fishermen operate to land on and to leave
from the beach. Pictures from Franck Boyer (Kamikazz Photo agency, Dakar) give some
clues:

... is avery heavy task ...

.

[
ot

-

... the bow is nearly
on the beach.

Pictures by Franck Boyer (Kamikazz Photo agency, Dakar).

A nice time lapse of the hauling operation, which took around 3 hours, is shown on:
https://www.youtube.com/watch?v=kXLDRCjTuBA

Rankov (2012) explains that it was possible to haul a 50-ton trireme on a slipway in a
harbour with a team of 140 men, provided the slipway had the correct slope (say no more
than 1:10, or 10%, or 6°) and was adequately greased. However, he considers that “it is hard
to see that triremes would have been beached except from necessity”. This can be
understood because the friction on the beach is higher than on a greased slipway. In
addition, the beach slope depends on its grain size (Komar, 1998): the very fine sands (or
silts) found in large deltas yield a very flat slope which keeps ships far from land. Conversely,
a shingle beach (e.g., Nice, France) has a steep slope that is dangerous for landing ships on.

Hence, with increasing ship sizes (and weights), beaching became unpractical, if not
unfeasible, and places for safe anchorage were sought.

Greg Votruba (2017) provided convincing argumentation that cargo ships did not habitually
beach and concluded that “from the Classical period at the latest, the standard practice was
to remain afloat at anchor”.

From our Catalogue (Vol. I) we know that for nearly 6000 ancient coastal settlements, ports
and harbours, we have around 650 ports (only 12%) with some kind of ancient port structure
such as breakwaters and quays.

Only three options were therefore available for loading and unloading ships outside of a port
with heavy infrastructures:

1. Stay offshore at anchor and load/unload by means of small barges, as mentioned by
Strabo for Ostia (Geogr. 5, 3, 5), by Pliny the Elder for Muziris (Natural History, 6, 26,
10) and by Isidore of Seville (Etymologiae, 19, 1, 19). This option may also have been
chosen at Ashkelon (Galili, 2021).
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12443D_Bild

Ship-to-ship transfer of amphora content (Mus.
Ship-to-ship transfer, mosaic at Statio 25 on Foro Stockholm, N°3101456).
delle Corporazioni at Ostia (www.ostia-antica.org).

The left mosaic shows transfer of amphorae from a large sea-going ship to a smaller
river ship.

The right mosaic shows a man on a smaller river ship transferring the content of an
amphora into a barrel, perhaps a measuring module. The man on the larger sea-
going ship waits for the next amphora to be transferred, and for taking back the empty
amphora. This relief possibly shows an example of reuse of amphorae.

2. Draft-beach and load/unload by means of labourers wadding between the beach and
the ship, as shown on a famous mosaic found at Sousse (Tunisia).

Unoalng by wdding iodres, on 3" ¢. mosaic found in 'Suss. '
Picture by A. de Graauw, 2018, Bardo Mus, Tunis.

The mosaic above shows a draft-beached ship, i.e., resting gently on the seabed at

its bow, with its stern still afloat. This is the closest to the beach a ship can get without

getting stuck (in a place without any tide).

A very similar operation is performed by
Senegalese fishermen unloading their
ship before hauling it on the beach.

Unloadin fish by waing labourers in Senegal.
Picture by Franck Boyer (Kamikazz, Dakar).

3. Moor at some kind of timber jetty built on the coastline, as shown on the famous
Stabiae fresco.
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Remains of timberjett at Yenikapi (Istnbul).

Timber jetty on Stabia fresco (detail).
Ancient timber piled jetties have been built in many places, but few remains have been
found. Recent archaeological excavations at Yenikapi (Istanbul) have uncovered a large
piled timber jetty with three rows of piles. A similar timber piled jetty with three rows of large
piles was also found in Marseille in front of the dolia horrea and in Bordeaux. Outside such
large ports, much smaller timber jetties must have been built in many places.

= vigm. | L) L, WS L, 4, ’
tevedores unloading a sea-going ship (Torlonia Mus.)
(see also Torlonia relief)

Stevedores loading a sea-going ship, 90x59 cm relief
(NarboVia Mus. N° 878.2.11/ 1310)
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ApascANTVS

: 0 x 0.35 m fresco

.3 ‘ T e b
Stevedores loading the river boat Isis Giminiana, 3 ¢c. AD, ca. 0.7
(Vatican Mus. N° 79638)
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4.5 Vitruvius’ methods

The oldest text about marine works we know of is Philon of Byzantium’s text that is
unfortunately lost (ca. 250 BC). Vitruvius’ "de Architectura" dated around 20 BC, is the only
ancient text left about marine works. In his time, 'Puteolanus pulvis' is already in use for
hardening concrete in seawater, replacing crushed ceramics used by the Greeks in fresh water
long before that. The resulting mass of ‘hydraulic concrete’ is "neither particularly hard nor
strong" but provides an "extraordinary longevity in sea-water" (from Oleson et al., 2014)""".

Roman hydraulic concrete ratios and properties are summarised below, from the extensive work
of Marie Jackson (in Oleson et al., 2014).

