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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF HUMANITIES

Archaeology

Thesis for the degree of Doctor of Philosophy

Innovation and Technological Change in the Archaeological Record: Conceptual

Design in Mediterranean Maritime Technology from the Archaic to Late Antiquity

Peter B. Campbell

This thesis argues for an empirical approach to the study of innovation. Innovation has
traditionally been approached as qualitative and therefore not identifiable in the archaeological
record. The author uses engineering’s principles of conceptual design to argue that fundamental
technical concepts differentiate technologies and the level to which a new concept is dissimilar
to previous concepts determines its level of innovation. By defining an innovation as the creation
of a new conceptual design framework, the thesis explores an empirical view of innovation and

how the creation and transfer of design concepts can be quantified and mapped.

In the past, mechanisms for technological change have been adapted to culture from determinism
or natural analogies such as evolution. This thesis argues that, as conceptual designs, the most
valid mechanism originates from social theories relating to the creation and transfer of concepts.
The author introduces Technology-as-Concept as a means to explain the creation and transfer of

design concepts as found in the archaeological record.

This approach is applied to three maritime technologies found in the Mediterranean that date
from the Archaic Period through Late Antiquity: anchors, warship rams, and ships’ hulls. Through
identifying conceptual design traits in archaeological remains and interpreting the creation and

spread of innovations, the findings challenge the current chronologies for these technologies.

The thesis discusses how Technology-as-Concept is a useful method for archaeology. It
challenges cultural evolution and determinism as means for explaining technological change
and demonstrates the explanatory ability of the latest social approaches. Finally, it argues for
an empirical approach to innovation and the ability to identify innovation in the archaeological

record.
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Appendices

This volume contains the appendices and supplementary data for the thesis Innovation and
Technological Change in the Archaeological Record: Conceptual Design in Mediterranean Maritime

Technology from the Archaic to Late Antiquity, presented in Volume I.
Appendix 1 is a table of known ancient anchors from dateable contexts.

Appendix 2 is a copy of the author’s article “A Roman Type IVB Anchor Found in the Corfu

Channel, Albania” in the International Journal of Nautical Archaeology.
Appendix 3 is a description of the rams that have been found in the archaeological record.
Appendix 4 is an account of analysis and testing of the Egadi warship rams.

Appendix 5 is a chronology of the available evidence for warship rams including bronze rams,

iconography, numismatics, monuments, and other sources.

Appendix 6 contains the hydrostatic results of the hull reconstructions.






Appendix 1. Table of Ancient Anchors

Anchor Database

Site/Shipwreck Anchors | Location | Material Date Source

Aci Trezza 1 Multiple | Italy Iron & lead | 1-400 AD Strauss 2013:9030

Agde A A France Iron 200-150 BC Bouscaras 1954

Algajola A France Lead 150-100 BC Liou 1973

Algajola B Lead

Algajola C Lead

Algajola D Lead

Algajola E Lead

Algajola F Lead

Alonnisos A Greece Lead 420-400 BC Hadjidaki 1996:561-593
Anatas Adacik A Turkey Iron 1000-1100 AD | Glnsenin 1998:312
Antidragonera A Greece Stone 350-300 BC Strauss 2013:8658
Antidragonera B Stone

Antidragonera C Stone

Antidragonera D Stone

Antidragonera E Stone

Antidragonera F Stone

Antidragonera G Stone

Antidragonera H Stone

Antidragonera | Stone

Antikythera A A Greece Lead c. 80BC Throckmorton 1970:10
Antikythera B A Greece Lead 100 BC- 500 AD | Dumas 1972

Arles IV A France Lead 25-40 AD Long 1993:30-31

Arles IV B Iron

Artemision A Greece Lead 200-80 BC Kallipolitis 1972:419-426
Ashkelon A Israel Iron 400-1450 AD Strauss 2013:8847
Ashkelon B Israel Iron

Ashkelon Hellenistic | A Israel Iron 200-1 BC Galili et al. 2010:125-145
Ashkelon Hellenistic | B Iron

Ashkelon Hellenistic | C Iron

Ashkelon Hellenistic Iron

Ashkelon Byzantine | Multiple Iron 400-1450 AD Galili and Sharvit 1998:102
Ashkelon Late

Roman A Israel Stone 300-500 AD Galili and Sharvit 1998:101
Ashkelon Late

Roman B Stone

Ashkelon Roman A Israel Lead 1-200 AD Strauss 2013:8855
Atalanti A Greece Lead 1-100 AD Touchais 1985:831
Avidmou Bay A Cyprus Stone 450-500 AD Leidwanger 2007:308-316
Avidmou Bay B Stone

Avidmou Bay C Stone
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Avidmou Bay D Stone
Avidmou Bay E Stone
Avidmou Bay F Stone
Avidmou Bay G Stone
Avidmou Bay H Stone
Avidmou Bay | Stone
Avidmou Bay J Stone
Avidmou Bay K Stone
Balise de Rabiou Multiple | France Unknown 40-100 AD Dangreaux 1993:50
Bateguier Multiple | France Iron 900-1000 AD Bilan Scientifique 1993:52
Bozburun Byzantine | A Turkey Iron 875-900 AD Harpster 2009:297-313
Bozburun Late
. A Turkey Iron 500-600 AD
Antique Royal 2006:195-218
Bozburun Late
. B Iron
Antique
Bozburun Late
, C Iron
Antique
Bozburun Late
. D Iron
Antique
Bozburun Late
. E Iron
Antique
Bozburun Late
. F Iron
Antique
Bozburun Late
. G Iron
Antique
Bozburun Late
. H Iron
Antique
Bozburun Late
. | Iron
Antique
Bumbiste A Croatia Lead 30 BC-200 AD | Jurisi¢ 2000:4
Butrint 1 A Albania Lead 300-275 BC Royal 2008:29-31
Cala del Diavolo A Italy Iron 120-10 BC Strauss 2013:8983
Cala del Falco 2 A Italy Lead 25-50 AD Strauss 2013:9056
Cala del Falco 2 B Lead
Cala Minnola A Italy Lead 100-50 BC Strauss 2013:8722
Camalti Burnu 1 A Turkey Iron 120-1280 AD Glinsenin 2001:117-133
Camalti Burnu 1 B Iron
Camalti Burnu 1 C Iron
Camarina A A Italy Iron 175-200 AD Parker 1976:25-29
Cap Bear B A France Iron 100-300 AD Strauss 2013:7593
Cap Bear B B Iron
Cap Bear B C Iron
Cap Bear B D Iron
Cap Bear B E Iron
Cap Bear B F Iron
Cap Bear B G Lead
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Cap Gros C A France Lead 50-1 BC Gauthier 1992:55

Cap Gros C B Lead

Cap Gros C C Lead

Cap Gros C D Iron

Cap Taillat A France Iron 110-90 BC Strauss 2013:7623

Cape Gelidonya A A Turkey Stone 1200-1150 BC | Strauss 2013:7631

Cape Glavat A Croatia Lead 75-100 AD Jurisi¢ 2000:10

Capo Granitola A A Italy Iron 225-275 AD Gianfrotta and Pomey
1980:219

Capo Granitola A B Lead

Capo Granitola D A Italy Iron 200-400 AD Purpura 1987

Capo Granitola D B Iron

Capo Granitola D C Iron

Capo Granitola D D Lead

Capo Palinuro A Italy Lead 150 BC-400 AD | Strauss 2013:8811

Capo Testa A Italy Iron 1-75BC Strauss 2013:7680

Cavaliére A France Lead 110-90 BC Charlin et al. 1978:9-93

Cefalu A Italy Lead 400-600 AD Strauss 2013:7715

Cefalu B Iron

Cefalu C Stone

Chretienne C A France Lead 175-150 BC Pomey and Guibal
1996:102

Chretienne D A France Iron 325-375 AD Joncheray 1994:54

Chretienne D B Iron

Comlek Burun A Turkey Iron 1000-1200 AD | Royal 2006:195-218

Coscia di Donna A Italy Lead 75-100 AD Strauss 2013:149

Dhokos A Greece Stone 2210-2190 BC | Strauss 2013:7780

Dhokos B Stone

Dhrapi A Greece Lead 250-50 BC Papathanassopoulos
1980:164-167

Dor D A Israel Stone 550-600 AD Kahanov and Royal
2001:257

Dor D B Stone

Dor D c Stone

Dramont C A France Lead 125-100 BC Joncheray 1994:5-51

Dramont C B Lead

Dramont C C Lead

Dramont C D Lead

Dramont D A France Lead 40-50 AD Tchernia 1969:469-470

Dramont D B Iron

Dramont D C Iron

Dramont D Iron

Dramont E Multiple | France Iron 425-455 AD Santamaria 1995

Dramont F A France Iron 390-410 AD Joncheray 1975:91-132

Ein Gedi A Israel Lead 200-1 BC Hadas et al. 2005:299
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Gallipoli 1 A Italy Iron 1-400 AD Strauss 2013:8694
Gallipoli 1 B Iron

Gallipoli 1 C Iron

Gallipoli 1 D Iron

Gallipoli 1 E Iron

Gallipoli 1 F Iron

Gallipoli 1 G Iron

Grado A Italy Lead 300-200 BC Strauss 2013:8885
Grado B Lead

Grado (Julia Felix) A Italy Iron 117-150 AD Picozzi 1988:46-50
Grand Rouveau A France Lead 25-75 AD Marlier 2008:176-192
Grand Rouveau B Lead

Grand Rouveau c Iron

Herzliya Beach A Israel Iron 1-400 AD Strauss 2013:8856
Hishuley Carmel A Israel Stone 1450-1350 BC | Strauss 2013:7917
Hof Hacarmel A A Israel Lead 160-170 AD Raban 1969:71

Isis A Int’l Iron 375-425 AD McCann and Freed 1994
Isis B Iron

Isis C Iron

Isis D Iron

Isla Pedrosa A Spain Iron 150-140 BC Strauss 2013:7934
Isola di Monte Gianfrotta and Pomey
Cristo A Italy Iron 400-300 BC 1980

Jaz Islet A Croatia Iron 50-1 BC Jurisi¢ 2000:23

Kefar Shamir A Israel Stone 1400-1200 BC | Strauss 2013:7952
Kizilburun A Turkey Iron 125-25 BC Rash 2012

Kizilburun B Lead

Kizilburun C Lead

Kizilburun D Lead

Kizilburun E Lead

Kocayemisilik A Turkey Iron 1000-1100 AD | Ginsenin 1998:312
Kocayemisilik B Iron

Kopa A Croatia Lead 25 BC-75 AD Jurisi¢ 2000:28

Kuyu Burnu A Turkey Iron 600-700 AD Glinsenin 1998:312
Kuyu Burnu B Iron

Kyrenia A Cyprus Lead 310-300 BC van Duivenvoorde 2012
La Giraglia A France Lead 15-25 AD Sciallano 1996:60

La Madonnina A Italy Stone 325-300 BC Strauss 2013:8022

La Madonnina B Stone

Ladispoli B A Italy Lead 25-100 AD Gianfrotta 1981:27-31
Ladispoli B B Lead

Lake Nemi A Italy Iron 35-50 AD Speziale 1931

Lake Nemi B Italy Lead

Laurons C A France Lead 200-275 AD Strauss 2013:7991
Laurons D A France Lead 310-340 AD Strauss 2013:7992
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Dumontier and Joncheray

Le Miladou A France Lead 125-50 BC 1991:109-174

Le Scole A Italy Iron 300-400 AD Rendini 1982:50

Le Scole B Lead

Le Scole C Lead

Les Mouettes A France Iron 150-200 AD Bilan Scientifique 1998:27
Les Mouettes B Iron

Les Riches Dunes4 | A France Iron 50-1 BC Bilan Scientifique 2002:47
Ma’agan Mikha’el A Israel Lead 430-390 BC Kahanov and Linder 2003
Maguelone A France Iron 1-100 AD Bilan Scientifique 2003:56
Mahdia A Tunisia Lead 90-60 BC Kapitan 1983

Mahdia B Lead

Mahdia C Lead

Mahdia D Lead

Mal di Ventre A Italy Lead 75-25 BC Salvi 1992:237-248

Mal di Ventre B Lead

Mal di Ventre C Lead

Mala Palagruza A Croatia Iron 1-100 AD Jurisi¢ 2000:39

Mala Palagruza B Lead

Mali Frasker A Croatia Lead 25 BC-75 AD Jurii¢ 2000:40

Mazarron 2 A Spain Lead 650-600 BC Negueruela 2005
Minorca A Spain Unknown 1-300 AD Strauss 2013:8100

Mlin A Croatia Lead 1-200 AD Jurisi¢ 2000:45

Mlin B Croatia Lead

Moudros Bay Multiple | Greece Lead 325-25BC Strauss 2013:96
Mucurune A Italy Unknown 200-50 BC Strauss 2013:8826

Newe Yam Roman A Israel Iron 150 BC-400 AD | Galili and Sharvit 1999:100
Newe Yam Roman B Iron

Newe-Yam A Israel Stone 1200-900 BC Galili and Sharvit 1999:100
Newe-Yam B Stone

Newe-Yam C Stone

Newe-Yam D Stone

Newe-Yam E Stone

Newe-Yam F Stone

Newe-Yam G Stone

Newe-Yam H Stone

Newe-Yam | Stone

Newe-Yam J Stone

Newe-Yam K Stone

Newe-Yam L Stone

Pabug Burnu A Turkey Stone 575-550 BC Polzer 2004

Pabug Burnu B Stone

Pigne A Italy Unknown 1000-1500 AD | Strauss 2013:8692

Pisa E A Italy Lead 30-1BC Neilson 2002:248

Plane C Multiple | France Iron 900-1000 AD Bilan Scientifique 2001:60




INNOVATION AND TECHNOLOGICAL CHANGE IN THE ARCHAEOLOGICAL RECORD

Plavac A A Croatia Iron 10 BC-15 AD Jurisi¢ 2000:56
Plavac A B Iron
Plemmirio B Multiple | Italy Iron 175-225 AD Gibbins 1997:457-459
Plocice A Croatia Lead 150 BC-400 AD | JuriSi¢ 2000:58
Plytra - Xyli Bay Multiple | Greece Iron 150 BC-400 AD | Strauss 2013:8997
Polyaigos A Greece Unknown 420-350 BC Strauss 2013:8984
Porticello Multiple | Italy Lead 425-400 BC Strauss 2013:8262
Porto Ercole A A Italy Lead 150-100 BC Rendini 1982:43-44
Pseira A Greece Stone 1800-1675 BC | Strauss 2013:8986
Punta Licosa 1 A Italy Lead 100-1 BC Beltrame 2002:459
Punta Mazza A Italy Lead 200-250 AD Freschi 1997:60-65
Punta Scaletta A Italy Iron 140-130 BC Lattanzi 2007:50-51
Punta Scaletta B Iron
Punta Scaletta C Iron
Punta Scaletta D Lead
Punta Scaletta E Lead
Punta Scaletta F Lead
Punta Scaletta G Lead
Qaitbay 1 Multiple | Egypt Stone 75-25 BC Strauss 2013:65
Qaitbay 2 Multiple | Egypt Stone, iron, 200-1 BC

lead Strauss 2013:131
Saintes-Maries 11 A France Iron 150 BC-400 AD | Bilan Scientifique 1998:36
Saintes-Maries 25 A France Lead 50 BC-50 AD g:ﬁlan scientifique 2003:65-
Saintes-Maries 25 B Iron
Saintes-Maries 3 A France Iron 1-100 AD Long 1995:42
Saraylar A Turkey Iron 1000-1100 AD | Gunsenin 1998:315
Sciacca A Italy Lead 150 BC-400 AD | Strauss 2013:8723
Secca Del Bagno A Italy Lead 100-180 BC Will 1982:352
Secca di Capistello A Italy Iron 300-280 BC Lattanzi 2007:123
Secca di Capistello B Lead
Secca di Capistello | C Lead
Secche della Circe A Italy Iron 400-500 AD Strauss 2013:8721
Serge Limani A A Turkey Iron 1025-1030 AD | Bass et al. 2004
Serge Limani A B Iron
Serge Limani A C Iron
Serge Limani A D Iron
Serge Limani A E Iron
Serge Limani A F Iron
Serge Limani A G Iron
Serge Limani A H Iron
Serge Limani A | Iron
Sette Fratelli A Italy Stone 400-300 BC Strauss 2013:9027
Skerki Bank B A Italy Lead 50-100 AD McCann and Oleson

2004:128-154
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Skerki Bank D A Italy Lead 80-50 BC McCann and Oleson
2004:40-90

Skerki Bank D B Lead

Skerki Bank F A Italy Iron 25-75 AD McCann and Oleson
2004:90-118

Skerki Bank G A Italy Lead 25-75 AD McCann and Oleson
2004:118-128

Skerki Bank G B Lead

Skerki Bank G C Lead

Sud Lavezzi 5 A France Iron 50-150 AD sgan Scientifigue 2005:94-

Sud Lavezzi 5 B Iron

Sud Lavezzi 5 C Iron

Sud Lavezzi 5 D Iron

Sud Lavezzi 5 E Iron

Sud Lavezzi 5 F Iron

Sud Lavezzi 5 G Iron

Sud Lavezzi 5 H Iron

Tantura F A Israel Iron 700-750 AD Strauss 2013:8848

Tantura F B Iron

Taranto C A Italy Lead 1-100 AD Throckmorton 1970:10

Taranto C B Lead

Taranto C C Lead

Taranto C D Lead

Taranto C E Lead

Tekmezar Burnu 1 A Turkey Iron 1000-1100 AD | Glinsenin 1998:311-312

Tekmezar Burnu 1 B Iron

Tekmezar Burnu 1 c Iron

Tekmezar Burnu 1 D Iron

Tekmezar Burnu 1 E Iron

Tekmezar Burnu 1 F Iron

Tekmezar Burnu 2 A Turkey Iron 1000-1100 AD | Glinsenin 1998:311-312

Tekmezar Burnu 2 B Iron

Tektas Burnu A Turkey Lead 440-425 BC Trethewet 2001:109-114

Tektas Burnu B Lead

Tektas Burnu C Lead

Tektas Burnu D Lead

Tektas Burnu E Lead

Tell Hreiz Il A Israel Iron 400-1450 AD Galiki and Sharvit 1999:98

Tijascica A Croatia Lead 60-1 BC Jurisi¢ 2000:78

Tijascica B Iron

Tour du Castellas1 | A France Lead 315-275BC i;/an Scientifigue 2003:41-

Tour du Castellas1 | B Iron

Tour-Fondue A France Lead 225-200 BC Dangreaux 2012:5-36
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Uluburun A Turkey Stone 1350-1300 BC | Pulak 1998:216
Uluburun B Stone

Uluburun C Stone

Uluburun D Stone

Uluburun E Stone

Uluburun F Stone

Uluburun G Stone

Uluburun H Stone

Uluburun I Stone

Uluburun J Stone

Uluburun K Stone

Uluburun L Stone

Uluburun M Stone

Uluburun N Stone

Uluburun (0] Stone

Uluburun P Stone

Uluburun Q Stone

Uluburun R Stone

Uluburun S Stone

Uluburun T Stone

Uluburun u Stone

Uluburun Vv Stone

Uluburun W Stone

Uluburun X Stone

Uluburun Y Stone

Valle Ponti A Italy Iron 25-1BC Ruscito 1982:19-26
Vele Orjule A Croatia Lead 110 BC-170 AD | Jursic 2000:80
Vele Orjule B Lead

Verudica A Croatia Lead 1-100 AD Jursic 2000:83
Yassi Ada A A Turkey Iron 625-630 AD van Alfen 1996:189-213
Yassi Ada A B Iron

Yassi Ada A C Iron

Yassi Ada A D Iron

Yassi Ada A E Iron

Yassi Ada A F Iron

Yassi Ada A G Iron

Yassi Ada A H Iron

Yassi Ada A I Iron

Yassi Ada A J Iron

Yassi Ada A K Iron
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A Roman Type IVB Wooden Anchor Found in the Corfu
Channel, Albania

covered during the 2011 field season of the nian Institute of Archaeology, and the Albanian Min-
Albanian Coastal Survey Project, part of the istries of Culture and Defence. Since 2007 an intensive
Illyrian Coastal Exploration Program, a co-operative survey for submerged cultural material has completed

l ead components of a wooden anchor were dis- effort between RPM Nautical Foundation, the Alba-
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Figure 1.

over 25 km of shoreline. This survey reaches out to the
100-m contour and consists of two components: a
multibeam sonar survey and a diver-based survey (see
Royal, 2012 for Roman finds up to 2009).