Ratios and properties Concrete with Concrete with
prop tuff carbonate rock

Lime (calx) o o

(weight %) 15% 10%

Pozzolana (pulvis) o o

(weight %) 40% 30%

Aggregates (caementa) o o

(weight %) 45% 60%

Unit weight dry mix (kg/m?) 1100 - 1250 1400 - 1550

Unit weight hardened concrete (kg/m?) 1500 - 1600 1600 - 1700

Compressive strength (MPa) 5-8.5 25-5

This major innovation in river and coastal engineering was introduced around 200 BC for fish
tanks (piscinae) (acc. to Oleson, 2014) and further developed in the 15t c. BC, when large blocks
of hundreds of cubic meters of concrete were constructed under water under the name ‘pila’ (up
to 1500 m?in Nisida). The oldest known applications for harbour works are at Agrippa's naval
base of Portus lulius, near Pozzuoli, in 37 BC, and at Cosa (Oleson et al., 2014). This
technology (and Puteolanus pulvis that goes with it) was exported to several places around the
Mediterranean Sea, such as Pompeiopolis (Turkey), Caesarea Palaestinae Sebastos (Israel),
Alexandria (Egypt), Nora (Sardinia) and lol Caesarea Mauretaniensis (Algeria). Clearly, as
hydraulic concrete was discovered near Pozzuoli two centuries earlier, nobody would take the
risk inventing another mixture without any certainty that it would provide the same long-term
quality, especially as Vitruvius himself stated that Puteolanus pulvis was available only in Italy
(de Architectura, 2.6.5). Hence, Roman engineers shipped it over long distances instead of
looking for a local substitute.

Roman hydraulic concrete was never completely forgotten as it was found in Istanbul in 6" c.
buildings (Yenikapi and Haghia Sophia), and in Budapest and Venice/Ravenna/Pisa in 16th c.

111 OLESON, J., BRANDON, C., HOHLFELDER, R., JACKSON, M., 2014, “Building for Eternity — The history and
Technology of Roman Concrete Engineering in the Sea”, Oxbow Books, (327 p).

DILARIA, S., et al., 2023, “Volcanic Pozzolan from the Phlegraean Fields in the Structural Mortars of the Roman
Temple of Nora (Sardinia)”, Heritage 2023, 6, (p 567-587).
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buildings''2, showing that the Byzantines inherited this technology (most probably with locally
produced pozzolana) and that it was probably taken over by the Ottomans and the Venetians. It
was finally reinvented by John Smeaton in 1756, followed by James Parker (1796), Louis Vicat
(1818-1828) and Joseph Aspdin (1824) who named it ‘Portland cement’.

Vitruvius described three methods for building port structures, but unfortunately, none of his
sketches survived and this makes interpretation of his three methods quite hard'*3.

The first method of Vitruvius consists of dumping pozzolana mortar with rubble inside an
enclosure made of poles (“stipites”) that are driven into the subsoil in order that these materials
replace water by falling into the enclosure. This method is made possible by the use of hydraulic
concrete (that hardens under water) which is made with pozzolana (provided materials are
lowered with help of baskets and not just dumped into the water from the surface). This method
supposes that piles can be driven into the subsoil and that they will resist the pressure of mortar
before hardening (in the second method, Vitruvius mentions two months of hardening, while
modern concrete would take less than one month). If needed, tie rods can be inserted between
opposite faces of the enclosure. Such tie rods were made of wooden beams (“catenae”),
supported by poles (“destinae”), which have disappeared with time, leaving transversal cavities
inside the structure.

In any case, the enclosure height could not be much more than a few meters, but this was an
acceptable water depth for ancient ships.

Note also that the pressure of hydraulic concrete is exerted from inside to outside the caisson-
wall and that stipites are therefore placed outside the wall, thus leaving no cavities on the
resulting concrete wall (see Brandon's sketch below).

112 GINALIS, A., 2022, "The So-called “Kiiciik Liman” on the Firuzkdy Peninsula:", International City and History
Symposium on Avcilar, (p 143-161).

ARTIOLI, G., SECCO, M., ADDIS, A., 2019, “The Vitruvian legacy: mortars and binders before and after the
Roman world”, in: The Contribution of Mineralogy to Cultural Heritage, EMU Notes in Mineralogy, Vol. 20, (p
151-202).

BISCONTIN, G., BIRELLI, MP., ZENDRI, E., 2002, “Characterization of binders employed in the manufacture of
Venetian historical mortars”, Journal of Cultural Heritage 3, Elsevier, (p 31-37).

PINTERF., et al., 2011, “Brick-Lime Mortars and Plasters of a Sixteenth Century Ottoman Bath from Budapest,
Hungary”, Proceedings of the 37™" International Symposium on Archaeometry, Springer-Verlag (p 293-298).
113 OLESON, J., 1985, « Herod and Vitruvius: Preliminary Thoughts on Harbour Engineering at Sebastos; the
Harbour of Caesarea Maritima », BAR International Series 257, (p 165-172).

BRANDON, C., 1996 « Cements, Concrete, and Settling Barges at Sebastos: Comparisons with Other Roman
Harbor Exemples and the Descriptions of Vitruvius », in « Ceasarea Maritima, A Retrospective after Two
Millennia », ed. A. Raban & K. Holum, Brill, Leiden, (p 25-40).

BRANDON, C., 2010, “How did the Romans form concrete underwater?”, Historic Mortars Conference, Prague.
and also:

GIANFROTTA, P., 1996, "Harbor structures of the Augustan Age in Italy", in "Ceasarea Maritima, A
Retrospective after Two Millennia", ed. A. Raban & K. Holum, Brill, Leiden, (p 65-76).

FELICI, E., 1998, "La Ricerca sui porti romani in cementizio: metodi a obiettivi", Archeologia subacquea, (p 275-
340).

FELICI, E., 2000, "Modern development and ancient maritime sites along the Tyrrhenian coast", Coastal
Management Sourcebooks, (p 81-88).
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Claude Perrault’s sketch (1673) with_banels slid into grooves on poles,
and labourers pouring concrete from the water surface which leads

to segregation during the fall to the bottom.

a. stipites
b. catenae. c. destinae ?  d. béton. e, tube (supposé) pour verser le béton.
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Ch. Dubois’ sketch, “Observations sur un passage de Vitruve,

Mélanges d'archéologie et d'histoire T. 22” (1902) with a system with adjacent poles (a) connected (or even

engirdled) by chains (b). However, his system with chains and oblique tie rods does not seem realistic: the rods
must be horizontal and connecting opposite caisson faces like Brandon suggested in 1996.
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Detail of the model of the Mble de la
Marseillaise at La Nautique near Narbonne
(model built by Jean Marie Falguera).

The piles are juxtaposed and tied by horizontal
tie rods with a system of tenon and mortise
that can still be seen.

(Photo A. de Graauw, 2011)
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Portus’ north breakwater (Fiumicino) Concrete reinforced with timber,
(Photo A. de Graauw, 2011) acc. to Bartoccini, 1958

According to C. Brandon (1996 & 2010) this method was widely used: Anzio, Astura, Cosa,
Circeii, Egnazia, Sapri, Santa Severa, San Marco de Castellabate, Portus Claudius,
Misenum and Baiae (ltaly), Marseille (France), Side (Turkey), Caesarea (Israel), Thapsus
(Tunisia) and probably the eastern jetty of Leptis Magna where large masses of concrete are
still submerged.

It is sometimes suggested that some of the pilae remains found today might be the remains of
arched breakwaters.

A similar method with an enclosure made of ashlar blocks instead of wooden piles was used,
according to Brandon, at San Cataldo (ltaly), and Pompeiopolis and Kyme (Turkey).

An alternative to this first method consists of prefabricating a rigid wooden enclosure, with or
without a bottom, which is then floated to the desired location before being filled with
hydraulic concrete or stones. Such a structure is now called a “floating caisson” (modern
caissons are made of concrete and have a bottom in order to float). This alternative method
is well suited for hard (rocky) seabeds where piles cannot be driven. This alternative seems
to have been used for a stone wall at the Port des Laurons (Martigues, France)'* and
possibly for breakwaters at Hereum (Fenerbahce, Turkey)''® and Lechaion (Corinth,
Greece)''® during Late Antiquity. It reached a technological summit at Caesarea Maritima
(Israel).

In the latter case, Flavius’ description mentions blocks of 50 x 18 (or 10?) x 9 feet (15 x 5.5 x
2.75 m), that is nearly 600 tons (archaeology has even revealed blocks of 14 x 7 x4 m, or
1000 tons). Archaeological excavations showed imprints inside and under the concrete
mound, proving that the structure consisted of wooden caissons used as lost formworks for
concrete to be poured in situ. Such caissons with a bottom could be built on a nearby beach
and be floated to their final position. This concept is similar to sinking an old ship to build a
man-made island like the one of Portus Claudius.

114 MOERMAN, M., 1994 « Le port romain des Laurons, Martigues », Thése de doctorat d'archéologie,
Université de Provence, 2 vol., (297 p). This 22.9 x 2.2 m caisson is unique, as a stone wall was built in the dry
on the wooden floor of the caisson. The caisson must have been sinking gradually during construction of the
wall. The remains of the wall are around 1 m high and 1.8 m thick at the base, with a length of 22.5 m.
However, the dating of the caisson timbers is still uncertain (possibly 18th c.).

115 PROCOPIUS, “The buildings of Justinian”, 1, 11.

116 BARTHELEMY, P., 2018, “L’'immense port antique de Corinthe sort de I'oubli”, Le Monde, 30/5/2018.
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A 40-cm thick layer of rounded cobbles (up to 35 cm diameter) was found underneath a large
concrete block of the Caesarea western breakwater. This foundation method allows a strong
flow within the foundation layer, e.g., with a wave having its crest outside and its trough

inside the port. Such an alternate flow will erode sand underneath and thus undermine the
whole structure'”.

| 7

Christopher Brandon’s sketch of a floating caisson with bottom and central box (1996).

A particular refinement shown in the sketch above, is the central box of the floating caisson
which is surrounded by hydraulic concrete and therefore absolutely dry, enabling the use of
cheaper non-hydraulic concrete inside that box.

A variant of this method which was used only on the northern breakwater at Caesarea
Maritima, consisted of a large double-walled caisson without floor constructed on shore and
towed into position. Once on location, the space between the two walls was filled with mortar
until the whole formwork sank to the bottom. Only then was it filled with hydraulic concrete.
The size of the block recovered is 15 x 11.5 x 2.4 m, again, around 1000 tons.

Vitruvius may not have been informed about the floating caissons used at Caesarea as they
were built between 21 and 10 BC., i.e., just after he wrote his book around 20 BC.

117 DE GRAAUW, A., 1984, "Design criteria for granular filters". J. Waterw., Port, Coast. and Ocean Eng., ASCE
110 (1984) 1. Delft Hydraulics Laboratory, Publication n° 287.