Haldane (1984: 3-4) identifies this type of anchor as
a Type IVA; but later (1990: 21) as IVB, which is the
categorisation used here. This type corresponds to
Kapitan’s removable stock type 2b (1984: 39). The
anchor was located at the entrance to a small bay on
the Albanian side of the Corfu Channel (Fig. 1). This
narrow strait between the island of Corfu and the
mainland offers mariners relatively tranquil conditions
for sailing between the Ionian and Adriatic seas com-
pared to west of the island. The bay is located at the
channel’s narrowest point, has a maximum depth of
43 m with a sandy bottom and steeply sloping sides
and offers the safest anchorage along the section of
coast between Saranda Bay and Lake Butrint. The
interior of the bay is protected, but the area outside
marks the confluence of weather funnelled into the
strait from the north-west and the steady southern
wind, which causes mixed conditions in an otherwise
safe passage. Ringing the bay to the south-west is a
rocky reef, the exterior of which is covered in nets and
anchors from various periods.

The anchor was situated at the entrance to the bay in
29 m depth. The absence of related cultural material
suggests that the anchor was not stowed, but deposited
during use. The sandy surface is not conducive to
hanging up, so it is uncertain whether the vessel
wrecked or whether the anchor was deposited due to
other curcumstances. The orientation of the anchor
suggests that the vessel would have been inside the bay
and sheltered from weather coming up the strait; but it
would have been exposed to the quick changing

Map of the northern Ionian Sea, the Corfu Channel and the location of the anchor. (P. Campbell)

weather that comes from the north-west through
Saranda Bay.

A light scatter of pottery from various periods begins
at 36 m depth and continues up the slope to 5 m. The
pottery is primarily composed of amphora sherds with
some tableware found in shallower areas. The ampho-
ras include Corinthian B dating to the 5th century BC,
Dressel 28 (1st century AD), and Late Roman Adriatic
amphoras (4th century AD), all typical finds for this
region. The main concentration is located along the
shore in 5m, ¢.60 m from the anchor location. No
complete amphoras are present, and shallower concen-
trations would have been exploitable by free divers
both in Antiquity and today. Scuba diving was out-
lawed under the former communist government and
remains rare to this day, so it is unlikely that deeper
deposits were cleared. The pottery, therefore, is prob-
ably not related to the anchor, but does provide evi-
dence of the bay being used as an anchorage.

Following documentation, Dr Adrian Anastasi
from the Albanian Institute of Archaeology recovered
the anchor for display in the Durrés Archaeological
Museum, where it joins a Type IIA anchor located
during the 2010 season.

The anchor

Without associated cultural material it is difficult to
determine dates or origin of the Corfu Channel anchor.
However, Type IV anchors were used from the 2nd
century BC to the 4th century AD (Haldane, 1984: 13).
Frost (1972: 114) associates them with Sicily and North
Africa, while Haldane (1990: 22) states that this type
is typically found in the eastern Mediterranean. The
stock (Fig. 2) was located 120 cm from the closest
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Figure 2. Removable lead stock and collar from the Corfu Channel anchor. (P. Campbell)

point on the collar, a lead piece used to reinforce
wooden arms which have begun to loosen (Hadane,
1986: 163-4). Judging from these relative positions, the
anchor came to rest with the heavier stock flat and the
arms in the vertical position until the wooden elements
began to disintegrate, at which point the shank or arms
broke from the stock and came to rest flat down the
slope. Correcting for movement, the distance between
the stock and collar is estimated at 165 cm (Fig. 3).
Interestingly, Frost’s reconstruction of a removable-
stock anchor in Sicily has a nearly-identical measure-
ment between the stock-fitting and the collar (1972:
115). With the additional components above and
below the stock and collar, the overall length would
have been ¢.240 cm.

There is no surviving wood, nor evidence of the iron
or bronze ‘teeth’ often found fitted to the ends of the
arms, making the lead components the only remaining
pieces of the anchor. The stock measures 922 mm across
the top (as determined from its orientation to the collar
in situ) and 904 mm across the bottom. The ends are
¢.90 mm sided, while the centre is 115 mm at the shank-
block. The thickness varies between 32 and 43 mm
across its length. The stock weighs ¢.39.5 kg. The collar
measures 455 by 105 mm and varies in thickness from
37 to 45 mm. The fittings for the arms are ¢.120 X
75 mm, while the shank-fitting is 112 x 70 mm.

The arms exited the collar at a 28° angle relative to
the shank. Acute arm-angles are common on ancient
anchors (Haldane, 1986: 165). This is probably due to
the working weight of the anchor being located in the
stock. This drives the arms vertically into the ground
as the stock comes to rest parallel to the bottom. In
later anchors, constructed of iron with wooden or iron
stocks, the weight is centred at the crown. This results
in the arms coming to rest parallel to the bottom
with the stock in the vertical position. Pressure

Figure 3. Reconstruction of the Corfu Channel anchor
(scale: 1 m). (P. Campbell)

© 2012 The Authors. International Journal of Nautical Archaeology © 2012 The Nautical Archaeology Society 413
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exerted on the stock causes the anchor to cant, result-
ing in a fluke catching the bottom (Knight, 1833: 505).
These two conceptual approaches fundamentally
differ, resulting in separate anchor designs that are
identifiable by comparing physical characteristics.
Light-stock anchors require a wider angle to catch
when canted, while heavy-stock anchors do not
require flukes since the ‘teeth’ of the arms are driven
directly into the bottom.

Type IVB wooden anchors feature a removable lead
stock. Removable stocks have previously been found
only in isolation or with iron anchors, though other
evidence suggested that Type IV stocks were used on
wooden anchors. Use of removable stocks on wooden
anchors denotes a significant transitional phase in
anchor design and manufacture. The presence of a lead
collar indicates that the Corfu Channel anchor was
wooden, marking the first time a removable stock for a
wooden anchor has been found in context (Haldane,
1984: 9). The Type IVB differs from type IVA due to
the use of a stop or block to keep the shank in place,
as well as a hole for the anchor-line or buoy-line
(Haldane, 1984: 30-31). The block is offset to balance
the anchor, with the opposite end thinning to allow the
shank to be fitted over it. This thinner end is is
extended 7 cm further than the block end, which is
c¢.1 cm thicker along its length. The block partners with
a hole for a pin which would have kept the shank from
sliding off the stock. The lack of a pin on site implies
that it was organic, probably wooden, as Kapitin sug-
gests (1984: 38). The line-fitting is located at one end of
the stock and would have been used to disengage the
anchor from a hang or snag. The diameter of both
holes is 17 mm.

Discussion

Type IV lead stocks from archaeological contexts are
limited to iron anchors from the Punta Scaletta vessel
and have not previously been found with wooden
anchors (Lamboglia, 1964: 253; Haldane, 1984: 9).
Frost (1972: 114-16) discovered remains of a wooden
anchor designed to accept a removable stock, but no
stock was found on site. Similarly, a wooden anchor
from Elba had a fitting for a removal stock, but it is
fashioned for an unknown square-shaped stock (Mag-
giani, 1982: 63). Though no wood survives on the
Corfu Channel site, the lead collar attests to the Type
IVB stock being fitted on a wooden anchor.

The Type IVB wooden anchor is a significant tran-
sitional stage for wooden anchors. Removable stocks
are a clear divergence from wooden anchors with fixed
stocks which were filled with lead, such as a Type ITA
found on a rocky reef near the entrance to Lake
Butrint during the 2010 field season. This type dates
between the 5th and 2nd centuries BC (Haldane, 1984:
13). It consists of two lead pieces which were poured
into a wooden stock, and a lead collar (Fig. 4), as well
a fourth lead piece that appears to have been poured

into the shank. Even though this type is thought to be
the earliest form of lead composite anchor, Type ITA
anchors were produced until the 2nd century BC when
removable stocks and iron anchors were already in use.

Substantial developments took place in anchor
manufacturing around the 2nd century BC. Mariners
shifted to easily-stowable anchors by using removable
stocks on both iron and wooden anchors. In fact, stow-
able anchors were considered a major development
when re-invented as admiralty anchors during the 18th
century (Casson, 1995: 253 n.113). Removable stocks
on wooden anchors either mimicked contemporary
iron anchors or were designed to fit both iron and
wooden anchors interchangeably (Haldane, 1984: 9).
For this reason, the Type IV anchor is the final phase
of wooden anchor development, though it and earlier
wooden anchor designs would continue to be used
alongside iron anchors for several centuries.

Removable lead stocks were also the final develop-
ment of anchors with their working weight set above the
crown. Use of lead stocks declined with the arrival of
lunate-shaped anchors with iron or wooden stocks by the
Imperial Period (Casson, 1995: 253 n.114). The decline of
lead-weighted anchors could be due to issues with
sources of lead, or to improved ironworking (Haldane,
1984: 13); however two Hellenisticiron anchors found off
the coast of Israel suggest that that a shift toward crown-
weighted anchors occurred around the 1st or 2nd century
BC (Galiliet al.,2010: 143). The Hellenistic anchors were
found among a shipwreck assemblage with their remov-
able iron stocks stowed next to the shanks (Galili et al.,
2010: 126). The crown provides the working weight,
while the arms are set out from the shank at 90° before
angling outwards at 34°. Additionally, the ends of the
arms are slightly widened like proto-flukes (Galili et al.,
2010: 128), rather than narrowed like the teeth of wooden
anchors (Haldane, 1986: 166). The combination of these
physical characteristics; working-weight centred in the
crown, greater angle of arms, widening of the ends of
arm-tips, and lighter stock, all indicate that these anchors
were designed using the crown-weighted conceptual
approach. Casson notes that iron anchor arms become
lunate during the Roman Imperial period, but does not
connect this shift to the development of flukes during
the same period (1995: 253 notes 114, 116). The two
Nemi barge anchors included a wooden anchor with
a lead stock and a lunate iron anchor, which illustrates
this transition continuing into the 1st century AD
(Casson, 1995: figs 183-4). During the 3rd and 4th cen-
turies AD the presence of iron anchors increases in
archaeological contexts (Haldane, 1984, 13; Casson,
1995: 253 n.114).

Use of Type IVB stocks on both iron and wooden
anchors demonstrates the degree of variability present
during this period. Though a progression of lead com-
posite anchors can be generally traced (Haldane, 1984:
13), there were clearly multiple designs being produced
concurrently. Wood and lead composite anchors
appear some time around the 6th century BC (Benoit,
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Figure 4. Disconnected lead stocks, shank-filling and collar from a Type IIA anchor found during the 2010 survey. (H.

Phoenix and P. Campbell)

1961: 170), while iron appears at least by the Sth
century BC (Haldane, 1990: 23). Athenian naval
records mention iron and lead composite anchors
which date this practice to at least the 4th century BC
(Casson, 1991: 89: Casson, 1995: 256 n.131). Some
vessels, such as the Nemi barge and Hiero’s super-
freighter (Casson, 1995: 253 n. 115), carried both iron
and wooden anchors, as did more traditional merchant
vessels (Haldane, 1990: 23). Use of multiple anchor-
types indicates that certain types of anchors may have
been preferred in certain conditions. Haldane (1984:
33) suggests that lighter iron anchors were favoured for
everyday use. Stock-weighed anchors may have been
more effective in a soft sea-floor, such as the sandy
slope where the Corfu Channel anchor was found,
rather than rocky surfaces where the crown-weighted
anchors may be more effective. Anchors suited to spe-

cific conditions may explain the variability of examples
found on shipwrecks.

Conclusion

The Corfu Channel anchor provides physical evidence
of a significant transitional type whose existence has
been suggested by scholars for some time. The remov-
able lead stock was the culmination of wooden anchor
development, but ultimately wood’s use dwindled as
iron became prevalent. The use of wood and iron
anchors together demonstrates how the Type IVB
removable stock was a versatile product from a period
when variability was pervasive, illustrating just how
complex and mutable the past could be. Perhaps the
most significant aspect of the Corfu Channel anchor
is that it marks the end of the development of

© 2012 The Authors. International Journal of Nautical Archaeology © 2012 The Nautical Archacology Society
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stock-weighted anchors, as the preference for crown- Peter B. Campbell
weighted anchors increased. In fact, the victory of iron Centre for Maritime Archaeology, University of
over wood may have been more about the efficiency of Southampton, SO17 1BJ UK
crown-weighted anchors over stock-weighted anchors RPM Nautical Foundation, 7009 Shrimp Road,
than issues of the weakness or shorter durability of wood. Key West, Florida 33040 USA
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A Roman Nautical Lead Brazier: its decoration and origin, and
comparable coastal finds

ne of the most unusual technological artefacts and Galili, 2007; Galili et al., 2009; Galili and Rosen,
present on Roman ships was the lead brazier 2011, Galili and Rosen, forthcoming). These inge-
(Fig. 1). About 20 such braziers have been niously designed artefacts were invented in Antiquity,
recovered off the coast of Israel, most of them off the by master-craftsmen, to solve the problem of maintain-
Carmel coast, with others from off Tel Ridan, Ash- ing a cooking-fire at sea. Cooked food and warm
kelon and Yavneh-Yam (Fig. 2) (Galili and Sharvit, drinks are important in maintaining the health,

1996; 1999a; 1999b; 1999¢; Galili et al., 2000; Rosen stamina and morale of those aboard. But ships are
exposed to fire-raising winds, and carry flammable
materials such as wood, rope and sailcloth. Any acci-
dent involving a shipboard fire may end by destroying
the ship and everything aboard. The inventors of the
lead brazier aimed at mitigating such danger.

These artefacts are not known, certainly not in such
quantity and variety, from any other time and place in
Antiquity. None has ever been found on land, where it
could have been associated with a known cultural
context. Consequently there are unanswered questions
as to where, when and by whom these braziers were

= invented, designed and manufactured. This note
Figure 1. Cross-section of a nautical brazier in use. (E describes a decorated lead brazier, how it was manu-

Galili) factured, and the exceptional decoration, which will be
416 © 2012 The Authors. International Journal of Nautical Archaeology © 2012 The Nautical Archaeology Society

16



Appendix 3: Description of Known Rams

Fifteen waterline rams have been found from antiquity- eleven from the Egadi Islands- as well as
eight other bronze castings found in the sea that are potentially waterline rams or proembolion.
Proembolia were auxiliary rams that fitted over wale joints in the bow (Casson 1995:85) as seen in
Appendix 4, Figures 53 and 59. It appears that bronze was the preferred metal used for rams and
though Pliny and Vitruvius mention iron rams, these accounts are confusing and are most likely
describing other things (Casson 1995:85 n.40).!

Bronze was widely used in antiquity; however, it was expensive and it appears to be rare for

ship fittings. Shipwreck finds indicate that bronze was highly common as a cargo, both as ingots
and cast products. However, bronze used for shipbuilding is quite rare. Out of 1,785 published
Mediterranean shipwrecks in the Oxford Roman Economy database (Strauss 2013) building on
Parker’s Ancient Shipwrecks of the Mediterranean (1992), only 38 sites have bronze related to ship
construction, or 2% of the total, excluding warships (Strauss 2013). Of these, 27 used bronze or
copper in shipbuilding only for fasteners. The remaining eleven shipwrecks (0.6%) used bronze for
pulleys, bilge pump parts, anchor parts, fittings for furniture or the steering oar, sheathing, and a
single unidentified rod (Strauss 2013). The Trier fitting and a boat fitting sold at Christies auction
house are alone as examples of bronze decorative fittings (Gottlicher 1978:82; Christie’s 2004a;
Christie’s 2004b), shown in Appendix 4, Figures 73 and 80. However, use of bronze on warships is
widespread as the ram castings show. The high cost of bronze appears to have been prohibitive
for most shipbuilders, but its non-corrosive qualities necessitate its use for warships that require

castings at or below the waterline and survive impacts.

All of these bronze items found on shipwrecks are small objects, mostly fasteners or tools such
as pulleys or pumps that are small solid cast objects. In contrast, the rams and proembolia were
not simply the largest bronzes in shipbuilding, but they are the largest single cast objects in all
antiquity since statues were cast in multiple pieces (Mattusch 1988:24). The eight unknown
bronze fittings are likely from warships if one considers these casting in relation to the wider

context of bronze use for shipbuilding, specifically how uncommon it was outside of warships.

The majority of the rams are without context or associated cultural material to date them. Being
cast bronze, the only means to date them is either archaeological context or dating wood remains.

However, some information can be gleaned from the bronze casting.

Casting of bronze objects developed early in Mediterranean societies, but the casting of object
larger than figurines developed in the middle of the 6% century BC (Haynes 1992:11). Prior to

this, large objects such as armour or statues were hammered bronze sheet (Haynes 1992:22;

1 Pliny (Natural History 32.3) mentions “rams...[armed] with...bronze and iron” in a passage dealing with a mythical fish,
while Vitruvius (10.15.6) writes “hard iron ram like warships” referring to terrestrial battering rams made of iron, likely
not describing marine rams made of iron (Casson 1995: 85 n. 40).
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Courbin 1957:340). Literary evidence points to hollow casting being brought from Egypt to Samos
during the 6% century and archaeological evidence from Samos finds hollow cast Egyptian cats

in 6™ century contexts, as well as locally produced hollow-casting by the middle of the century
(Mattusch 1988:50 nn.56, 52). While there are some earlier finds, such as two hollow-cast birds
found at Delos in an 8t century context, these are rare and irregular (Mattusch 1988:51). It is in
Samos during the 6 century that casting developed distinctly, before spreading to the mainland
(Mattusch 1988:50). The two methods used in the ancient Mediterranean were direct and indirect

lost wax casting (Mattusch 1988:24).

Early bronze alloys were composed of copper and tin with trace elements; however, various
other alloys were developed rapidly to suit casting. Pure copper has a melting point of 1083° C
and it absorbs gases (Haynes 1992:83). Since the molten metal begins to cool as the pour begins,
higher melting point metals are more difficult to cast with, especially for larger castings. Copper
does not flow as well as alloys for this reason and it weakens around casting holes. The addition
of tin lowers the melting point to 1050° C at 7% concentration, or 1020° C at 10% concentration,
which provides a better and longer flow into the casting, allowing for larger castings.? The copper-
tin alloy also absorbs less gas for a higher quality cast and it possesses a higher tensile strength
(Haynes 1992:83). Hardness increases with the addition of tin, but above 10% tin brittleness also

increase; 15% tin is so brittle that statues could not be cast with it.

Tin was very costly, so early on bronze workers looked to other metals. Lead was cheap and it
lowers the melting point even further, as well as increase fluidity and absorbs less gasses. Leaded
bronze is also easier for cold working. However, lead does not form an alloy with copper and tin,
instead it pools in its own clusters. In small percentages of lead this is not an issue, but if the level
rises over a third of the total concentration then it is a threat to the “structural cohesion” of the
casting (Haynes 1992:83). Lead added to bronze is seen in the 6™ century BC, but in the 4" century
heavily leaded bronze become standard. Lead appears to first be used in significant quantities
(above 2%) by the Etruscans and Greeks in the west, not the mainland (Mattusch 1988:7, 71). By
the Roman Period leaded bronze is the “rule” (Haynes 1992:88).

Analysis of ancient bronzes unfortunately has a few issues that do not currently allow for a
chronology based on composition. First, analysis has only been done on a small sample per object,
but elemental composition varies across the entire artefact (Mattusch 1988:14). Second, while
many bronzes are known, only a selection have been analysed and several major pieces have not
(Mattusch 1988:14). This means that it is not yet possible to draw strong conclusions about date

or production location from elemental analysis (Mattusch 1988:15).

The early hollow cast objects were small, the largest statues from 550-500 BC were 2/3 the size

of a human (Mattusch 1988:59). The Ugento God statue from the Greeks in the west dates to

2 lron’s melting point is 1538° C, far exceeding copper and bronze alloys, and likely making it difficult to cast
large rams using the technology of the day, to say nothing of its corrosive properties in saltwater.
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FIGURE A3.1. THE BERLIN FOUNDRY CUP, A RED FIGURE VASE DATING TO 490-480 BC DEPICTING BRONZE
WORKERS AND THEIR TOOLS (COURTESY OF THE ALTES MIUSEUM)).

530-500 BC and it is 71 cm in height (Mattusch 1988:67), while the head of a youth dating to
550-525 BC in the Boston Museum of Fine at is 6.9 cm (Mattusch 1988:60). A late 6" and early

5t century bronze head of Zeus from Olympia is 17 cm, while the whole statue would have been
approximately a meter in height (Mattusch 1988:64). There are two life size statues sometimes
dated to 530-520 BC, a head of a warrior found on the Athenian Acropolis which would have been
1.7 m reconstructed and the Piraeus Apollo which is 1.91 m; however, some scholars argue it is

not from this period at all (Mattusch 1988:60). These early castings already show great detail.

The Berlin Foundry Cup (Figure A3.1), an Attic Red Figure cup, depicts the casting process for two
statues, one of which is the statue of a warrior twice life size (Mattusch 1988:102). Dating to 490-
480 BC, the cup demonstrates the rapid development of hollow casting since 550 BC and the ability
of bronze workers in the early decades of the 5% century to create larger castings. The Charioteer at

Delphi demonstrates the abilities of these large casters, dating to 478 or 474 BC (Mattusch 1988:127).
The development of bronze casting relates four general conclusions about casting rams:

1) The iconography predating zoomorphic prows also predates hollow casting, meaning that- if
sheathed- these bows would have been covered in hammered bronze sheet similar to the earliest
statues (Haynes 1992:22). This would be ineffective at dispersing impact force (Mark 2008:264),
but this fact does not mean it was not attempted. However, prows sheathed with bronze sheets

is speculation based on attempting to explain iconography (cf. Casson 1995:64), but bronze
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sheathing has not been found in a maritime context; only a single 2" century BC Roman vessel
uses copper sheathing (Strauss 2013). Lead sheathing did not appear until the 5" century BC after
lead became widely and cheaply available, and it was only used until the 1** century BC when the
price of lead once again increased (Hocker 1995a:199, 201); copper never became so affordable.
The use of bronze sheathing for warships in the 6" century appears to be an archaeologist’s
construct to explain the possibility of early rams, though no warships have been found in the

archaeological record to prove either way.

2) By the start of widespread ramming following the Battle of Alalia in 540-535 BC, casting was
well developed in both Greece and its western colonies. For example, Samos developed hollow
casting of the Greek style and the highly regarded bronze artist Pythagoras may have been Samian
and fled to Zancle in the west with the exiles (Mattusch 1988:186). Phocaea likewise had a highly
regarded artist named Telephanes (Mattusch 1988:188). Samos, Corinth, Athens, and Aegina all
had highly regarded navies and advanced bronze casting by 540-535 BC. Therefore, at the advent

of ramming as a tactic, the major players all had the ability to cast rams.

3) The earliest rams would most likely have been quite small. Statuary remained small until the
early 5" century BC, and so it is possible to argue that the casting abilities of the time would have
led to the first cast rams only covering the very end of the prow. Based on findings from statuary,

the ability to manufacture large single-cast rams would have developed circa 490-480 BC.
4) High lead content (over 5%) in bronze casting relates to a post-4™ century BC date.
1.1 Actium Fragment

Following the victory over Mark Antony and Cleopatra at Actium in 31 BC, Octavian Augustus

founded the city of Nikopolis and built a monument (Murray and Petsas 1989). The monument

was constructed with a facade fitted with captured rams of different magnitude (Appendix 4,
Figure 72). While excavating the
ram mounted in the facade, a large
fragment of bronze was discovered
(Varoufakis 2007).

Though the fragment does little

to reveal the design of the ram it
was a part of, coinage and a marble
ram from the Actium monument
(Appendix 4, Figure 71), as well

as iconographic depictions and
historical accounts of the battle

make it clear that the Actium rams
FIGURE A3.2. BRONZE FRAGMENT LIKELY BELONGING TO A RAM

FROM THE ACTIUM MONUMENT (VAROUFAKIS 2007:344). were three-finned rams.
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1.2 Actium Proembolion (British Museum)

This bronze casting was dredged up from the outer bay of Actium in 1839 and later donated to the
British Museum (Leake 1843:246). The casting is designed to fit over two timbers coming together,
such as the proembolion capping the wales in the Berenike mosaic (Appendix 4, Figure 59). It is

decorated with a figure of Minerva, in a 2"-1° century BC style (Gottlicher 1978:82).

Despite lacking context, this casting reveals quite a lot about ancient warships as the only known
proembolion. An in depth study has never been undertaken and the museum assumes the fitting
is from a small vessel (Walters 1899:no0. 830); however, calculating its dimensions shows that

it could have come from a sizeable vessel. The main wales on a Hellenistic merchant ship are
generally two times the thickness of the strakes, such as the Kyrenia ship (Steffy 1985:79). The
Athlit warship had a wale 2.4 times the thickness of its strakes (Steffy 2006:59). Warships are
depicted as having several wales and upper wales decrease in size (Appendix 4, Figure 39). On the
Kyrenia ship, the upper wale was 1.5 times the thickness of the strakes (Steffy 1985:79). Using

these figures, a general idea of the possible dimensions of the Actium vessel emerges.

Conservative estimates can be generated by assuming the casting covers the entire wale, though
if it did not then these dimensions would be larger. The Actium proembolion likely fitted to wales
between 12-19.2 cm moulded with strakes from 5-12.8 cm (Table 4.8). The proembolion’s sided
dimension is considerably smaller than the Kyrenia ship’s wale dimension at amidships, but it

is important to remember that dimensions can become constrained at the bow. If the Actium
vessel’s upper wales were the same dimensions as its waterline wale, then the vessel is likely the
same class as the Egadi warships. If the wales decrease in size as the progress from the waterline
wale, then the Actium vessel was larger. A ship model from Vulci and a coin of Darius Ill from

the 4™ century BC both show three upper wales that decrease in size as they progress upwards

FIGURE A3.3. THE ACTIUM PROEMBOLION IN THE BRITISH MIUSEUM (BRITISH MIUSEUM)).
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Wale Dimensions Sided (cm) Moulded (cm)

Actium Wale Pockets 13.0 8.0

Egadi 3 Wale Pockets 15.0 10.0

Egadi 4 Wale Pockets 15.0 9.0

Athlit Wale Pockets 24.0 10.0

Athlit Wales 24.0 18.0

Athlit Strakes N/A 7.5

Kyrenia Wale Dimensions

Lower (amidships) 21.5 8.0

Upper (amidships) 22.7 6.1

Kyrenia Strakes N/A 4

Actium Estimated Wale Size

High 13.0 19.2

Middle 13.0 16.0

Low 13.0 12.0

Actium Estimate Strake Size High Middle Low
High N/A 12.8 9.6 8.0
Middle N/A 10.7 8.0 6.7
Low N/A 8.0 6.0 5.0

TABLE A3.1. DIMENSION OF POTENTIAL TIMBER SIZES BASED ON THE ACTIUM VESSEL’'S WALES (AUTHOR).

(Appendix 4, Figure 39), as well as each wale having a chambered top edge which is also evident
in the Actium casting. Though proembolia appear to have come in several different designs, the
Actium casting’s form appears to correspond with covering the upper wale on a warship, possibly

on a trireme or larger.
1.3 Acqualadroni Ram

The Acqualadroni Ram was found in northern Sicily near the Strait of Messina. A swimmer
spotted the ram and there were no associated artefacts are ship remains in the area. The ram
fits the design of a three-finned ram similar to the Athlit Ram. It is 1.35m in length and weighs an
estimated 300 kg (Buccellato and Tusa 2013:2). Radiocarbon dating revealed a date of the mid-
2" century BC. The ram is composed of a bronze alloy that is 69% copper, 20% lead, and 9.7% tin
(Caruso et al. 2011:552). Lead isotope analysis revealed that the lead was likely either a Spanish
or Cypriot source. Several publications have come out providing analysis of the ram (Caruso et al.
2011; Frank et al. 2012; Buccellato and Tusa 2013).
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FIGURE A3.4. THE ACQUALADRONI RAM DURING RECOVERY (SOPRINTENDENZA DEL MARE 2009).

1.4 Athlit Ram

The Athlit Ram was discovered off the coast of Israel. It is the largest ram yet found, it has the

best preserved wooden structure, and it is the most well-published (Casson and Steffy 1991; Oron
2001; Oron 2006). The ram is 2.26m in length and weighs 465kg (Steffy 1991:11). It dates to the 3™
century BC, scholars hypothesize the reign of Ptolemy V due to its decorations (Murray 1991:66).
The ram is composed of a bronze alloy that is 90.4% copper and 9.78% tin with only trace amounts

of lead (Oron 2006:72).

FIGURE A3.5. THE ATHLIT RAM AS IT IS CURRENTLY ON DISPLAY (UNIVERSITY OF HAIFA).



INNOVATION AND TECHNOLOGICAL CHANGE IN THE ARCHAEOLOGICAL RECORD

1.5 Belgammel Ram

The Belgammel Ram, formerly known as the Fitzwilliam Ram, was discovered off the coast of
Libya. It is 64cm in length and weighs 19.7kg, making it a small casting (Adams et al. 2013:3). It
features a three-finned design like the Athlit ram at its front, but the stern attachment is unlike
any other ram known to date. Analysis shows that the ram dates to the first to centuries BC and

is composed of a bronze alloy that is 87% copper, 7% tin, and 6% lead (Adams et al. 2013:14). The
consensus is that the casting is a proembolion (Pridemore 1996:94; Adams et al. 2013:4), though
it is a different design from the Actium proembolion and most iconography. It may have fitted on a
volute bow, which could have accommodated the strange design of the casting (such as the volute
bow in Appendix 4, Figure 69). It is possible that it is a decorative bow ornament for a small vessel,
attached in the manner of Basch (1987:Fig. 867; Pridemore 1996:92).

FIGURE A3.6. THE BELGAMMEL RAM AFTER ITS DISCOVERY IN LIBYA (ADAMS ET AL. 2012: 2).

FIGURE A3.7. BASCH’S INTERPRETATION FOR ATTACHING THE BELGAMMEL RAM (PRIDEMORE 1996: 91
AFTER BASCH 1987).
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1.6 Bremerhaven Ram

The Bremerhaven Ram was purchased from the Nefer Galley, a Swiss antiquities dealer (Pridemore
1996:63). The ram has an unknown find spot; however, the Nefer Gallery deals primarily in
antiquities originating in Egypt (Pridemore 1996:63), though a representative of the gallery told
Pridemore that it might have come from Levantine coast (1996:64). The ram is a three-finned
design similar to the Athlit Ram, but it is small, 43.8cm in length and weighing 53 kg (Varoufakis
2007:458). Pridemore estimates the ram’s date as the second half of the 2" century BC to the 1*
century BC based on iconography (1996:72). A study of the ram is soon to be published by the

Bremerhaven Maritime Museum, but there is no publication currently available on the ram.

FIGURE A3.8. THE BREMERHAVEN RAM (BREMERHAVEN MARITIME MUSEUM).
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1.7 Egadi Rams (1-11)

Eleven warship rams have been found off the Egadi Islands in Sicily, along with bronze helmets,
amphoras, ballast stones, and other 3™ century artefacts (Tusa and Royal 2012). Spread over

250 square kilometres that is being surveyed and excavated annually, the artefacts constitute an
assemblage from the Battle of the Egadi Islands. This was the decisive naval encounter of the First
Punic War, which gave Rome victory at sea over the Carthaginians. This firmly dates the deposition

of the Egadi Rams to 241 BC.

There are ten rams with Roman inscriptions and one with a Punic inscription (Tusa and Royal
2012). All have the same design, following the Athlit-type. Two rams have wooden remains of
bow structure on their interiors, while four rams have wood from enemy vessels stuck in their fin
pockets. Two of the rams are split into fragments and all eleven show damage from head to head

ramming.

The Rhodes Archaeological Museum contains a fragment from a marble statue that is slightly
smaller to the Egadi Rams. Though missing 5-10 cm due to damage, 55 cm survives of the driving
centre, which undamaged would have been slightly larger (Gottlicher 1978:69; Appendix 4, Figure
61). This compares to 58.8 cm driving centre the on Egadi 1 ram or 59.5 cm on the Egadi 5 ram.
The Rhodes fragment is 26 cm wide, which compares to Egadi 1’s 39.7 cm width and Egadi 5’s 31.5
cm width. The marble fragment most likely depicts a trihemiola, which was the Rhodian vessel of
choice in the 3™ century BC (Morrison 1995:122). This suggests the Egadi Rams are triremes due

to their dimensions close proximity to the trihemiola, a slightly smaller version of the trireme.

FIGURE A3.9. THE EGADI 9 RAM (COURTESY OF WILLIAM MURRAY).
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1.8 Follonica Ram

A recent article mentions an unpublished ram recently found at Follonica, Tuscany, in Italy
(Buccellato and Tusa 2013). At this time there are no photographs or drawings, only a description
stating, “Although this ram is similar in form to the other [sic], given its modest size and its crude
manufacture, it would seem to be one of the first three-finned rams, belonging to a pentecontor”
(Buccellato and Tusa 2013:10 n. 3). As this chapter will explore later, it is highly unlikely to have

come from a pentecontor.
1.9 Kanellopoulos Ram

The Kanellopoulos Ram is bronze casting for a ships’ bow. Found at Drepena in the Gulf of

Corinth by a collector, the ram has no context and has been dated solely through relative means
(Varoufakis 2007:455). The ram is zoomorphic, though the creature it is depicting is unclear. At 35
cm in length and weighing 4.165 kg (Calligas 1996:136), the casting has traditionally been thought
to be too small to be a waterline ram and therefore supposed to be a late Hellenistic proembolion
(Murray and Petsas 1989:103; Pridemore 1996:101). There are a few issues with this hypothesis

and the author argues that it is more likely a waterline ram.