VOTRUBA, G., 2007, “Imported Building Materials of Sebastos Harbour, Israel”, International Journal of Nautical
Archaeology, 2007, 36.2, (p 325-335).

GALILI, E., et al., 2021, “Archaeological and Natural Indicators of Sea-Level and Coastal Changes: The Case Study
of the Caesarea Roman Harbor”, Geosciences 2021, 11, 306, (26 p).
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Double-walled floating caisson without bottom used at Caesarea Maritima (Israel)
(J. Robert Teringo, 1987)

Vitruvius’ third method is close to the first method as it also requires an enclosure, albeit a
watertight one (we now call this a “cofferdam”) allowing water to be pumped out in order to
enable work in the dry. Hydraulic concrete and pozzolana are thus not needed in this method.
However, the walls must resist the pressure of water and shoring may be needed, as, like in the
first method, the height of the enclosure did not have to exceed a few meters which was a
sufficient water depth for ancient ships. Moreover, large pumping capacity must be provided
depending on the permeability of the subsoil. It would therefore be difficult to use this method on
a sandy seabed as water would seep into the enclosed area through the bottom and Vitruvius
rightly recommends digging out the area down to the rocky substratum'®. He also indicates that
the foundation must be wider than the planned structure. This foundation can be a slab of
concrete placed on top of the rocky bottom or on a series of wooden stakes if the subsoil is
unstable'®. The jetty can then be completely built in the dry.

This method was mainly used to build bridge piers in rivers (and is still in use nowadays).
Brandon nevertheless mentions some maritime applications: Marseille (Quays F.28 and F.120),
Ponza and Nisida (Italy). The cofferdam of the Corne of the ancient port of Marseille may be
mentioned also'%°.

118 Aachen University video on hydraulic heave of sand behind a cofferdam.

119 The use of coal for filling the space between the stakes is somewhat unclear. Did they believe that as fire
hardens wood, coal would preserve it in the long term?

120 GUERY, R., 1992, “Le port antique de Marseille”, Collection Etudes Massaliétes, 3, 1992, (p 109-121).
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Claude Perrault’s sketch (1673)

a. batardeaux. ~—~ &. tabulae, reliant les parois des batardeaux (Viernes). — e. ca-
tenae ou harts reliant les liernes dans la sens de la longueur des batardeaux ? —
d. madriers (stipites). — e. catenae ou harts reliant les madriers. — /. corbeilles
d'argile remplissant les batardeaux (cre/a /n cronibus). — g. fundamenta en béton.
— /. parement du mur en pierre de taille (gwadratum sazxwum). — 7. béton ou cons-
truction mélée (ruderatio sive structura)
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Ch. Dubois’s sketch “Observations sur un passage de Vitruve,
Mélanges d'archéologie et d'histoire T. 22” (1902)

Vitruvius’ second method consists of building the structure from the shoreline and progressing
in offshore direction.

If stones are to be dumped into the sea, the stone size must be sufficient to resist wave attack.
Stones of tens and hundreds of kilos must be used for the core and covered by an armour layer
made of stones of several tons: no technical problem but tricky logistics. This method was used
by Alexander when besieging Tyr (in 322 BC, well before Vitruvius).

Floating barges can be used to dump stones further out of the coastline, e.g., to build a man-
made island, but barges are exposed to waves and increase risk of down time. This was done
at Civitavecchia to build an island at the entrance of the port, as described by Pliny the Younger.

If concrete blocks are to be built into the sea, as Vitruvius seems to suggest, one can think of
blocks of several tens of cubic meters built on the beach on top of a small mound made of sand
and contained by a small wall (Vitruvius mentions a height of no more than 0.50 m). After
hardening of the block, the small wall is removed and sand can be eroded by the sea. The block
will then tumble into the sea and the process can be started again. One must be patient ... and
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no application of this method is known. We may perhaps conjecture that Vitruvius deduced this

method from what he knew about obelisk raising using a sand box that was gradually emptied
through lateral portals (see Rick Brown’s 1999 experiment on

https://www.handshouse.org/obilisk and illustrative YouTube movie on

https://www.youtube.com/watch?v=BgekJnMeNiY), but that he had no real experience with this
method applied to a coastal structure.

Ba)
5 e 5 "é\c_f';
= e
,_1,// jr’ / 2 :”;f)’:iﬁon de la pila tombant
,,-_—./

b, pulvinus
Pk c. harena
- . mur de soutien du sable (margo).

Ch. Dubois’s sketch “Observations sur un passage de Vitruve,
Mélanges d'archéologie et d'histoire T. 22” (1902)

Christopher Brandon’s sketch (1996)
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4.6 Ancient rubble mound breakwaters

Rubble-mound breakwaters consist of piles of stones more or less sorted according to their unit
weight: smaller stones for the core and larger stones as an armour layer protecting the core
from wave attack.

Ancient rubble mound breakwater at Kissamos (Crete) (photos A. de Graauw, 2022).

The Kissamos breakwater is probably the only large rubble mound breakwater that is above the sea today as it
was uplifted around 6 meters during the 365 AD earthquake and therefore protected from further wave attack.
The armour layer consists of ca. 1 m rock boulders, or around 1 to 1.5 ton, reaching ca. 4 m above today’s
MSL. As far as can be seen on site without excavation, the whole structure was made of the 1 m rock still
visible at its surface.