FIGURE A3.10. THE KANELLOPOULOS RAM, WHOSE DESIGN SUITS COVERING A KEEL AND STEM, A
DIFFERENT DESIGN FROM THE ACTIUM PROEMBOLION (FIGURE 4.12), WHICH IS DESIGNED TO COVER THE
WALES (AUTHOR).
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FIGURE A3.11. THE ANGLE EXITING THE KANELLOPOULOS RAM FITS THE ATHLIT RAM’S BOW STRUCTURE,
THOUGH THE ATHLIT BOW IS CONSTRUCTED ON A FAR LARGER SCALE AND EXTENDED MUCH FURTHER, AS
SHOWN IN THE FIGURE (AUTHOR).

Dating of the casting is complex since no wood survives for radiocarbon dating. Brouskari argues
that it dates to the early Classical period (1985:46)- a period variously dated as starting 510 BC or
479 BC- while the others argue for the Hellenistic period (Murray and Petsas 1989:103; Pridemore
1996:101; Calligas 1996:136; Varoufakis 2007:458). Without archaeological context or dateable

organics, dating of the Kanellopoulos Ram falls to other evidence.

Stylistically, the Kanellopoulos Ram depicts a creature with incisors, canines, and molars, a
uniquely mammalian set of teeth, as well as a tongue with the ability to extend, that discounts a
crocodile (Pridemore 1996:104) or a shark (Calligas 1996:136). It could be a sea creature- mythical
or real- though the casting’s eyes fit with Greek depictions of mammals rather the perfectly

round eyes of sea creatures (Carlson 2009:357). While it is not clear what the casting is meant to
depict, its features indicate terrestrial mammals such as a boar, lion, bear, horse, or dog. Both lions
and horses are commonly portrayed in Greek sculpture from the Archaic Period onwards with

furrowed snouts and their tongues extended (Boardman 2011:69).3

The ram is composed of a bronze alloy of 85.5% copper, 10.5% tin, and 3.6% lead (Varoufakis
2007:454). Heavily leaded bronzes appear in the late 4" century BC (Haynes 1992:87-88), such as
the British Museum Actium proembolion dating to 31 BC, which has a composition of 79% copper,
16.8% lead, and 1.78% tin (Craddock 1986:59). The Kanellopoulos casting’s elemental content

fit closer to a 6% to 5% century date when ~3% lead was used by western Greek colonies in the

6™ century and the mainland in the 5" (Mattusch 1988:7). 530-490 BC is also the period where

zoomorphic waterline rams are seen found in iconography (i.e. Appendix 4, Figures 26 and 30).

3 Early coins issued by cities such as Miletus and Knidos among the lonian city-states that developed
ramming feature snarling lions. While the symbol of Samos was a boar and their rams are said to feature
boars’ heads, perhaps other city-states had vessels with rams depicting other creatures. The only historical
description of rams from the zoomorphic ram period describes those from Samos, leaving a gap as to
whether other cities states depicted boars or other creatures.
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FIGURE A3.12. PROFILE OF THE KANELLOPOULOS RAM (CALLIGAS 1996:139).

Due to its size, could it be a 6™ or 5 century proembolion? This is unlikely, as the proembolion
appears to be a Hellenistic invention. If one accepts that Kanellopoulos Ram is designed to

accept a keel and stem, then it predates 398 BC and the arrival of head to head ramming. The
proembolion does not appear in direct or indirect evidence until the 4" century BC and its
functionality comes as support for the new acute angle attacks. The first reference to proembolia
is IG 11 1614.27-30, dating to 353/2 BC (Casson 1995:85). It requires at least a two-decked vessel,
as it protects the wale that supports the deck on which the second set of rowers sit during head
to head attacks. This explains why it is not seen on the single decked aphracts of the 6% century
BC (Appendix 4, Figure 26). If we accept proembolia as a functional technology to protect the wale
during ramming, then it does appear until after the advent of head to head ramming and indeed it

does not appear in archaeological and historical evidence until c. 350 BC (Appendix 4, Figure 49).

Murray and Pridemore argue that the Kanellopoulos Ram is too small to be functional as a
waterline ram and it is therefore a Hellenistic proembolion (Murray and Petsas 1989:103;
Pridemore 1996:104). Varoufakis likewise argues for the Hellenistic period, but he is cautious
not to exclude the possibility that it could be a functional ram for a small vessel (Varoufakis
2007:458). The Roman proembolion hypothesis argues that a 1% century relief in the Vatican
Museum showing a crocodile proembolion, which authors see as parallel to the Kanellopoulos
casting (Pridemore 1996:104; Appendix 4, Figure 69). However, it does not have the design of a
proembolion. Upper rams covered the seam of the wales where they met in the bow, meaning

a proembolion must have wide troughs on the sides, as well as having little or no protrusions on
the top and bottom to interfere with the stem. The British Museum Actium fitting is an excellent
example of how a proembolion was designed to attach to the wales (Figure 4.12). Instead, the
Kanellopoulos Ram flares at the bottom and top (Figure 4.21), where a keel and stem would enter.
The sides are completely missing any attachment or protection for wales. In fact, super-imposing
the Kanellopoulos Ram on the Athlit ram’s bow assembly reveals that the ram matches the angle

of entry of the keel and stem, though the two ships are built on very different scales (Figure
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FIGURE A3.13. SCHEMATIC OF THE KANELLOPOULOS RAM (CALLIGAS 1996: 138, 141).

4.20). Due to the attachment of wooden elements, the Kanellopoulos Ram is unlikely to be a

proembolion, but a waterline ram.

The bronze composition is not a conclusive indicator, but it points toward a date prior to the

4t century BC. It is also important to remember that hollow casting began during the mid-6%
century BC and these castings were quite small for the first fifty to seventy-five years (Mattusch
1988:59), so warship ram would not likely have been able to be cast very large. While overall the
Kanellopoulos casting is small in length, it is a strong bronze alloy (Varoufakis 2007:458) and with 4

mm thickness in certain areas (Calligas 1996:136), the casting is heavier built than statuary.

Interpretations of the Kanellopoulous Ram have largely been driven by the preconceived

notion that it is too small to be a waterline ram, so it must be a Hellenistic period zoomorphic
proembolion (Pridemore 1996:101; Murray and Petsas 1989:103). But notions of ram size may be
biased based on the large Hellenistic period warships found in the archaeological record, such as
the Athlit Ram. Archaic and Classical period rams may have been quite small, only covering the tip
of the ship’s prow, due to the casting abilities of the time and the price of bronze. The lead content
of the Kanellopoulous casting does not fit the Hellenistic period, at least if it was a proembolion,

but there is little other evidence that may provide a date.

How large might the Kanellopoulos vessel have been? At 10-15 cm, the keel of the Kanellopoulos
vessel would have been comparable to the fifteen meter long Kyrenia vessel, which had a keel of
10-13 cm (Steffy 2006:43). In fact, the narrowing Athlit ram keel was 6-8 cm where it fitted the
baseplate, though obvious it tapered outward significantly (Steffy 1991:17). Indeed, size is not a

functional hindrance when ramming, as a smaller point more effectively transfers force. Though
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relatively small, the Kanellopoulos Ram has the features of a waterline ram that accepted keel
and stem timbers. It was a strong alloy and, if it dates to the 6™-5" centuries BC, then its size
matches the casting capabilities of the time. This casting may represent a zoomorphic ram early
in development, even if not designed for a larger warship from the period such as a bireme or

samaina.
1.10 Koln Casting

Almost nothing is known of this bronze casting. It was sold by Christies Auction House in 2004
on behalf of the Axel Guttmann Collection of Ancient Arms and Armour, purportedly acquired by
Guttmann in 1992 (Christie’s 2004a). The bronze casting is 43.5 cm long and 35 cm in height. The
casting had wood remaining on the interior, which was studied and said to be carob (ceratonia

siliqua), which grows primarily in the Mediterranean region (Brather 1994).

The casting has two decorations, a hoop in the form of a dolphin and a phallus. The hoop is similar
to one on the Belgammel Ram (Figure 4.15), though the Belgammel hoop is interpreted as a

bird. The function on both rams is unclear. The phallus decoration is unique among the known
rams, though there are many explicit analogies to rams and phalluses in ancient sources (i.e.
Aristophanes 2003:line 1224). The presence of the phallus also belies the penetrating nature of
this casting and implies that it is in fact a ram, though quite different from the Athlit-type three-

finned rams found elsewhere.

Christies dated the casting to the 1% to 2" centuries AD based on iconography. If the casting is in

fact a ram, then the design would fit /iburnian type rams, which were used from the 3™ century

FIGURE A3.14. THE KOLN CASTING (CHRISTIE’S 2004A).
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BC through 2" century AD. The most famous depiction of this type of ram is Trajan’s Column
(Appendix 4, Figure 83), but also found on models and other iconography (Appendix 4, Figures
64, 77, 81). While its design is different, the Koln casting has similar ramming properties as the
Phanagoria casting (Figure 4.24). The Koln casting is most likely a liburnian-type ram from the 2™

century BC to 2™ century AD.
1.11 Phanagoria Casting

A vessel was found in shallow water off the ancient Black Sea city of Phanagoria. It has not been
published yet, though archaeologists have revealed quite a bit of information through media
outlets. The vessel measures 16 m in length and 3 m beam, as well as has a bronze casting in the
bow of the vessel (Figure 4.24) (Popular-Archaeology 2014). Though the casting was not found
attached the vessel’s bow timbers, communications with the excavating archaeologists indicates

it was excavated directly in front of the vessel, oriented correctly, and it was located on a strata
matching the vessel, meaning the casting does match fit this vessel. The site can be dated to 89-60
BC based on pottery and dendrochronology (Popular-Archaeology 2014). Researchers suggest it

fits the reign of Mithradates VI, who sent a fleet to Phanagoria when it revolted in 63 BC.

The design of the Phanagoria casting is different from the Athlit-type rams. Could the Phanagoria

casting be a ram or is it a cutwater? Cutwaters were very common on merchant ships, as shown

FIGURE A3.15. BRONZE BOW FITTING FROM PHANAGORIA; IT IS ON ITS SIDE, THE KEEL IS ON THE RIGHT
AND THE STEM WOULD HAVE ENTERED ON THE LEFT (POPULAR-ARCHAEOLOGY 2014).
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FIGURE A3.16. IMAGE OF THE PHANAGORIA SHIPWRECK (POPULAR-ARCHAEOLOGY 2014).

by over half of the merchant ships on the Althiburus Mosaic having cutwater bows (Appendix

4, Figure 84), as well as archaeological remains like the Madrague de Giens shipwreck (Pomey
1982). However, bronze was expensive and castings for cutwaters are not known in either the
archaeological or historical record; the well-funded Madrague de Giens vessel did not have a
casting (Pomey 1982). As mentioned earlier, out of 1,785 published shipwrecks, only warships had
large bronze castings (Strauss 2013a). This does not exclude the possibility that the Phanagoria
artefact is a bronze cutwater; however, it would be the first known in the archaeological and

historical record.

Notably, the casting displays the sunburst and crescent symbols (Figure 4.26). Mithradates VI of
Pontus issued coins featuring these two symbols together (Appendix 4, Figure 68). The starburst
is the symbol of kingship. It is also found on the sides of the Athlit Ram’s cowling (Figure 4.49). A
coin from the Black Sea region offers intriguing questions (Appendix 4, Figure 82). It was struck
by Asander, archon and later king of Bosporus, in 47-43 BC (CNG 2014). The coin clearly shows

a three-finned ram; however the coin is an overstrike of a coin issued by Mithradates VI with a
starburst symbol- the same symbol as on the Phanagoria casting. Of further interest, Asander’s
ram depicted on the coin has the starburst symbol on its wale pocket. The starburst was the
mark of kingship by the Mithradates, Asander, and the Ptolemies and all put it on their rams. This
suggests that when the starburst appears on the Phanagoria Ram that it is a royal vessel such as a

warship, not a merchant vessel with a bronze cutwater.

Mithradates sent vessels to quell an uprising at Phanagoria in 63 BC (Abramzon and Kuznetsov
2011). The vessel excavated at Phanagoria fits well with what is known of Mithradates VI’s navy.

Appian states that it was composed of “300 cataphracts and 100 biremes” largely supplied by
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FIGURE A3.17. CLOSE UP OF THE DECORATION ON THE PHANAGORIA FITTING (LIVE SCIENCE 2013).

pirates (Casson 1995:124; Appian, Mithradates 17) while Memnon states Mithradates was using
“no small number” of penteconters in 74 BC (Casson 1995:124 n. 98). The terms penteconter and
lembos are used interchangeably by at least one ancient author and Casson argues it would be
more understandable if Mithradates had lembos in the 1% century BC rather than penteconters
(1995:124 n. 98).

Since bronze cutwaters are not known on merchant ships in the archaeological, historical, or
iconographic evidence, the vessel likely represents a small warship such as a liburnian, lembos,

or pristis. The warships were not fitted with three-finned Athlit-type rams, but elongated rams

of a later design, which can be seen on Trajan’s Column (Appendix 4, Figure 101). DZino argues
that the pristis was fitted with a bronze covered cutwater and the lembos was the same type of
vessel without a bronze cutwater (2003: 24). These vessels were used interchangeably for war and
transport of goods. They held up to 30 rowers and were approximately 15 m in length according
to estimates (DZino 2003: 35), which fits the dimensions of the Phanagoria vessel. Since the
Phanagoria vessel is unpublished, it is necessary to wait the researchers findings, but the vessel

appears to offer insight into a later design of rams that was introduced after the three-finned ram.
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1.12 Piraeus Ram

The Piraeus Ram was found by a fisherman off Cape Artemision northern Euboea and sold to

a businessman, Vassilis Kallios, who recognized its archaeological value and donated it to the
Piraeus Archaeological Museum (Steinhauer 1994: 39). The Piraeus Ram follows the design of the
Athlit Ram, but it has been split in half, likely due to a ram-to-ram strike. The fragment weighs
36.7 kg (Varoufakis 2007: 453). The ram is composed of a bronze alloy that is 86.5% copper and
11.72% tin (Varoufakis 2007: 454). It has been variously dated from Classical (Steinhauer 1994:
39) through the beginning of the Hellenistic era (Steinhauer quoted in Varoufakis 2007: 453). The
lack of archaeological context or wood remains for radiocarbon dating means that dating relies on

comparison. A full study of this ram has not been conducted or published.

FIGURE A3.18. THE RAM FOUND OFF ARTEMISION AND CURRENTLY IN THE PIRAEUS MIUSEUM
(STEINHAUER 2001).
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1.13 Turin Ram

The Turin Ram was dredged from
Genoa harbour and is current

on display in the Turin Armoury.
It measures 55cm in length and
for this reason it is generally
considered to be a proembolion
(Torr 1894:65; Murray and Petsas
1989:103; Pridemore 1996:99). It

is in the form of a boar’s head with

a plain sheathed stern section that
FIGURE A3.19. THE TURIN RAM (TURIN ARMOURY 2014).

connected to a wooden beam.
The Turin Ram is difficult to date. No wood remains for radiocarbon dating and the bronze has
not been analysed. Torr estimates a date of 50 BC based on zoomorphic proembolion during the
Hellenistic Period (Torr 1894:65). Pridemore is more cautious and simply estimates the 3" century
BC through 1 century AD (Pridemore 1996:99). Were the ram not found in a maritime context
then it would be easy to suggest it is a battering ram, as the attachment for its wooden elements

is closer to the Olympia krios than the British Museum Actium proembolion.

1.14 Silifke Ram

FIGURE A3.20. DIVERS RECORDING THE RAM, WHICH LIES ON ITS SIDE WITH THE FORWARD END FACING THE
DIVERS (CURRENT WORLD ARCHAEOLOGY).
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A ram was discovered off Silifke, Turkey, in 2015, but little has been reported outside of the media
(Current World Archaeology 2015). Until an academic report is published, it is difficult to gauge
the information about the ram, since it is reported as iron. The article speculates that the ram was
fitted to a bireme and could date between the 8" to 4™ centuries BC. The ram is damaged, but
the condition is not what one would expect from iron, suggesting it may be a low quality bronze
alloy. It appears to be quite different from the Athlit-type rams with the attachment most closely

resembling the Phanagoria Ram.
1.15 Non-Naval Battering Rams

A bronze ram was found at Olympia, Greece, during archaeological excavations in the 1950s. The
ram is a battering ram for attacking cities under siege, though many researchers have speculated
about the connection between terrestrial krios and maritime embolos (Pridemore 1996). It

was found in a trench near the stadium and may have been a dedication. Currently located in
the Olympia Archaeological Museum, the ram is relatively dated by its decoration, thought to
correspond to the first half of the 5™ century BC (Sekunda 1994:187).

It is cast bronze, measuring 24.2 cm high and 25.2 cm wide. The opening in the back would have
fit a straight timber approximately 22 cm by 8 cm (Campbell 2006:41). The ram has a central blade
similar to naval rams, but also five points on each side. Campbell posits that the triangular points
may have been designed with the intent to break through mud brick (Campbell 2006:41). On its

side it is decorated with a ram head motif.

FIGURE A3.21. THE BATTERING RAM (KRI0S) FROM OLYMPIA (RICHARD MORTEL).
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The Olympia ram is an excellent example of a Greek krios and the conceptual approach of
battering, compared to the warship rams we will examine in the discussion. Similar to the Turin
Ram, the Olympia krios does not flare at the back to accept wales, but instead has a straight run

aft to fit a single straight timber.