This kind of structure has been around for over 2500 years and modern coastal engineers still
build them to create harbours sheltered from wave penetration. It was widely used for
breakwaters in water deeper than a few meters where positioning of ashlar headers by divers
was difficult. Ancient breakwaters may have been over- or undersized and the result is that only
a few breakwaters have been luckily preserved, while many others are now found under water
as “submerged breakwaters”, as a consequence of 2000 years of storms.

Without going into the details of breakwater design, it can be understood easily that stability of a
structure made of stones depends primarily on the stone size in relation to the strength of wave
action: breakwaters in open waters exposed to storms acting on large areas and therefore
inducing high waves, must consist of larger stones than breakwaters in sheltered areas.

A study was carried out to find some simple relation between the governing parameters (water
depth, structure height, stone size) and the equilibrium position of the crest of rubble mound
breakwaters subject to long term wave attack in breaking wave conditions (see section on
“Failure of rubble mound breakwaters in the long term”, hereafter).
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It was concluded that undersized emerging rubble mound breakwaters reduce to submerged
breakwaters and that, for a given stone size, submerged breakwaters stabilise to a predictable
crest level after long term wave attack in breaking wave conditions.

For ancient breakwaters, this means that:

¢ We may find a few ancient breakwaters still in perfect condition: they were emerging and
fulfilling modern design conditions (they were somewhat oversized!).

o [f slightly undersized, we may find ancient breakwaters that were reshaped into an S-
shape by 2000 years of storms: the seaward side is lowered to below Mean Sea Level
(MSL) and the landward side may reach MSL (see section on “Sea Level Rise”).

¢ If more undersized, ancient breakwater will be lowered by wave action to a level
depending on the stone size.

We must also remember that the MSL rose about 0.5 m since antiquity, so that breakwaters that
were stable at that time in shallow water (a few meters water depth) may not be stable anymore
because larger waves can reach them nowadays.

In tidal areas, the worst conditions for stability occur when the largest waves occur together with
the highest water level. The probability of occurrence of this happening is smaller than for a
fixed water level, but that may not change the final result for stability in the long term.

Careful examination of historical Google Earth images enables us to see quite a few
breakwaters in shallow waters. A collection of such images is given in Appendix 2, together with
some other pictures made on site.

Some remarkable ancient rubble mound breakwaters can be listed as follows:
e Portus (Fiumicino, Italy): deepest section of the 3200 m long breakwaters, now inland;
e Pharos (Alexandria, Egypt): over 2300 m long, submerged in open water;
e Thapsus (Bekalta, Tunisia): about 1100 m long, submerged in open water;
e Eretria (Eretria, Evia, Greece): at least 600 m long, submerged in sheltered water;

o Paphos (Kato Paphos, Cyprus): about 600 m long, with a parallel one 200 m long,
submerged in open water;

e Leukas/Ligia (Lefkada island, Greece): about 540 m long, submerged in sheltered water;
e Pythagoreion (Samos island, Greece): about 480 m long, submerged in open water;
o Chersonesos (Cape Agami, Egypt): about 400 m long, submerged in open water;
e Eleusis (Vlychada, Santorini): about 360 m long, submerged in open water;
e Sullecthum (Salakta, Tunisia): about 350 m long, submerged in open water;
e Tieion (Filyos, Turkey): over 350 m long, submerged in open water;
e Muytlilini (Lesbos island, Greece): about 350 m long, submerged in sheltered water;
e Sabratha (Libya): about 320 m long, submerged in open water;
o Leptis Magna (Lebda, Libya): about 300 m long, berm breakwater in open water;
e Methone (Modon, Greece): about 250 m long, submerged in fairly open water;
e Neftina (Lemnos island, Greece): about 200 m long, submerged in open water;
and many others, smaller ones.

Obviously, questions remain on many of these structures, e.g., is the structure at Emporia
(Spain) a breakwater or a city-wall falling into the sea? Was the Thapsus (Tunisia) structure a
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rubble mound breakwater or a vertical breakwater? Is the Kainopolis (Libya) feature a
breakwater or just some beach rock? etc. etc.

An index of all breakwaters collected here is given hereafter (see pictures in Appendix 2).

Everybody is welcome to send me more information and pictures on ancient breakwater
remains ...
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Index of places with remains of ancient breakwaters