Was the development of terrestrial krios connected to maritime embolos? Diodorus Siculus
(12.28.3) writes in the 1% century BC that Pericles and his engineer Artemon of Clazomenae was
the first Greek to use a battering ram against a city when he attacked Samos in 440 BC; however
Plutarch casts some doubt on this story when he likewise told it based on papers from Greek
historian Ephorus (Plutarch Pericles 27). Ascribing innovations to great men was commonplace,

as seen in Chapter 3. Another problem was later authors projecting the technology of their day
back to the 5t century BC, including Pausanias and Cornelius Nepos (Campbell 2006:41-42).
Egyptians may have used rams as early as the 12t century BC (Whitehead and Blyth 2004:79), the
Assyrians and Persians had been using rams for sieges since 850 BC (Campbell 2006:47), and the
Carthaginian are purported to have “invented”- read used- battering ram at the siege of Gades
(modern Cadiz) circa 500 BC (Whitehead and Blyth 2004:79), so it would be a surprise if the Greek
were not cognizant of them prior to 440 BC. This means that the krios appears many decades after

the maritime ram.

It appears that it was convention to shape the head or fit a casting in the shape of a ram’s

head, such as the battering ram depicted on Trajan’s column (Campbell 2006:42). Both the
name krios and this imagery suggest a specific functional use as battering in the manner of the
animal. Though writing much later in 209 AD, Tertullian writes, “the ram...the timber machine
which serves to break walls...appreciated the power of the machine like the anger of the beast
that asserts itself with its head” (Tertullian De Pallio 1.3; Campbell 2006: 46). This contrasts
linguistically to the embolos and rostra. There appears to be a connection between linguistics,
imagery, and functional technology. Honor Frost noted this, stating, “The boar’s tusks attack
the soft underbelly of his prey; so do rams that curve upwards from the keel. Lion’s heads and
trident-daggers adorn the rams that spring from the wales” (Frost 1975:227). It must be noted
that Thucydides uses the word embolos to describe Spartan battering rams at Plataea in 429 BC,
though his preferred word appears to be méchanai or machine* (Campbell 2006:42), and the
Olympia battering ram without the points bears a striking resemblance to the naval rams depicted

in iconography from the same period.

4 Machine in Greek meant “stratagems, devices, artificial means by which man was able to infringe the laws
of nature” (Garlan 1994:682).
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As survey and excavation has been continuous on the Egadi site, from 2011 to present shore-
based research has focused on analysing the battle site artifacts (Tusa and Royal 2012). Under
the auspices of the project directors, Peter Campbell has coordinated analysis providing basic
quantitative measurements of the warship rams such as weight and dimensions, metal analysis,

and provenience data.

The approach to this analysis was adopted from the University of Southampton, which developed
a methodology for analysing ancient bronze castings during the study of the Belgammel Ram
(Adams et al. 2012). A series of tests were tried so that best practice could be identified. This
practice was followed for the Egadi Rams using several of the same team members (lan Croudace

and consultation by Nic Flemming and Jon Adams).
The results of the analysis will be published in an upcoming article in Analytical Chemistry.
3D Recording

Structured light was chosen a 3D scanning method to provide high-resolution models. In 2011

a team from University of Kentucky scanned the Egadi 3 ram (Tusa and Royal 2013: 17). In 2013
Breuckmann GmbH provided an academic loan grant of a SmartSCAN structured light scanner. This
partnership with industry provided one the highest accuracy 3D scanner currently available on the
market. The scanner was high resolution and the author settled on a rapid setting that offered an

average accuracy of 25 microns. Eight of the Egadi rams were scanned using this system.

FIGURE A4.1. A STRUCTURED LIGHT SCAN IN PROGRESS ON THE EGADI 5 RAM (AUTHOR).

39



INNOVATION AND TECHNOLOGICAL CHANGE IN THE ARCHAEOLOGICAL RECORD

FIGURE A4.2. THE 3D MODEL OF THE EGADI 8 RAM (AUTHOR).

Reflectance Transformation Imaging (RTI) was conducted on four rams that have incised
inscriptions. RTIl uses polynomial texture mapping to create surface renders accurate to a few
microns, allow for the reading of weathered or damaged surfaces. The rams’ inscriptions are

an important source of information and the RTI data was shared with the project’s epigraphy

specialists.

Weights

Each of the rams was weighed with a digital scale, the first time Egadi Rams Weight in kg

that accurate weights were recorded for the rams. Note that 1 167.8

Egadi 3, the single Carthaginian ram, weighs more than all the 2 75.5

Roman examples. The weights are as follows. 3 184.5
4 130.5
5 57.4
6 154.0
7 141.4

TABLE A4.1. WEIGHTS OF THE EGADI RAMS (AUTHOR). 8 164.1

Metal Analysis

The castings were then examined for their metallurgical properties. Each ram was weighed

with the complete rams weighing between approximately 130 and 190 kg. Metal sampling was
overseen by Professor lan Croudace on nine of the rams. This consisted of delicate sampling
using a jeweller’s saw or small drills. These samples were analysed at the National Oceanography

Centre (UK) using a range of analytical procedures including an EAGLE Il micro X-ray fluorescence
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FIGURE A4.3. CONDUCTING 3D COMPUTED CT TOMOGRAPHY OF A FRAGMENT OF THE EGADI 2 RAM
(AUTHOR).

spectrometer and a LEO scanning electron microscope to investigate elemental and metallurgical
textures. A Thermo NEPTUNE MC-ICPMS was used for high precision lead isotope analysis.
Micro-XRF analysis revealed the Egadi rams to be a leaded bronze mixture not dissimilar to the
Belgammel Ram, which had a nominal composition of ~85 Cu, ~6 Sn, and ~6 Pb (Adams et al.
2012: 12), but different from the Athlit Ram, which had a composition of ~90 Cu, ~9.8 Sn, and less
than 1% Pb (Oron 2001: 107). Lead isotope analysis should provide constraints on the provenance

of the lead used. This analysis is still being conducted at the time of writing.
Summary

Analysis of the Battle of the Egadi Islands artifacts is revealing a considerable amount regarding
the manufacture of large single cast objects in Antiquities, as well as the function of rams. On

the basis of an admittedly limited collection of naval rams from the central Mediterranean
(Belgammel and Egadi warship rams) it may be that the Athlit’s high bronze and low lead content
is unusual. Following completing of the current studies on metallurgy and 3D image analysis, the
findings will be published in one or more articles. The authors would like to acknowledge the
support of the Honor Frost Foundation, Southampton Marine and Maritime Institute, Breuckmann

GmbH, Explorers Club, and Historical Metallurgy Society.
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FIGURE A4.4. THREE-DIMENSIONAL MODEL OF THE EGADI 2 RAM MADE USING STRUCTURED LIGHT
SCANNING (AUTHOR).

FIGURE A4.5. THREE-DIMENSIONAL MODEL OF THE EGADI 5 RAM MADE USING STRUCTURED LIGHT
SCANNING (AUTHOR).

In addition to the Egadi rams, the author created 3D models of the Piraeus Ram, Actium

proembolion, and the Kanellopoulous Ram for impact testing.

FIGURE A4.6. THREE-DIMENSIONAL MODEL OF THE ACTIUM PROEMBOLION CREATED USING
PHOTOGRAMMETRY (AUTHOR).
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FIGURE A4.7. THREE-DIMENSIONAL MODEL OF THE PIRAEUS RAM CREATED USING PHOTOGRAMMETRY
(AUTHOR).
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Appendix 5. Chronological Evidence for Warship Rams

Note: Each image description contains A) date B) title of the artefact C) method used to date the
artefact D) Citation

Unknown Dates

FIGURE A5.1. ESTIMATED VARIOUSLY AS 4TH TO 1ST CENTURIES BC. BREMERHAVEN RAM. DATED
RELATIVELY BASED ON ICONOGRAPHY; LOOTED AND SOLD AT AUCTION BY THE NEFER GALLEY TO THE
BREMERHAVEN MARITIME MUSEUM (COURTESY OF BREMERHAVEN MARITIME MUSEUM).
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FIGURE A5.2. ESTIMATED VARIOUSLY AS 5TH TO 1ST CENTURIES BC. KANELLOPOULOS RAM. DATED
RELATIVELY BASED ON ICONOGRAPHY; FOUND BY A COLLECTOR AT DREPANA IN THE GULF OF CORINTH
(COURTESY OF KANELLOPOULOS MUSEUM).

FIGURE A5.3. ESTIMATED AS 50 BC. TURIN RAM. DATED RELATIVELY BASED ON ICONOGRAPHY; DREDGED
FROM GENOA HARBOUR IN THE 19TH CENTURY (COURTESY OF THE TURIN ARMOURY).
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FIGURE A5.4. ESTIMATED AS 5TH TO 3RD CENTURIES BC. PIRAEUS RAM. DATED RELATIVELY; FOUND BY
FISHERMAN OFF CAPE ARTEMISION (STEINHAUER 2001).

FIGURE A5.5. ESTIMATED AS 1ST TO 2ND CENTURIES AD BASED ON ICONOGRAPHY; SOLD AT AUCTION WITH
NO PROVENIENCE. DATED RELATIVELY BASED ON ICONOGRAPHY; LOOTED PRIOR TO 1992 AND SOLD AT
AUCTION BY CHRISTIE’S (CHRISTIE’S 2004A).
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Prior to the 10 century BC

FIGURE A5.6. ~2600 BC. MOCHLOS BOAT MODEL. DATED FROM ARCHAEOLOGICAL CONTEXT. (GOTTLICHER
1978: 61 N. 313, PLATE 24).

FIGURE A5.7. ~2400 BC. PALAIKASTRO BOAT MODEL. DATED FROM ARCHAEOLOGICAL CONTEXT
(GOTTLICHER 1978: 61 N. 324, PLATE 24).

FIGURE A5.8. 1200-1100 BC. ASINE VASE. DATED FROM ARCHAEOLOGICAL CONTEXT (BASCH 1975: 202;
FRODIN AND PERSSON 1938: 207).
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FIGURE A5.9. 1178-1175 BC. MEDINET HABU RELIEF DEPICTING A NAVAL BATTLE BETWEEN EGYPTIAN
NAVAL FORCES AND THE SEA PEOPLES. DATED FROM IN SITU ARCHAEOLOGICAL CONTEXT (WACHSMANN
1995:29).

FIGURE A5.10. ¢ .1,000 BC. THE GUROB SHIP-CART. DATED FROM IN SITU ARCHAEOLOGICAL CONTEXT OF A
TOMB (WACHSMANN 2013).
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10" century BC

FIGURE A5.10. 900-700 BC. GEOMETRIC PROTO-CORINTHIAN VASE FROM THEBES DEPICTING A GALLEY
WITH A BOW PROJECTION. DATED STYLISTICALLY (BASCH 1975: 202; BERLIN 3143).

899-750 BC

FIGURE A5.11. 850-800 BC. A cUP FROM ELEUSIS DEPICTING A GALLEY. DATED FROM ARCHAEOLOGICAL
CONTEXT (CASSON 1995: FIGURE 30).

Circa mid-8th century BC, the poet Homer composes the /liad and Odyssey without any mention of

rams (Basch 1975; Morrison 1995; Mark 2006).

FIGURE A5.12. 8TH CENTURY BC. FUNERARY ETCHING FROM ATHENS. DATED FROM ARCHAEOLOGICAL
CONTEXT (CASSON 1994).
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FIGURE A5.13. 799-750 BC. WARSHIPS ATTACKING LAND FORCES FROM A BLACK FIGURE VASE. DATED
STYLISTICALLY (CASSON 1996: FIGURES 65 AND 66).

750-700 BC

FIGURE A5.14. 745-727 BC. RELIEF FROM TIL BARSIP, ASSYRIA. DATED FROM ARCHAEOLOGICAL CONTEXT
(MARK 2006).
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700-600 BC

(e )2 )(e)() (

FIGURE A5.15. 704-681 BC. RELIEF CARVED FOR THE SOUTHWEST PALACE OF SENNACHERIB AT NINEVEH,
ASSYRIA. DATED FROM ARCHAEOLOGICAL CONTEXT (BRITISH MUSEUM)).

660 BC. First naval battle according to Thucydides, no mention of ramming (Thucydides 1.13).

FIGURE A5.16. 625-575 BC. THE NOVILARA STELE FROM PESARO IN THE OLIVERIANI MUSEUM. DATED
STYLISTICALLY (CASSON 1994).
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FIGURE A5.17. ~600 BC. SHIP MODEL FROM CYPRUS. DATED STYLISTICALLY (BRITISH MIUSEUM)).

FIGURE A5.18. ~600 BC. GEOMETRIC SPOUTED VESSEL FROM BOEOTIA IN THE SHAPE OF A WARSHIP. DATED
STYLISTICALLY (GOTTLICHER 1978: 66 N. 351, PLATE 26; BOSTON MUSEUM OF FINE ART 99.915).

FIGURE A5.19. ~600 BC. WOODEN SHIP MODEL FROM THE HERAION AT SAMOS. DATED FROM
ARCHAEOLOGICAL CONTEXT (GOTTLICHER 1978: 66 N. 352, PLATE 26).
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600-550 BC

FIGURE A5.20. 570-560 BC. THE FRANCOIS VASE, PAINTED BY KLEITIAS IN THE ATTIC BLACK FIGURE STYLE AND
FOUND IN AN ETRUSCAN TOMB. DATED BASED ON THE YEARS KLEITIAS WAS OPERATING (BOARDMAN 1974).

FIGURE A5.21. 575-550 BC. KANTHAROS OR KYATHOS WITH A WARSHIP WITH BOEOTIAN CHARACTERISTICS.
DATED STYLISTICALLY (JOHNSTON 1985: 67-68; LOUVRE CA577).
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FIGURE A5.22. ~560 BC. BAS-RELIEF OF THE SHIP ARGO FROM A METOPES OF THE TREASURY OF THE
SICYONIANS AT DELPHI. DATED BASED ON ARCHAEOLOGICAL CONTEXT. (BASCH 1975: 203; GOS: 86, PL. 12).

550-500 BC

FIGURE A5.23. 6TH-5TH CENTURIES BC. MODEL OF AN OARED SHIP WITH A ZOOMORPHIC PROW.
UNKNOWN PROVENIENCE, DATED BASED RELATIVELY BASED ON ICONOGRAPHY (GOTTLICHER 2004).
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FIGURE A5.24. 545-530 B.C. BLACK FIGURE DINOS BY THE EXEKIAS PAINTER, CURRENTLY IN MIUSEUM OF
THE VILLA GIULIA, ROME. DATED BASED ON THE EXEKIAS PAINTER (BOARDMAN 1974: 56).

~540 BC. Hipponax poem is the earliest surviving mention of the word embolos (Morrison et al.

2000: 34).

540-535 BC: Battle of the Straits of Sardinia, aka Battle of Alalia (Herodotus 1.163).

FIGURE A5.25. 530-500 BC. SILVER STATER FROM PHASELIS IN LYCIA, ASIA MINOR, DEPICTING A
ZOOMORPHIC WARSHIP PROW. DATED BASED ON THIS COIN SERIES’ MINTING PERIOD (HEIPP-TAMER 1993).

FIGURE A5.26. 525 BC. PAINTING IN TOMB FROM ELMALI, TURKEY. DATED BASED ON ARCHAEOLOGICAL
CONTEXT (ToBy 1979: 7).
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FIGURE A5.27. 520-500 BC. KYLIX DEPICTING A MERCHANT SHIP, AN OARED VESSEL WITH A ZOOMORPHIC
PROW, AND A THIRD VESSEL WITH A PENETRATING PROW. DATED BASED ON THE STYLE OF THE BLACK FIGURE
POTTERY (BRITISH MUSEUM 1867.0508.963)

FIGURE A5.28. 510-500 BC. RED AND BLACK FIGURE KYLIX MADE IN ATHENS. DATED BASED ON RED AND
BLACK FIGURE POTTERY (BRITISH MUSEUM).
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FIGURE A5.29. 500 BC. VASE OF ACHILLES JUMPING FROM A SHIP’S BOW. DATED STYLISTICALLY
(BRITISH MUSEUM).

FIGURE A5.30. 525-500 BC. SEAL DEPICTING A DECKED WARSHIP WITH A ZOOMORPHIC PROW. DATED
STYLISTICALLY (CASSON 1995: FIGURE 84).
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500-450 BC

FIGURE A5.31. 500-450 BC. ATTIC SKYPHOS DEPICTING A DIONYSIAN SHIP CART. DATED STYLISTICALLY
BASED ON BLACK FIGURE POTTERY (WASCHSMANN 2012: 49)

FIGURE A5.32. 500-475 BC. OINOCHOE BY THE KEYSIDE CLASS DEPICTING ODYSSEUS AND THE SIRENS.
DATED BASED ON THE OPERATING YEARS OF THE KEYSIDE CLASS STYLE (BOARDMAN 1974: 150).

494 BC. Battle of Lade, lonian Greeks versus Persia (Herodotus 6.6-17).

492-449 BC. Greco-Persian Wars (Herodotus 8.4-96).
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FIGURE A5.33. 494-489 BC. SAMIAN WARSHIP DEPICTED ON A COIN STRUCK AT ZANCLE IN MESSINA, SICILY.
PRECISELY DATED BY THE MINT EACH YEAR FROM 494-489 (BASCH 1975: 203).

480 BC. Battle of Salamis, Greeks versus Persia (Herodotus 8.4-96).

FIGURE A5.34. 480-470 BC. RED FIGURE ATTIC SIREN VASE. DATED BASED ON RED FIGURE
POTTERY (British Museum).
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FIGURE A5.34. 500-450 BC. NON-NAVAL BATTERING RAM FROM OLYMPIA, FOUND IN A MIXED DEPOSIT
DURING AN ARCHAEOLOGICAL EXCAVATION IN 1952. DATED BASED ON THE STYLE OF THE RAM-HEAD
DECORATION (COOK 1965: 119).

450-400 BC
440 BC. Herodotus completes his History (lived circa 484-425 BC).
431-404 BC. Peloponnesian War (Thucydides).

415-413 BC. The Sicilian Expedition (Thucydides 6.1).

FIGURE A5.35. 411-350 BC. SILVER OBOL STRUCK AT PHASELIS LYCIA. DATED BASED ON THE MINTING OF
THIS SERIES (HEIPP-TAMER 1993).
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FIGURE A5.36. 415-400 BC. LAMP IN THE SHAPE OF A SHIP FOUND IN THE ERECHTHEION ON THE
ATHENIAN ACROPOLIS. DATED BASED ON ARCHAEOLOGICAL CONTEXT AND STYLE
(GOTTLICHER 1978; JOHNSTON 1985).

405 BC. Battle of Aegospotami, Spartan victory and the decisive naval engagement of the

Peloponnesian War (Xenophon 2.2.3).

404 BC. Athens capitulates to Sparta, ending the Peloponnesian War (Xenophon 2.3).
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FIGURE A5.37. CIRCA 400 BC. CAVALIERE DAL POZZO DRAWING FROM 17TH CENTURY BASED ON
UNKNOWN ORIGINAL. DATED TO APPROXIMATELY 400 BC BASED ON SIMILARITY TO THE LENORMANT
RELIEF (British Museum).

FIGURE A5.38. CIRCA 400 BC. AN APULIAN RHYTON CURRENTLY IN THE PETIT PALAIS, PARIS.
DATED RELATIVELY BASED ON ICONOGRAPHY (Petit Palais, Musée des Beaux-Arts de la Ville de
Paris, Collection Dutuit).
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FIGURE A5.39. CIRCA 400 BC. RHYTON FOUND AT VULCI. DATED RELATIVELY BASED ON ICONOGRAPHY,
SUCH AS ~400 BC BY GOTTLICHER (1978: 67 N. 360, PLATE 27), HELLENISTIC BY BASCH (19698: 432),
AND LATE 4TH TO EARLY 3RD CENTURY BC BY JOHNSTON (1986: 96) (BRITISH MUSEUM).

400-350 BC

FIGURE A5.40. 400-380 BC. A SILVER OBOL FROM THE PHOENICIAN CITY OF ARADOS. DATED BASED ON
THE ISSUES MINTED BY THE KING OF ARADOS (WILDWINDS 2015).
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FIGURE A5.41. 400-384 BC. A SILVER COIN OF SIDON. DATED BASED ON THE MINTING ISSUES BY THE KING
OF SIDON (WILDWINDS 2015).

399-397 BC. Quinquereme invented by Syracuse.

397 BC. Siege of Syracuse, Syracuse versus Carthage. 40 quinqueremes present.

FIGURE A5.42. 398-395 BC. SILVER TETRADRACHM STRUCK AT MYSIA BY PERSIAN SATRAP PHARNABAZUS.
DATED BASED ON EVIDENCE OF THE PERSIAN KING PROVIDING PHARNABAZUS WITH SILVER TO MINT
COINS FOR A FLEET AND THE FLEET’S CONSTRUCTION (British Museum).
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FIGURE A5.43. 399-375 BC. DEMOCLEIDES STELE EARLY 4TH CENTURY BC FROM KERAMEIKOS CEMETERY
IN ATHENS. DATED STYLISTICALLY (NATIONAL MIUSEUM IN ATHENS 752).

FIGURE A5.44. 401-366 BC. PHOENICIA SIDON SILVER DISHEKEL. DATED BASED ON THE MINT’S ISSUES OF
THE KING OF SIDON (ROUVIER CATALOG #1096).



APPENDIX 5. CHRONOLOGICAL EVIDENCE FOR WARSHIP RAMS

FIGURE A5.45. 373 BC. COIN FROM SIDON, FIRST PHOENICIAN DEPICTION OF A THREE-FINNED RAM AND
TRACED BY BASCH. DATED BASED ON THE MINT’S ISSUES BY THE KING OF SIDON (BASCH 1969: 233, FIG. 25).

FIGURE A5.46. 350-300 BC. PHOENICIAN WARSHIP MODEL FOUND AT ERMENT IN EGYPT. DATED
STYLISTICALLY (MORRISON ET AL. 2000: 37).
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FIGURE A5.47. 356 BC (UPPER) AND 359-336 BC (LOWER). COINS MINTED BY PHILIP OF MACEDONIA
DEPICTING A PENETRATING-TYPE PROW. DATED BASED ON PHILIP II’S COIN ISSUES FROM EACH MINT
(British Museum).

350-300 BC

FIGURE A5.48. 350-300 BC. APULIAN RHYTON IN THE SHAPE OF WARSHIP BOW, FROM A PRIVATE
COLLECTION (N. 49 MALAGUZZI VALERI, BARI, ITALY). UNKNOWN CONTEXT, LIKELY LOOTED FROM A TOMB,
AND RELATIVELY DATED BASED ON STYLE AND APULIAN POTTERY DATES (TRENDALL AND CAMBITOGLOU
1982:617 NN. 96, 5-7).

68



APPENDIX 5. CHRONOLOGICAL EVIDENCE FOR WARSHIP RAMS

FIGURE A5.49. 350-300 BC. SILVER HEMIDRACHM FROM BITHYNIA KIOS. DATED GENERALLY BASED ON THE
MINT’S ISSUES (BRITISH MUSEUM CATALOG, PONTUS 131, 13).

FIGURE A5.50. 350-275 BC. BRONZE DICHALKON FROM MEGARA DEPICTING A WARSHIP PROW. DATED
BASED ON THE MIEGARA MINT’S ISSUES OF COINAGE (KROLL CATALOG #643; COPENHAGEN CATALOG #482).

304 BC. First mention of trihemiolia, likely invented by the Rhodian Navy (Diodrous XX.93.3).

FIGURE A5.51. 306-139 BC. THE ACQUALADRONI RAM. DATED BASED ON RADIOCARBON DATING
(BUCCELLATO AND TUSA 2012).
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300-250 BC

FIGURE A5.52. 270-250 BC. CLAY MODEL OF WARSHIP FROM ARDEA. DATED STYLISTICALLY
(COURTESY OF THE LOUVRE).

FIGURE A5.53. 270-240 BC. SAMOS SILVER TETROBOL. DATED BASED ON THE SAMOS MINT’S ISSUES AFTER
THE DELIAN LEAGUE’S COLLAPSE (EGGER CATALOG 11/1909).
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FIGURE A5.54. CIRCA 260 BC. THE ACROPOLIS OF LINDOS MONUMENT. DATED RELATIVELY BASED ON THE HELLENISTIC
NAVAL VICTORIES THAT IT COULD HAVE BEEN BUILT FOLLOWING (GOTTLICHER 1978: 68 N. 367, PLATE 28).

FIGURE A5.55. 3RD TO 2ND CENTURIES BC. BRONZE HEAD WITH A WARSHIP HEADDRESS FROM THE TOMB
OF BRUSCHI AT TARQUINIA IN ETURIA, ITALY. DATED STYLISTICALLY (FRIEDMAN 2011: 18).
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250-200 BC

FIGURE A5.56. 241 BC. THE EGADI 8 RAM. DATED BASED ON ARCHAEOLOGICAL CONTEXT AND
HISTORICAL DATA (AUTHOR).

FIGURE A5.57. 215-175 BC. THE ATHLIT RAM. DATED BASED ON RADIOCARBON DATING AND STYLISTIC
COMPONENTS (COURTESY OF UNIVERSITY OF HAIFA).
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FIGURE A5.58. 206 BC. THE EPIDAUROS MONUMENT. DATED STYLISTICALLY
(GOTTLICHER 1978: 68 N. 368, PLATE 28).

200-150 BC

FIGURE A5.59. 200 BC. THE BERENIKE MOSAIC. DATED STYLISTICALLY (FRIEDMAN 2011: 7).



INNOVATION AND TECHNOLOGICAL CHANGE IN THE ARCHAEOLOGICAL RECORD

FIGURE A5.60. 190 BC. WINGED VICTORY OF SAMOTHRACE. DATED BASED ON CONTEXTUAL INFORMATION
AND STYLE (COURTESY OF THE LOUVRE).

FIGURE A5.61. 2ND CENTURY BC. A MARBLE RAM FROM RHODES. DATED STYLISTICALLY
(GOTTLICHER 1978: 69. 368C, PLATE 29).
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FIGURE A5.62. 2ND CENTURY BC. THE BELGAMMEL/FITZWILLIAM RAM. DATED BASED ON RADIOCARBON
DATING OF WOOD REMAINS FITS THE 4-3 CENTURIES BC AND THE ARTICLES AUTHORS STATE THIS MAKE THE
RAM DATE TO “IN OR JUST AFTER THE LAST TWO CENTURIES BC (ADAMS ET AL. 2011).

100-50 BC

FIGURE A5.63. 100-50 BC. THE TIBER ISLAND MONUMENT IN ROME, ITALY. DATED BASED ON HISTORICAL
INFORMATION AND STYLE (PIRANESI 1774).
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FIGURE A5.64. CIRCA 100 BC. RELIEF OF A BIREME, POTENTIALLY A LIBURNIAN. DATED STYLISTICALLY
(COURTESY OF THE BRITISH MUSEUM).

FIGURE A5.65. CIRCA 100 BC. THE CYRENE MIONUMENT. DATED BASED ON ARCHAEOLOGICAL CONTEXT
(GOTTLICHER 1978: 81 N. 485, PLATE 37).
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FIGURE A5.66. 89-60 BC. BRONZE BOW FITTING FROM PHANAGORIA. DATED BASED ON
ARCHAEOLOGICAL CONTEXT (POPULARARCHAEOLOGY 2014).

FIGURE A5.67. 47-43 BC. COIN ISSUED BY THE KING OF BOSPORUS. DATED BASED ON THE MINT’S
ISSUANCE OF THE KING’S COINS (WILDWINDS 2015).

FIGURE A5.68. 100-63 BC. COIN OF MITHRADATES VI. DATED BASED ON THE MINT ISSUING COINS UNDER
THE KING (WILDWINDS 2015).
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FIGURE A5.69. 100-50 BC. RELIEF FROM PALESTRINA CURRENTLY IN THE VATICAN MUSEUM.
DATED STYLISTICALLY (TORR 1895).

50-0 BC

FIGURE A5.70. 31 BC. PREVEZA BOAT-FITTING, A ROMAN PROEMBOLION FOUND OFF ACTIUM DURING THE 19TH
CENTURY. DATED BASED ON THE LIKELIHOOD THAT IT DATES TO THE BATTLE (COURTESY OF THE BRITISH MIUSEUM)).
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FIGURE A5.71. AFTER 31 BC. MARBLE FRAGMENT FROM THE ACTIUM MONUMENT. DATED BASED ON
ARCHAEOLOGICAL CONTEXT (VAROUFAKIS 2007).

FIGURE A5.72. AFTER 31 BC. ARTISTIC RENDERING OF THE ACTIUM MONUMENT. RECONSTRUCTED AND
DATED BASED ON ARCHAEOLOGICAL EVIDENCE (MURRAY 2012).
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FIGURE A5.73. AFTER 31 BC. MEDINACELI RELIEF DEPICTING THE BATTLE OF ACTIUM. DATED STYLISTICALLY
(ANDERSON 2013).

FIGURE A5.73. ESTIMATED AS 1ST CENTURY BC. BRONZE BOW FITTING. DATED STYLISTICALLY
(CHRISTIE’S 20048B).
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0-100 AD

FIGURE A5.74. 30 AD. NEW CAPITOLINE MUSEUM, ROME. DATED STYLISTICALLY
(GOTTLICHER 1978: 82 N. 492, PLATE 39).

FIGURE A5.75. 1ST CENTURY AD. SHIP MODEL FOUND AT AQUILEIA. DATED STYLISTICALLY
(GOTTLICHER 1978: 83 N. 497, PLATE 39).
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FIGURE A5.76. 1ST CENTURY AD. AQUILEIA MUSEUM QINTUS CAELIUS MONUMENT. DATED STYLISTICALLY
(GOTTLICHER 1978: 81 N. 482, PLATE 36).

FIGURE A5.77. 120 AD. CUP FROM BETH-MARE, SYRIA. DATED BASED ON ARCHAEOLOGICAL CONTEXT
(GOTTLICHER 1978: 84 N. 505, PLATE 40).

FIGURE A5.78. 2ND CENTURY AD. VOTIVE MODEL IN THE BRITISH MUSEUM 56.7-1.29. DATED
STYLISTICALLY (GOTTLICHER 1978: 85 N. 507, PLATE 40).
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FIGURE A5.79. 161 AD. DARSTELLUNG RELIEF. DATED BASED ON ITS INSCRIPTION
(GOTTLICHER 1978: 85 N. 510, PLATE 40).

FIGURE A5.80. 180 AD. BOW FITTING IN THE TRIER MIUSEUM. DATED BASED ON ITS INSCRIPTION
(GOTTLICHER 1978: 82, N. 491, PLATE 38; LANDESMUSEUM TRIER NR. 62.8).

FIGURE A5.81. 2ND CENTURY AD. BRONZE LAMP IN THE FORM OF A SHIP FROM CRETE. DATED
STYLISTICALLY (GOTTLICHER 1978: 88 N. 523, PLATE 42).
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FIGURE A5.82. 2ND CENTURY. FRESCO OF FISHERMEN. DATED BASED ON ARCHAEOLOGICAL CONTEXT
(CAssON 1996 86).

FIGURE A5.83. 113 AD. SHIP SCENE FROM TRAJAN COLUMN SHOWING AN APHRACT TRIREME IN THE
BACKGROUND AND A LIBURNIAN IN THE FOREGROUND. IN SITU ARCHAEOLOGICAL CONTEXT
(MORRISON 1995: 72).
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FIGURE A5.84. 3RD OR 4TH CENTURY AD. ALTHIBURUS MOSAIC. DATED STYLISTICALLY
(CAsson 1995: 135, iLL. 137).

324 AD. First pitched battle since Actium fought at Propontis. Ramming becomes secondary or

non-existent compared to boarding action, projectiles, and Greek fire (Emanuele 1974: 37-38).
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FIGURE A5.85. 600-1000 AD. FOUR YENIKAPI GALLEYS. DATED BASED ON ARCHAEOLOGICAL CONTEXT
(PULAK 2007A, 2007B; KOCABAS 2008).
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Appendix 6: Hull Analysis

Coef ficientof fineness(C,,) = ﬁi;{::’;;;ﬂfgp

__ Areao f water— plane

LxB
.. Areaofwater — plane =L xXBxC,,

Figures showing the method of calculating the Coefficient of fineness (Cw) (Tupper and Rawson
2001:12). The following calculation were made using the software RhinoMarine by inputting 3D

models of ships build in Rhinoceros NURBS using published lines plans.
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Kyrenia

The lines plans used for the Kyrenia analysis were taken from Steffy (1985:100).
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APPENDIX 6: HULL ANALYSIS

Condition Summary

Load Condition Parameters

Condition Weight / Sinkage LCG/ Trim TCG / Heel VCG (m)
Condition 1 0.500 m 0.000 deg 0.000 deg None available
Condition 2 0.750 m 0.000 deg 0.000 deg None available
Condition 3 1.000 m 0.000 deg 0.000 deg None available
Condition 4 1.250 m 0.000 deg 0.000 deg None available
Condition 5 1.500 m 0.000 deg 0.000 deg None available
Condition 6 2.000 m 0.000 deg 0.000 deg None available

Resulting Model Attitude and Hydrostatic Properties

Condition Sinkage (m) Trim(deg) Heel(deg) Ax(m*2)
Condition 1 0.500 0.000 0.000 0.00
Condition 2 0.750 0.000 0.000 0.00
Condition 3 1.000 0.000 0.000 0.00
Condition 4 1.250 0.000 0.000 0.00
Condition 5 1.500 0.000 0.000 0.00
Condition 6 2.000 0.000 0.000 0.00
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Condition Displacement LCB(m) TCB(m) VCB(m) Wet Area (m*2)
Weight (kgf)

Condition 1 2516.603 9.600 -0.013 0.388 19.548
Condition 2 7813.880 9.767 -0.008 0.555 31.130
Condition 3 15096.341 9.853 -0.006 0.712 40.386
Condition 4 23685.787 9.903 -0.005 0.862 48.508
Condition 5 33136.508 9.929 -0.005 1.009 56.172
Condition 6 53585.846 9.943 -0.004 1.293 71.165

Condition Awp(m*2) LCF(m) TCF(m) VCF(m)
Condition 1 15.603 9.750 -0.009 0.500
Condition 2 25.063 9.901 -0.005 0.750
Condition 3 31.307 9.974 -0.004 1.000
Condition 4 35.397 9.995 -0.003 1.250
Condition 5 38.130 9.987 -0.003 1.500
Condition 6 41.155 9.946 -0.003 2.000

Condition BMt(m) BMI(m) GMt(m) GMi(m)
Condition 1 2.338 29.266 None Available None Available
Condition 2 2.007 22.135 None Available None Available
Condition 3 1.648 17.357 None Available None Available
Condition 4 1.372 13.773 None Available None Available
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Condition 5 1.159 11.194 None Available None Available
Condition 6 0.847 7.934 None Available None Available
Condition Cb Cp Cwp Cx Cws Cvp
Condition 1 0.160 0.000 0.508 0.000 3.669 0.314
Condition 2 0.248 0.000 0.612 0.000 3.202 0.405
Condition 3 0.306 0.000 0.652 0.000 2.914 0.470
Condition 4 0.351 0.000 0.672 0.000 2.761 0.522
Condition 5 0.385 0.000 0.682 0.000 2.680 0.565
Condition 6 0.436 0.000 0.687 0.000 2.638 0.635
Notes

1. Locations such as the center of buoyancy and center of flotation are measured from the origin in

the Rhinoceros world coordinate system.

2. The orientation of the model for an Orca3D hydrostatics solution is defined in terms of “sinkage,”
“trim,” and “heel.” The sinkage value represents the depth of the body origin (i.e. the Rhino world
origin) below the resultant flotation plane, and is sometimes referred to as "origin depth." Heel and
trim represent angular rotations about the Rhino longitudinal and transverse axes, respectively,
and are taken in that order. For a more detailed description of these terms see the Orca3D

documentation.