Abdera, GE 2019 (AVAIra, GrEECE) .. .uuuuiiiiieeieeiiie e et e e e e e e e e e e e e e e e e saeeeeeeeaeea e s nenneeeaaeeeaanns 437
Acholla, GE 2018 (Ras Boutria, TUNISIA).......ceiiiieiiie e 482
Adramyttium, GE 2019 (Oren, TUIKEY) ....c.vveveeeeeeeeeeeeeeeteeeeeieet e aees e es s se s esesens 462
AKKO, GE 2010 (ACIE, ISFAEI) ... eeiie ettt e et e e e e e e et e e e e e e e e e nneeeeeaaeeeaannes 475
Amathonte, GE 2003 (AMathus, CYPIrUS)........uuiiiiiiiiiiiiiee ettt 455
Andros, GE 2003 (ANdros island, GrEECE)........c.uuuuiiiieee ettt e e s e e e e e st re e e e e e e e e annes 442
Anthedon, GE 2003 (Anthidonia, GIrEECE).........c.uuuiiiiiee ettt e e e e e e e e e s e e e e e e e e eanes 435
Anthedon, GE 2015 (Anthidonia, GIrEECE).........c.uuiiiiiiee ettt e e e e e e e s ae e e e e e e e eaaes 435
Antissa, GE 2002 (Lesbos island, Gre€CE) ..........uuuiiiiiiiiiiieieeee et e e e e 449
Antium, GE 2010 (ANZIO, IAlY) ..eiiiiieieeeiee et e e 422
Apollonia, GE 2010 (Susah, LibYa) ........ueiiiiiiiiiiee et 478
ASSOS, GE 2006 (ASSOS, TUMKEY) ....eiiiiiiiiiii ittt e e s e e e e 461
Astura, GE 2016 (Torre Astura, lHalY) ........oooiiiii e 423
Baiae, GE 2007 (Baia, [alY) ......cooiiiieeeeiee e s 426
Caesarea Germanica, GE 2013 (Kapanca, TUrKEY) ......coouiiiiiiiiiiiiiiie e 459
Caesarea, GE 2010 (Caesarea Maritima, 1SFraél)........c...ooiiiiiiiiiee e 475
Caieta, GE 2013 (Spiaggia di Fontania, at Gaeta, ltaly) ..........ccoeiiiiiiiii e 424
Calpe, GE 2013 (KErPe, TUIKEY) ...uuuiiiiieieiiiiiiieie e e e ee ettt e e e e e et e e e e e e e s e saaae e e e aaeessnnnsseeeeaeesesnnnsnneees 458
Carpis, GE 2009 (Sidi Rais, TUNISIA) .....cceeiuiiiiiiiieeiieciitiii e e e e e sttt e e e e e st e e e e e e s seaeraeeeeaaesasnnsnnees 486
Carthage, Falbe, GE 2015 (Carthage, TUNISIA).........ccccuviiiiiie e 486
Carthage, Magon, GE 2020 (Carthage, TuniSia).........ccvuiiiiiiiiiiciieeie e 487
Charmothas, GE 2017 (Sharm Yanbu, Saudi Arabia) ...........cccoecciiiiiiie e 476
Cheimerion, GE 2006 (AMOUdia, GIEECE) .......eiiiieeiiiiiiiiiie e e et e e e e e e e e e e e e e e e e eanenae s 433
Chersonesos, GE 2020 (Cape Agami, EGYPL)......cooiiiiiiiiiiie e 477
Chersonisos, GE 2002 (HersoniSS0S, Crete) ......ou it e e e e 453
Circei, GE 2014 (Cape Circeo, HAlY) ....oooiiiiiiiiie e 423
Cisamo, GE 2013 (Kissamos-Kastelli, Crete) ... 451
Cisamo, Hampsa 2006 (Kissamos-Kastelli, Crete) ...... ..o 452
Corycus, GE 2004 (KizKaleSi, TUIKEY) ....ccciiiriiieie ettt a e e st e e e e e e et e e e e e e e s e ennsnneees 473
Daskyleion, GE 2011 (Ergili, TUMKEY) ......euuiiiieeee ettt e e e e e e enrreeeaaae s 460
Delion, GE 2010 (DelESi, GIrEECE) .....cciiiciiiieiee e e ettt ettt e e e e e e e e e e e e et aee e e e e e s e anrreaeeaaeeas 434
Delos, GE 2004 (Del0s iSIand, GIrEECE) .......eiiiiiiiiiciiieiii e ettt e e e e e e e e e e s e aanbaaeaaae s 443
Dia insula, GE 2013 (Isle Of Di@, Cret@) .......cciiiiiiiiiiiiiiie ettt e e s e e e e e e s eaarraareaae s 452
Elaia, GE 2016 (Kazikbaglar, TUIKEY) ........ueeiiiieiiiiiieiie ettt e e et e e e e e e enanraaeeaa e 463
Elaious, GE 2009 (ADIAE, TUIKEY) .....ciii ittt e eaees 461
Eleusis, GE 2018 (Vlychada, Santorini island, Gre€Ce) .........ccuueeiiiaiiiiiiiiiiee e 451
Emporia city wall, de Graauw 2008 (Sant Marti d’Empuries, Spain).........ccccocceveiniieieiniieee e 418
Emporia city wall, GE 2009 (Sant Marti ’Empuries, Spain) .........ccccceeriiiie e 417
Enopia, GE 2011 (EgiNa iSland, GrEECE) .........uuii ittt 438
Epidauros, GE 2013 (Epidauros, PelOpONNESUS)........ooiiiii e a e 438
Eretria, GE 2018 (Eretria, EVia, GrEECE) .......ciiiiiiiiiiiiiiee ettt a e e e a e 436
Galata, GE 2016 (Galata, BUIQAria) ...........ccuuiiiiiieeiieciiiee ettt e e e e e e e e e e s ae e e e e e s e ensnneeas 457