3. Hull form coefficients are non-dimensionalized by the waterline length.

4. Calculation of Cp and Cx use Orca sections to determine Ax. If no Orca sections are defined,

these values will be reported as zero.
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Volumetric Properties

10 _ i—‘—’_’_’i__—_'__=.= 1

a
- ]
2
E ¢
" -
) - A
= -
S ]
o3 4_
= i 4
- -
B . 4
o 2
2 i E—

E—

s 7 —— o

o —=— LCB (10"0) ——VCB (10*0) -—=— Displacement (10°4) |[——@&

] —e— TCB (10%-2)
2 I I I I I I I

0.000 0.250 0.500 0.750 1.000 1.250 1.500 1.750 2.000
Draft (m)

Area Properties

10 — * L * v
- 4
_ 5- ‘ . 9
% 7] ‘;__________-4~rf
. - s
§, i ‘/4’,/4
&) -
% 0
S _
o5 -
= - '
o ]
< 5
: —=— LCF (1070) —e—TCF (10-3) =—=— Awp (10*1) —=— S (10*1)
-10 - - - - - . .
0.000 0.250 0.500 0.750 1.000 1.250 1.500 1.750 2.000

Draft (m)

92



CbCp.Cwp Cx.Cws

APPENDIX 6: HULL ANALYSIS

Hull Form Coefficients
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Condition Name=Condition 1,Model Sinkage=0.50,Model Trim=0.00,Model Heel=0.00

General Info

Analysis Type FixedFlotationPlane

Up Direction = Positive_Z

Fwd Direction = Negative_X

Surface Meshing Parameters

Density

Maximum angle
Maximum aspect ratio
Minimum initial grid quads

Refine mesh

True

Minimum edge length

Maximum edge length

Max distance, edge to surf.

Jagged seams

Simple planes

0.0001 m

Om

0Om

False

True

Load Condition Parameters

Model Sinkage
Model Trim
Model Heel
VCG

Fluid Type
Fluid Density

Mirror Geometry

0.500 m

0.000 deg

0.000 deg

None available m

Seawater
1025.900 kg/m”3

False
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Resultant Model Attitude

Heel Angle 0.000 deg Sinkage 0.500 m

Trim Angle 0.000 deg

Overall Dimensions

Length Overall, LOA 14.286 m Loa/ Boa 3.315
Beam Overall, Boa 4.309 m Boa/D 1.198
Depth Overall, D 3.596 m

Waterline Dimensions

Waterline Length, Lwil 11.574 m Lwl / Bwl 4.359
Waterline Beam, Bwl 2.655 m Bwl/T 5.310
Navigational Draft, T 0.500 m D/T 7.193

Volumetric Values

Displacement Weight 2516.603 kgf Displ-Length Ratio 45,233
Volume 2.453 m"3

LCB 9.600 m FB/Lwl 0.523 AB/Lwl  0.477
TCB -0.013 m TCB / Bwil -0.005
VCB 0.388 m

Wetted Surface Area 19.548 m"2

Moment To Trim 63.632 kgf-m/cm
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Waterplane Values

Waterplane Area, 15.603 m"2
Awp
LCF 9.750 m FF/Lwl 0.536 AF/Lwl  0.464
TCF -0.009 m TCF / Lwl -0.001
Weight To Immerse 160.071 kgflcm
Sectional Parameters
AX 0.000 m”2
Ax Location 0.000 m Ax Location / Lwl 0.000
Hull Form Coefficients
Cb 0.160 Cx 0.000
Cp 0.000 Cwp 0.508
Cvp 0.314 Cws 3.669
Static Stability Parameters
I(transverse) 5.736 m™M I(longitudinal) 71.791 m™M4
BMt 2.338 m BMI 29.266 m
GMt None m GMI None m
Available Available
Mt 2.226 m Mi 29.154 m
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Saint Gervais 3

The Saint Gervais 3 lines plans drawn by Robert Roman and published in Liou and Gassend 1990:262).
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Condition Summary

Load Condition Parameters

Condition Weight / Sinkage LCG/ Trim TCG / Heel VCG (m)
Condition 6 3.000 m 0.000 deg 0.000 deg None available
Condition 5 2.600 m 0.000 deg 0.000 deg None available
Condition 4 2.200 m 0.000 deg 0.000 deg None available
Condition 3 1.750 m 0.000 deg 0.000 deg None available
Condition 2 1.300 m 0.000 deg 0.000 deg None available
Condition 1 1.000 m 0.000 deg 0.000 deg None available

Resulting Model Attitude and Hydrostatic Properties

Condition Sinkage (m) Trim(deg) Heel(deg) Ax(mA2)
Condition 6 3.000 0.000 0.000 0.00
Condition 5 2.600 0.000 0.000 0.00
Condition 4 2.200 0.000 0.000 0.00
Condition 3 1.750 0.000 0.000 0.00
Condition 2 1.300 0.000 0.000 0.00
Condition 1 1.000 0.000 0.000 0.00
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Condition Displacement LCB(m) TCB(m) VCB(m) | Wet Area (m*2)
Weight (kgf)

Condition 6 -151474.958 12.864 0.000 1.872 127.256
Condition 5 -121487.782 12.775 0.000 1.643 112.653
Condition 4 -92988.674 12.670 0.000 1.410 98.007
Condition 3 -63347.824 12.527 0.001 1.144 81.302
Condition 2 -37214.847 12.351 0.002 0.872 63.912
Condition 1 -22451.217 12.204 0.003 0.686 51.366

Condition Awp(m*2) LCF(m) TCF(m) VCF(m)
Condition 6 -74.541 13.267 -0.001 3.000
Condition 5 -71.449 13.176 -0.001 2.600
Condition 4 -67.252 13.056 -0.001 2.200
Condition 3 -60.831 12.880 -0.001 1.750
Condition 2 -51.888 12.658 0.000 1.300
Condition 1 -43.715 12.472 0.000 1.000

Condition BMt(m) BMI(m) GMt(m) GMi(m)
Condition 6 1.484 6.196 None Available None Available
Condition 5 1.688 7.139 None Available None Available
Condition 4 1.941 8.313 None Available None Available
Condition 3 2.321 10.045 None Available None Available

99




INNOVATION AND TECHNOLOGICAL CHANGE IN THE ARCHAEOLOGICAL RECORD

Condition 2 2.872 12.546 None Available None Available
Condition 1 3.379 14.951 None Available None Available
Condition Cb Cp Cwp Cx Cws Cvp
Condition 6 -0.421 0.000 -0.637 0.000 NaN 0.660
Condition 5 -0.406 0.000 -0.637 0.000 NaN 0.638
Condition 4 -0.389 0.000 -0.635 0.000 NaN 0.613
Condition 3 -0.363 0.000 -0.626 0.000 NaN 0.580
Condition 2 -0.326 0.000 -0.606 0.000 NaN 0.538
Condition 1 -0.292 0.000 -0.583 0.000 NaN 0.501
Notes

1. Locations such as the center of buoyancy and center of flotation are measured from the origin in
the Rhinoceros world coordinate system.

2. The orientation of the model for an Orca3D hydrostatics solution is defined in terms of “sinkage,”
“trim,” and “heel.” The sinkage value represents the depth of the body origin (i.e. the Rhino world
origin) below the resultant flotation plane, and is sometimes referred to as "origin depth." Heel and
trim represent angular rotations about the Rhino longitudinal and transverse axes, respectively,
and are taken in that order. For a more detailed description of these terms see the Orca3D

documentation.

3. Hull form coefficients are non-dimensionalized by the waterline length.

4. Calculation of Cp and Cx use Orca sections to determine Ax. If no Orca sections are defined,

these values will be reported as zero.
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Areas & Centers (m, m*2)

APPENDIX 6: HULL ANALYSIS

Volumetric Properties
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Hull Form Coefficients
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Condition Name=Condition 6,Model Sinkage=3.00,Model Trim=0.00,Model Heel=0.00

General Info

Analysis Type FixedFlotationPlane Up Direction = Positive_Z

Fwd Direction = Negative_X

Surface Meshing Parameters

Density 1 Minimum edge length 0.0001 m
Maximum angle 0 Maximum edge length Om
Maximum aspect ratio 0 Max distance, edge to surf. Om
Minimum initial grid quads 0 Jagged seams False
Refine mesh True Simple planes True

Load Condition Parameters

Model Sinkage 3.000 m
Model Trim 0.000 deg
Model Heel 0.000 deg
VCG None available m
Fluid Type Seawater

Fluid Density 1025.900 kg/m”3
Mirror Geometry False
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Resultant Model Attitude

Moment To Trim

-586.144 kgf-m/cm

Heel Angle 0.000 deg 3.000 m
Trim Angle 0.000 deg
Overall Dimensions
Length Overall, LOA 16.798 m Loa/Boa 2.265
Beam Overall, Boa 7.416 m Boa/D 1.660
Depth Overall, D 4467 m
Waterline Dimensions
Waterline Length, Lwl 16.013 m Lwl / Bwl 2.191
Waterline Beam, Bwl 7.307 m Bwl/T 2.436
Navigational Draft, T 2.999 m D/T 1.489
Volumetric Values
Displacement Weight -151474.958 kgf Displ-Length Ratio -1028.081
Volume -147.651 m”3
LCB 12.864 m FB/Lwl 0.463 AB/Lwl 0.537
TCB 0.000 m TCB / Bwil 0.000
VCB 1.872 m
Wetted Surface Area 127.256 m"2




Waterplane Values

APPENDIX 6: HULL ANALYSIS

Waterplane Area, -74.541 m”"2
Awp
LCF 13.267 m FF/Lwl 0.488 AF/Lwl 0.512
TCF -0.001 m TCF / Lwl 0.000
Weight To Immerse -764.720 kgf/cm
Sectional Parameters
Ax 0.000 m”2
Ax Location 0.000 m Ax Location / Lwl 0.000
Hull Form Coefficients
Cb -0.421 Cx 0.000
Cp 0.000 Cwp -0.637
Cvp 0.660 Cws NaN
Static Stability Parameters
I(transverse) -219.100 m™M I(longitudinal) -914.916 m*4
BMt 1484 m BMI 6.196 m
GMt None m GMI None m
Available Available
Mt 0.356 m Mi 5.069 m




INNOVATION AND TECHNOLOGICAL CHANGE IN THE ARCHAEOLOGICAL RECORD

Yassiada 7*" century AD

The Yassiada 7% century AD lines plans were published in Steffy (2006: 81).
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Condition Summary

Load Condition Parameters

Condition Weight / Sinkage LCG/ Trim TCG / Heel VCG (m)
Condition 7 2.200 m 0.000 deg 0.000 deg None available
Condition 6 2.000 m 0.000 deg 0.000 deg None available
Condition 5 1.750 m 0.000 deg 0.000 deg None available
Condition 4 1.400 m 0.000 deg 0.000 deg None available
Condition 3 1.200 m 0.000 deg 0.000 deg None available
Condition 2 0.700 m 0.000 deg 0.000 deg None available
Condition 1 0.200 m 0.000 deg 0.000 deg None available

Resulting Model Attitude and Hydrostatic Properties

Condition Sinkage (m) Trim(deg) Heel(deg) Ax(mA2)
Condition 7 2.200 0.000 0.000 0.00
Condition 6 2.000 0.000 0.000 0.00
Condition 5 1.750 0.000 0.000 0.00
Condition 4 1.400 0.000 0.000 0.00
Condition 3 1.200 0.000 0.000 0.00
Condition 2 0.700 0.000 0.000 0.00
Condition 1 0.200 0.000 0.000 0.00
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Condition Displacement LCB(m) TCB(m) VCB(m) Wet Area (m*2)
Weight (kgf)

Condition 7 -108917.601 19.245 0.000 1.333 111.579
Condition 6 -94863.696 19.237 0.000 1.219 103.369
Condition 5 -77895.650 19.225 0.000 1.076 93.145
Condition 4 -55509.867 19.200 0.000 0.874 78.844
Condition 3 -43598.725 19.179 0.000 0.757 70.611
Condition 2 -17677.787 19.080 0.000 0.459 48.822
Condition 1 -1429.671 18.872 0.000 0.136 15.758

Condition Awp(m*2) LCF(m) TCF(m) VCF(m)
Condition 7 -69.418 19.306 0.000 2.200
Condition 6 -67.523 19.297 0.000 2.000
Condition 5 -64.715 19.289 0.000 1.750
Condition 4 -59.766 19.280 0.000 1.400
Condition 3 -56.248 19.271 0.000 1.200
Condition 2 -43.634 19.198 0.000 0.700
Condition 1 -14.896 18.877 0.000 0.200
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Condition BMt(m) BMI(m) GMt(m) GMI(m)
Condition 7 0.929 14.094 None Available None Available
Condition 6 1.003 15.408 None Available None Available
Condition 5 1.112 17.419 None Available None Available
Condition 4 1.305 21.297 None Available None Available
Condition 3 1.448 24.445 None Available None Available
Condition 2 1.962 39.674 None Available None Available
Condition 1 1.339 121.232 None Available None Available

Condition Cb Cp Cwp Cx Cws Cvp
Condition 7 -0.545 0.000 -0.785 0.000 NaN 0.695
Condition 6 -0.540 0.000 -0.790 0.000 NaN 0.684
Condition 5 -0.533 0.000 -0.796 0.000 NaN 0.670
Condition 4 -0.521 0.000 -0.806 0.000 NaN 0.646
Condition 3 -0.509 0.000 -0.810 0.000 NaN 0.629
Condition 2 -0.447 0.000 -0.794 0.000 NaN 0.563
Condition 1 -0.337 0.000 -0.727 0.000 NaN 0.465
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Notes

1. Locations such as the center of buoyancy and center of flotation are measured from the origin in

the Rhinoceros world coordinate system.

2. The orientation of the model for an Orca3D hydrostatics solution is defined in terms of “sinkage,’
“trim,” and “heel.” The sinkage value represents the depth of the body origin (i.e. the Rhino world
origin) below the resultant flotation plane, and is sometimes referred to as "origin depth." Heel and
trim represent angular rotations about the Rhino longitudinal and transverse axes, respectively,
and are taken in that order. For a more detailed description of these terms see the Orca3D

documentation.

3. Hull form coefficients are non-dimensionalized by the waterline length.

4. Calculation of Cp and Cx use Orca sections to determine Ax. If no Orca sections are defined,

these values will be reported as zero.
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Areas & Centers {m, m"2)

Volumetric Properties

APPENDIX 6: HULL ANALYSIS
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Hull Form Coefficients

CbCpCwp CxCws
o
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Condition Name=Condition 7,Model Sinkage=2.20,Model Trim=0.00,Model Heel=0.00

General Info

Analysis Type FixedFlotationPlane Up Direction = Positive_Z

Fwd Direction = Negative_X

Surface Meshing Parameters

Density 1 Minimum edge length 0.0001 m
Maximum angle 0 Maximum edge length Om
Maximum aspect ratio 0 Max distance, edge to surf. 0Om
Minimum initial grid quads 0 Jagged seams False
Refine mesh True Simple planes True

Load Condition Parameters

Model Sinkage 2.200 m
Model Trim 0.000 deg
Model Heel 0.000 deg
VCG None available m
Fluid Type Seawater

Fluid Density 1025.900 kg/m”3
Mirror Geometry False
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Resultant Model Attitude

Moment To Trim

-825.903 kgf-m/cm

Heel Angle 0.000 deg Sinkage 2.200 m
Trim Angle 0.000 deg
Overall Dimensions
Length Overall, LOA 20.886 m Loa/Boa 4.238
Beam Overall, Boa 4,929 m Boa/D 0.910
Depth Overall, D 5415 m
Waterline Dimensions
Waterline Length, Lwl 18.587 m Lwl / Bwl 3.906
Waterline Beam, Bwl 4758 m Bwl/T 2.161
Navigational Draft, T 2201 m D/T 2.460
Volumetric Values
Displacement Weight  -108917.601 kgf Displ-Length Ratio -472.692
Volume -106.168 m”3
LCB 19.245 m FB/Lwl 0.517 AB/LwI 0.483
TCB 0.000 m TCB / Bwl 0.000
VCB 1.333 m
Wetted Surface Area 111.579 m"2
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Waterplane Values

APPENDIX 6: HULL ANALYSIS

Waterplane Area, -69.418 m”2
Awp
LCF 19.306 m FF/Lwl AF/Lwl  0.479
TCF 0.000 m TCF / Lwl 0.000
Weight To Immerse -712.161 kgficm
Sectional Parameters
AX 0.000 m”2
Ax Location 0.000 m Ax Location / Lwl 0.000
Hull Form Coefficients
Cb -0.545 Cx 0.000
Cp 0.000 Cwp -0.785
Cvp 0.695 Cws NaN
Static Stability Parameters
I(transverse) -98.610 m”4 I(longitudinal) -1496.377 m"4
BMt 0.929 m BMI 14.094 m
GMt None m GMI None m
Available Available
Mt 0.062 m MI 13.227 m
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Serce Limani

Reconstruction of the Serce Limani shipwreck from Steffy 2006: fig. 4.9.
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Condition Summary

Load Condition Parameters

Condition Weight / Sinkage LCG / Trim TCG / Heel VCG (m)
Condition 5 2.500 m 0.000 deg 0.000 deg None available
Condition 4 2.000 m 0.000 deg 0.000 deg None available
Condition 3 1.500 m 0.000 deg 0.000 deg None available
Condition 2 1.000 m 0.000 deg 0.000 deg None available
Condition 1 0.400 m 0.000 deg 0.000 deg None available

Resulting Model Attitude and Hydrostatic Properties

Condition Sinkage (m) Trim(deg) Heel(deg) Ax(mA2)
Condition 5 2.500 0.000 0.000 0.00
Condition 4 2.000 0.000 0.000 0.00
Condition 3 1.500 0.000 0.000 0.00
Condition 2 1.000 0.000 0.000 0.00
Condition 1 0.400 0.000 0.000 0.00
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Condition Displacement LCB(m) TCB(m) VCB(m) Wet Area (m*2)
Weight (kgf)

Condition 5 -312890.996 17.485 0.005 1.400 226.551
Condition 4 -236893.496 17.500 0.006 1.127 198.734
Condition 3 -164645.060 17.515 0.008 0.853 170.882
Condition 2 -97430.676 17.535 0.009 0.576 142.062
Condition 1 -28067.894 17.592 0.014 0.239 100.009

Condition Awp(m*2) LCF(m) TCF(m) VCF(m)
Condition 5 -151.372 17.422 0.001 2.500
Condition 4 -144.770 17.451 0.002 2.000
Condition 3 -136.569 17.475 0.004 1.500
Condition 2 -124.615 17.496 0.006 1.000
Condition 1 -96.655 17.537 0.010 0.400

Condition BMt(m) BMI(m) GMt(m) GMi(m)
Condition 5 2.093 17.140 None Available None Available
Condition 4 2.494 21.005 None Available None Available
Condition 3 3.177 27.069 None Available None Available
Condition 2 4.482 38.123 None Available None Available
Condition 1 9.651 78.685 None Available None Available
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Condition Cb Cp Cwp Cx Cws Cvp
Condition 5 -0.597 0.000 -0.741 0.000 NaN 0.806
Condition 4 -0.589 0.000 -0.739 0.000 NaN 0.798
Condition 3 -0.573 0.000 -0.731 0.000 NaN 0.783
Condition 2 -0.542 0.000 -0.711 0.000 NaN 0.762
Condition 1 -0.454 0.000 -0.641 0.000 NaN 0.708

Notes

1. Locations such as the center of buoyancy and center of flotation are measured from the origin in

the Rhinoceros world coordinate system.