Gigthis, GE 2010 (Bou Ghrara, TUNISIA) ..........eeeiieiiiiiiiiiieee e e e e e s e e e e e e s s e eaeaeeeeansnneees 481
Gythion, GE 2013 (Gythio, PEIOPONNESUS) ......eiiiiiiiiiitiiie et e e e e 439
Hadrianou Hormos, GE 2018 (San Cataldo, ltaly) ...........cooiiiiiiiiiiiee e 428
Hadrumete, GE 2014 (SoUSSE, TUNISIA) -....eiiiiiiiiiiiiiee e e e e e e e e aeee s 484
Halicarnassus, Flemming 1969 (Bodrum, TUIMKEY) .......cocuiiiiiiiiii e 467
Halicarnassus, GE 2006 (BOArum, TUIKEY).......ccciiiiiiiiiiiiie ittt ettt 467
Halieis, GE 2021 (Portocheli, PEIOPONNESUS) ........eeeiiiiiiieee et e e 439
Hephaistia, GE 2009 (Lemnos island, Gre€Ce)..........uiiiiiiiiiiieiiiiee e a e 447
Hierapytna, GE 2010 (lerapetra, Crete) ... 454
Hieros Limen, GE 2014 (Kamaraki-VIastos, GreECE)..........cccuvviiiiieiii et 436
Hipponium, GE 2016 (Spiaggia di Trainiti, [taly) .........ccceeeeiiiiiie e 427
lassos, GE 2002 (KIYIKISIACIK, TUIKEY) ...eeiiiiiiiiiiiieie e e ettt e et ee e e e e e et ae e e e e e e e enannrnaeeeeeeeeenanes 468
lol-Caesarea, GE 2003 (Cherchel, AIGEIA)..........uuuiiiiiiiiiiiiiie et e e e e e e e e e e 488
lol-Caesarea, GE 2013 (Cherchel, AIQEIA)..........uuuiiiiiiiiiiiiiie et a e e e 488
Kainopolis, GE 2004 (Maaten al Uqla, Libya) .......ccc.uviiiiiiieieee e 479
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Kane, GE 2006 (Karadag, TUIKEY) .......ciiuuiiiiiieiee ittt s 462
Karthaia, GE 2018 (Kea iSland, GrEECE).......cceciiiiiciiiiiiee e ettt e e e e eanraaeaaae s 443
Kenchreai, GE 2013 (Kenchreai, PEIOPONNESUS)........cooiiiiiiiiiiiiiiiee et a e 437
Klazomenae, GE 2002 (Liman Tepe, TUIKEY).......ccuuuiiiiee ettt e ettt e e et e e e e e e e e eaaae s 465
Klazomenae, GE 2006 (Karantina island, TUIKEY) .......ccicieiiiiiiiieiiee et e et e e ea e e 464
Klazomenae, Sahoglu 2011 (Liman Tepe, TUIKEY).....cuuiiii ettt 465
Knidos, GE 2005 (CNide, TUIKEY) .....cciii e ettt e e e e et e e e e e s e saare e e e e e e s snnnsraaneaaeeas 468
Kossura, GE 2012 (Pantelleria, 1taly) ..........ooo e 429
Kourion, GE 2011 (Episkopi Phaneromeni, CYPIUS) .........cooiiiiiiiiiiieieeiiiee e 456
Kyllene, GE 2015 (Killini, PEIOPONNESUS).......uiiiiiiiiie ettt 440
Kyme, GE 2006 (Nemrut Limani, TUMKEY) .....oouuiiiiiiiie et 464
Larymna, GE 2014 (INCirli Ad@, TUIKEY) ....eiiiiieie ittt e 469
Lasea, GE 2004 (ChrysoStOmMOS, Crete) .......ciiiiiiiiiiiiiiieee e e ettt e e e et e e e e e et e e e e e e e nnnraareaae s 454
Lechaion centre, GE 2017 (Lechion, PEIOPONNESUS).......cccciiuiiiiiiieieeccetieee et 441
Lechaion east, GE 2017 (Lechion, PEIOPONNESUS) .........ccceiiiuiiiiiiiee e s a e snareeeeaae s 442
Lechaion west, GE 2017 (Lechion, PEIOPONNESUS) ........ccceiiiiiiiiiee ettt e e ea e e 441
Leptiminus, GE 2011 (Lamta, TUNISIA) .......uuiiiiiiii et a e e e e raaae s 484
Leptis Magna, de Graauw 2005 (Lebda, LibYa) .........ueeeiiiiiiiiiiiiiiee e 480
Leptis Magna, GE 2016 (Lebda, LiDYa)......ccooiiiiiiiiiiiee e 480
Leukas, GE 2012 (Lefkas island, GrEECE) .....oeeii i e e e e 431
Leuke Akte, GE 2018 (Ras Kanayis, EQYPL) .....coooiiiiiiiiie e 478
Magydos, GE 2007 (Antalya, TUIKEY) .......eiiiiiiiie ittt 471
Maritima Civitas Colonia, GE 2003 (Les Laurons, FrancCe)........ccccocoii i 419
Megara Hyblaea, GE 2007 (Banchinamento Orsi, in Augusta harbour, SiCily).........ccccoccoiiiiiinennnnn 429
Methone, GE 2013 (Modon, PEIOPONNESUS) ........cuviiiiiiiee e ettt e e e ae e e e e e e e e ennraeneaaee s 440
Misenum, GE 2007 (MISENO0, ItA1Y) .....cciiiiieiieee ettt e e e e e e e e e e e e ennnraaeaaae s 425
Mitylene, GE 2006 (Lesbos island, GIrEECE)..........ccuuuuiiiieeieicceeee et e e 448
Myndus west, GE 2018 (GUMUSIUK, TUIKEY)......ciiiiiiiiee ettt e e ee e e 466
Myndus, GE 2011 (GUMUSIUK, TUMKEY) .. .eeiiiiiiiie ettt et 466
Myrina, GE 2006 (AlIaga, TUIKEY) . ..eiii ittt et e e 463
Neftina, GE 2009 (Lemnos island, GreECE) .....cciiiiuiiiiiiiee e e e eaa e 447
Nesis, GE 2007 (NiSida, HAIY) ....oeeiiiiieeiiiiie ettt e e e e e e e e sr e e e e e snaeeeeennees 424
Nirou Khani, GE 2018 (Cret@) ....cooiiuiiiiiiiiiii ettt et 453
Nora, GE 2013 (Capo di Pula, Sardini@) ...........coeoioeeieeieee et a e 419
Paphos, GE 2017 (Paphos, CYPrUS) ...ttt ettt ettt e e 456
Paros, GE 2013 (Paros island, GrEECE) ........cuuiiiiiiiiiiiiiee ettt e e e e e e e e reaae s 445
Paros, Naoussa bay, GE 2019 (Paros island, Gre€Ce).........cccuuiiiieiiiiiiiiiieeee et 445
Pharos, GE 20/1/2017 (Alexandria, EQYPL) ......ccoiiiiiiiiiieie ettt 477
Phaselis, GE 2002 (TeKIrova, TUMKEY) .......ueiiiiiiiiiiiiiiiee ettt e e e e e e e e e e e s e eaaae s 470
Phaselis, GE 2013 (TeKIirova, TUMKEY) .......uuiiiiiiiiiiciieiee ettt e e e e e e e e e e e eaaae s 470
Pisa, GE 2012 (Pisa-San ROSSOre, ItalY) ......ccccciiiiiiiiiieie ettt a e e e 419
Plakia, GE 2017 (Kursunlu Manastir, TUMKEY) .......ooueiiiiiiiieiiiee e 460
Plakias Beach, GE 2015 (Plakias, Crete). ... .ot a e e 455
Pogonia, GE 2017 (PalairoS, GIrEECE).......cuiiiiuiiiii ittt 433
Pompeiopolis, GE 2004 (Viransehir, TUIKEY) .......ooiiiiiiiiiii e 473
Populonio, GE 2017 (Populonia, [taly) ... 420
Portus Domitianus, GE 2013 (Santa Liberata, Italy) ..o 420
Portus Julius, GE 2007 (LUCHNO, IAlY) ......uvieiiieiiiiieieee ettt e e anraae e e e 426
Portus, de Graauw 2011 (Fiumicino, Haly) .........cooooiiiiiie e 422
Portus, GE 2007 (FIUMICINO, AIY)......coi it a e e e e eeaae s 421
Psyra, GE 2010 (Psara island, GIrEECE) ........uiiiiiiiiiiiieiieee ettt e a e e e e aanaaae s 450
Ptolemais, GE 2009 (Tolmeita, LibYa).........ccoiiiiiiiiiiiieee et a e 479
Ptolemais, GE 2015 (Aynaligdl bay on Cape Figla, Turkey) .......cocueiiiiiiiiee e 472
Pullaria, GE 2007 (Brioni island, Cro@atial)............u e a e 431
Puteoli, GE 2017 (POZZUOIi, IHAIY)......cooiiiiiiiiiieie e 427
Pyrgi, GE 2006 (Santa Severa, IHaly) .........oooiiiiii e 421
Pythagoreion, GE 2014 (Samos iSland, GrEECE) ........cooiuiiiiiiiiie it 450
R’mel, GE 2021 (R'MeEI, TUNISIA) ...eeeeeieiiiieiie ettt e e e e e e e e e e e e e e ennneeeeaeaeeas 487
Ramla Beach, GE 2017 (GOZO0, Malta) .........coiiiiiiiiiiiiiiee ettt e e e e e e e ee e e 430
Rhenaia, GE 2014 (Rhenia island, GreECE).........cccuuuiiiiiie ettt a e 444
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Sabratha, GE 2013 (Sabratha, LiDYa) .......c.cooiiiiii e 481
Saguntum, GE 2011 (Grao Vell at Sagunto, SPain)..........ccceeeiieiiiiiiiiee e 417
Salamis, GE 2008 (Salamine island, GrEECE)........ccccccuuriiiiee et e e 434
Sami, de Graauw 2013 (Kefalonia island, GreECE) ..........ceiiviiiiiciiiiiiiee e 432
Sami, GE 2017 (Kefalonia island, GIrEECE) .......cueeiiiiiiiiiiiiiie ettt e e 432
San Marco di Castellabate, GE 2007 (IalY) .....uurieeiiieiiieiieee e 425
Saturnum, GE 2015 (Torre Saturo, IalY) .......oeeeiiii e e e 428
Seleukia Pieria, GE 2008 (Seleukia, SYria).........cuuiiiiiiiiiiiie e 474
Side, GE 2011 (Selimiye, TUMKEY) .....uiiiiiie et rabe e e 471
Sidi Daoud, GE 2010 (Sidi Daoud, TUNISIA) ........veeeiiiiieeiiiiieeecieee e e eiiee e et e e seeteeeessreeeessseeeessnsaeeaenes 485
Sidi Daoud, GE 2014 (Sidi Daoud, TUNISIA) -.....ceeeeiiiiiiieee e e e e e e 485
Silvium, GE 2013 (Savudrija, Istria, Croatia)...........ooo o 430
Sirakayalar, GE 2013 (TUIKEY) .. ..uuiiiiiiee ettt s e e e e e e et e e e e e e s asraeeeeaaeeeennsnneees 459
Skiathos, GE 2016 (Skiathos island, GreECE) ..........ccccuuriiiiiii e 449
Soloi, GE 2015 (Potamos tou Kampou, CYPIUS).......cccuuuiiiiieeeeieiieeiee et