2. The orientation of the model for an Orca3D hydrostatics solution is defined in terms of “sinkage,”
“trim,” and “heel.” The sinkage value represents the depth of the body origin (i.e. the Rhino world
origin) below the resultant flotation plane, and is sometimes referred to as "origin depth." Heel and
trim represent angular rotations about the Rhino longitudinal and transverse axes, respectively,
and are taken in that order. For a more detailed description of these terms see the Orca3D

documentation.

3. Hull form coefficients are non-dimensionalized by the waterline length.

4. Calculation of Cp and Cx use Orca sections to determine Ax. If no Orca sections are defined,

these values will be reported as zero.
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Displacement & Centers {m, kgf)

Areas & Centers (m, m*2)
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CbCp.Cwp Cx.Cws

Hull Form Coefficients

APPENDIX 6: HULL ANALYSIS
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INNOVATION AND TECHNOLOGICAL CHANGE IN THE ARCHAEOLOGICAL RECORD

Condition Name=Condition 5,Model Sinkage=2.50,Model Trim=0.00,Model Heel=0.00

General Info

Analysis Type FixedFlotationPlane

Fwd Direction = Negative_X

Up Direction = Positive_Z

Surface Meshing Parameters

Mirror Geometry

False

Density 1 Minimum edge length 0.0001 m

Maximum angle 0 Maximum edge length Om

Maximum aspect ratio 0 Max distance, edge to surf. Om

Minimum initial grid quads 0 Jagged seams False

Refine mesh True Simple planes True
Load Condition Parameters

Model Sinkage 2.500 m

Model Trim 0.000 deg

Model Heel 0.000 deg

VCG None available m

Fluid Type Seawater

Fluid Density 1025.900 kg/m”3
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Resultant Model Attitude

Heel Angle 0.000 deg Sinkage 2500 m

Trim Angle 0.000 deg

Overall Dimensions

Length Overall, LOA 25.862 m Loa/Boa 2.999
Beam Overall, Boa 8.624 m Boa /D 1.341
Depth Overall, D 6.429 m

Waterline Dimensions

Waterline Length, Lwl 25.109 m Lwl / Bwl 3.085
Waterline Beam, Bwl 8.138 m Bwl/T 3.255
Navigational Draft, T 2.500 m D/T 2.572

Volumetric Values

Displacement Weight  -312890.996 kgf Displ-Length Ratio -550.880
Volume -304.992 m"3

LCB 17.485 m FB/Lwl  0.493 AB/Lwl  0.507
TCB 0.005 m TCB / Bwl 0.001
VCB 1.400 m

Wetted Surface Area 226.551 m”2

Moment To Trim -2135.936 kgf-m/cm
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Waterplane Values

Waterplane Area, -151.372 m"2
Awp
LCF 17.422 m FF/Lwl 0.490 AF/Lwli 0.510
TCF 0.001 m TCF / Lwl 0.000
Weight To Immerse -1552.925 kgf/cm
Sectional Parameters
AXx 0.000 m”2
Ax Location 0.000 m Ax Location / Lwl 0.000
Hull Form Coefficients
Cb -0.597 Cx 0.000
Cp 0.000 Cwp -0.741
Cvp 0.806 Cws NaN
Static Stability Parameters
I(transverse) -638.478 m”4 [(longitudinal) -5227.641 m™4
BMt 2.093 m BMI 17.140 m
GMt None m GMI None m
Available Available
Mt 0.994 m Mi 16.041 m
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Ma’agan Mikhael

The Ma’agan Mikhael lines plans were drawn by Winters and Kahanov (2003: 130).
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Condition Summary

Load Condition Parameters

Condition Weight / Sinkage LCG/ Trim TCG / Heel VCG (m)
Condition 1 0.500 m 0.000 deg 0.000 deg 0
Condition 2 0.800 m 0.000 deg 0.000 deg 0
Condition 3 1.100 m 0.000 deg 0.000 deg 0
Condition 4 1.400 m 0.000 deg 0.000 deg 0
Condition 5 1.700 m 0.000 deg 0.000 deg 0

Resulting Model Attitude and Hydrostatic Properties

Condition Sinkage (m) Trim(deg) Heel(deg) Ax(mA2)
Condition 1 0.500 0.000 0.000 0.00
Condition 2 0.800 0.000 0.000 0.00
Condition 3 1.100 0.000 0.000 0.00
Condition 4 1.400 0.000 0.000 0.00
Condition 5 1.700 0.000 0.000 0.00
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Condition Displacement LCB(m) TCB(m) VCB(m) Wet Area (m*2)
Weight (kgf)

Condition 1 1014.041 7.693 -0.289 0.403 7.742
Condition 2 3794.585 7.746 -0.467 0.592 13.009
Condition 3 7505.118 7.772 -0.557 0.771 17.303
Condition 4 11823.115 7.782 -0.617 0.947 21.374
Condition 5 16578.594 7.780 -0.663 1.121 25.402

Condition Awp(m~*2) LCF(m) TCF(m) VCF(m)
Condition 1 6.858 7.744 -0.425 0.500
Condition 2 10.795 7.785 -0.600 0.800
Condition 3 13.161 7.803 -0.689 1.100
Condition 4 14.815 7.789 -0.751 1.400
Condition 5 16.031 7.762 -0.798 1.700

Condition BMt(m) BMI(m) GMt(m) GMI(m)
Condition 1 0.583 32.836 0.986 33.239
Condition 2 0.453 17.059 1.044 17.651
Condition 3 0.362 11.811 1.134 12.582
Condition 4 0.307 9.018 1.254 9.965
Condition 5 0.269 7.218 1.390 8.338
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Condition Cb Cp Cwp Cx Cws Cvp
Condition 1 0.240 0.000 0.584 0.000 2.405 0.411
Condition 2 0.344 0.000 0.652 0.000 2.035 0.527
Condition 3 0.393 0.000 0.672 0.000 1.889 0.585
Condition 4 0.418 0.000 0.672 0.000 1.831 0.622
Condition 5 0.434 0.000 0.667 0.000 1.817 0.650

Notes

1. Locations such as the center of buoyancy and center of flotation are measured from the origin in

the Rhinoceros world coordinate system.

2. The orientation of the model for an Orca3D hydrostatics solution is defined in terms of “sinkage,”
“trim,” and “heel.” The sinkage value represents the depth of the body origin (i.e. the Rhino world
origin) below the resultant flotation plane, and is sometimes referred to as "origin depth." Heel and
trim represent angular rotations about the Rhino longitudinal and transverse axes, respectively,
and are taken in that order. For a more detailed description of these terms see the Orca3D

documentation.

3. Hull form coefficients are non-dimensionalized by the waterline length.

4. Calculation of Cp and Cx use Orca sections to determine Ax. If no Orca sections are defined,
these values will be reported as zero.
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CbCp.Cwp CxCws

Hull Form Coefficients
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Condition Name=Condition 1,Model Sinkage=0.50,Model Trim=0.00,Model Heel=0.00

General Info

Analysis Type FreeFloatEquilibrium

Up Direction = Positive_Z

Fwd Direction = Negative_X

Surface Meshing Parameters

Density

Maximum angle

Maximum aspect ratio

Minimum initial grid quads

Refine mesh

Minimum edge length

Maximum edge length

Max distance, edge to surf.

Jagged seams

Simple planes

0.0001 m

Om

Om

False

True

Load Condition Parameters

Model Sinkage

Model Trim

Model Heel

VCG

Fluid Type

Fluid Density

Mirror Geometry

0.500 m

0.000 deg

0.000 deg

Om

Seawater

1025.900 kg/m"3

False
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Resultant Model Attitude

Heel Angle 0.000 deg Sinkage 0.500 m
Trim Angle 0.000 deg

Overall Dimensions
Length Overall, LOA 12.600 m Loa/Boa 6.142
Beam Overall, Boa 2.051 m Boa /D 0.708
Depth Overall, D 2.897 m

Waterline Dimensions
Waterline Length, Lwil 10.485 m Lwl / Bwl 9.366
Waterline Beam, Bwl 1.119 m Bwl/T 3.195
Navigational Draft, T 0.350 m D/T 8.268

Volumetric Values

Displacement Weight

Volume

LCB

TCB

VCB

Wetted Surface Area

Moment To Trim

1014.041 kgf

0.988 m”3

7.693 m

-0.289 m

0.403 m

7.742 m*2

Displ-Length Ratio

FB/Lwl  0.490 AB/Lwl

TCB / Bwl

32.146 kgf-m/cm

24.518

0.510

-0.258
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Waterplane Values

Waterplane Area, 6.858 m"2

Awp

LCF 7.744 m FF/Lwl  0.495 AF/Lwl 0.505
TCF -0.425 m TCF / Lwl -0.041
Weight To Immerse 70.361 kgf/cm

Sectional Parameters

AX 0.000 m"2

Ax Location 0.000 m Ax Location / Lwl 0.000

Hull Form Coefficients

Cb 0.240 Cx 0.000
Cp 0.000 Cwp 0.584
Cvp 0.411 Cws 2.405

Static Stability Parameters

I(transverse) 0.577 m™4 I(longitudinal) 32.456 m™4
BMt 0.583 m BMI 32.836 m
GMt 0.986 m GMI 33.239 m
Mt 0.486 m MI 32.739 m
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Nemi Ship 1

The Nemi Ship 1 lines were published by Bonino (1985:49).
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Condition Summary

Load Condition Parameters

Condition Weight / Sinkage LCG / Trim TCG / Heel VCG (m)
Condition 1 0.500 m 0.000 deg 0.000 deg None available
Condition 2 1.000 m 0.000 deg 0.000 deg None available
Condition 3 1.700 m 0.000 deg 0.000 deg None available
Condition 4 1.800 m 0.000 deg 0.000 deg None available
Condition 5 1.900 m 0.000 deg 0.000 deg None available
Condition 6 2.000 m 0.000 deg 0.000 deg None available
Condition 7 2.500 m 0.000 deg 0.000 deg None available

Resulting Model Attitude and Hydrostatic Properties

Condition Sinkage (m) Trim(deg) Heel(deg) Ax(m*2)
Condition 1 0.500 0.000 0.000 0.00
Condition 2 1.000 0.000 0.000 0.00
Condition 3 1.700 0.000 0.000 0.00
Condition 4 1.800 0.000 0.000 0.00
Condition 5 1.900 0.000 0.000 0.00
Condition 6 2.000 0.000 0.000 0.00
Condition 7 2.500 0.000 0.000 0.00
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Condition Displacement LCB(m) TCB(m) VCB(m) Wet Area (m”2)
Weight (kgf)

Condition 1 346525.027 48.703 30.999 0.242 748.017
Condition 2 761232.841 48.662 31.004 0.522 890.571
Condition 3 1417712.865 48.586 31.006 0.908 1026.249
Condition 4 1516224.791 48.578 31.006 0.963 1043.547
Condition 5 1615653.031 48.569 31.006 1.018 1060.586
Condition 6 1715922.464 48.560 31.006 1.072 1077.233
Condition 7 2227723.619 48.515 31.006 1.343 1157.031

Condition Awp(m*2) LCF(m) TCF(m) VCF(m)
Condition 1 739.837 48.782 31.000 0.500
Condition 2 863.810 48.533 31.000 1.000
Condition 3 955.746 48.453 31.000 1.700
Condition 4 964.968 48.438 31.000 1.800
Condition 5 973.566 48.421 31.000 1.900
Condition 6 981.343 48.402 31.000 2.000
Condition 7 1012.402 48.311 31.000 2.500
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Condition BMt(m) BMi(m) GMt(m) GMIi(m)
Condition 1 41.514 402.775 None Available None Available
Condition 2 24.859 258.526 None Available None Available
Condition 3 16.392 169.374 None Available None Available
Condition 4 15.639 161.284 None Available None Available
Condition 5 14.954 153.902 None Available None Available
Condition 6 14.317 147.112 None Available None Available
Condition 7 11.771 120.199 None Available None Available

Condition Cb Cp Cwp Cx Cws Cvp
Condition 1 0.561 0.000 0.797 0.000 5.541 0.704
Condition 2 0.572 0.000 0.765 0.000 4.163 0.748
Condition 3 0.581 0.000 0.743 0.000 3.375 0.782
Condition 4 0.581 0.000 0.739 0.000 3.302 0.786
Condition 5 0.586 0.000 0.742 0.000 3.251 0.790
Condition 6 0.592 0.000 0.746 0.000 3.205 0.793
Condition 7 0.612 0.000 0.756 0.000 3.018 0.810
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Notes

1. Locations such as the center of buoyancy and center of flotation are measured from the origin in

the Rhinoceros world coordinate system.

i

2. The orientation of the model for an Orca3D hydrostatics solution is defined in terms of “sinkage,’
“trim,” and “heel.” The sinkage value represents the depth of the body origin (i.e. the Rhino world
origin) below the resultant flotation plane, and is sometimes referred to as "origin depth." Heel and
trim represent angular rotations about the Rhino longitudinal and transverse axes, respectively,
and are taken in that order. For a more detailed description of these terms see the Orca3D

documentation.
3. Hull form coefficients are non-dimensionalized by the waterline length.
4. Calculation of Cp and Cx use Orca sections to determine Ax. If no Orca sections are defined,

these values will be reported as zero.
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Pantano Longarini

The Pantano Longarini lines plans were published by Kampbell (2007:66).
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Condition Summary

Load Condition Parameters

APPENDIX 6: HULL ANALYSIS

Condition Weight / Sinkage LCG / Trim TCG / Heel VCG (m)
Condition 1 0.750 m 0.000 deg 0.000 deg None available
Condition 2 1.450 m 0.000 deg 0.000 deg None available
Condition 3 2.200 m 0.000 deg 0.000 deg None available

Resulting Model Attitude and Hydrostatic Properties

Condition Sinkage (m) Trim(deg) Heel(deg) Ax(m*2)
Condition 1 0.750 0.000 0.000 0.00
Condition 2 1.450 0.000 0.000 0.00
Condition 3 2.200 0.000 0.000 0.00

Condition Displacement LCB(m) TCB(m) VCB(m) Wet Area (m”2)

Weight (kgf)
Condition 1 62469.529 17.626 6.528 0.479 139.540
Condition 2 179620.847 17.877 6.526 0.896 205.089
Condition 3 342083.060 17.989 6.524 1.344 278.632
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Condition Awp(m*2) LCF(m) TCF(m) VCF(m)
Condition 1 135.085 17.874 6.527 0.750
Condition 2 187.563 18.109 6.523 1.450
Condition 3 237.993 18.066 6.522 2.200

Condition BMt(m) BMI(m) GMt(m) GMI(m)
Condition 1 8.361 68.476 None Available None Available
Condition 2 5.788 44.542 None Available None Available
Condition 3 4.425 41.537 None Available None Available

Condition Cb Cp Cwp Cx Cws Cvp
Condition 1 0.536 0.000 0.844 0.000 3.891 0.635
Condition 2 0.565 0.000 0.854 0.000 3.132 0.662
Condition 3 0.545 0.000 0.840 0.000 2.821 0.649

Notes

1. Locations such as the center of buoyancy and center of flotation are measured from the origin in

the Rhinoceros world coordinate system.

2. The orientation of the model for an Orca3D hydrostatics solution is defined in terms of “sinkage,’
“trim,” and “heel.” The sinkage value represents the depth of the body origin (i.e. the Rhino world
origin) below the resultant flotation plane, and is sometimes referred to as "origin depth." Heel and
trim represent angular rotations about the Rhino longitudinal and transverse axes, respectively,
and are taken in that order. For a more detailed description of these terms see the Orca3D

documentation.

3. Hull form coefficients are non-dimensionalized by the waterline length.

4. Calculation of Cp and Cx use Orca sections to determine Ax. If no Orca sections are defined,

these values will be reported as zero.
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Hull Form Coefficients
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Port-Berteau 2

The lines plans for Port-Berteau 2 were published by Rieth et al. (2001: fig. 106).
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Condition Summary

Load Condition Parameters

Condition Weight / Sinkage LCG/ Trim TCG / Heel VCG (m)
Condition 6 1.150 m 0.000 deg 0.000 deg None available
Condition 5 0.950 m 0.000 deg 0.000 deg None available
Condition 4 0.750 m 0.000 deg 0.000 deg None available
Condition 3 0.550 m 0.000 deg 0.000 deg None available
Condition 2 0.350 m 0.000 deg 0.000 deg None available
Condition 1 0.150 m 0.000 deg 0.000 deg None available

Resulting Model Attitude and Hydrostatic Properties

Condition Sinkage (m) Trim(deg) Heel(deg) Ax(m*2)
Condition 6 1.150 0.000 0.000 0.00
Condition 5 0.950 0.000 0.000 0.00
Condition 4 0.750 0.000 0.000 0.00
Condition 3 0.550 0.000 0.000 0.00
Condition 2 0.350 0.000 0.000 0.00
Condition 1 0.150 0.000 0.000 0.00
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Condition Displacement LCB(m) TCB(m) VCB(m) | Wet Area (m*2)
Weight (kgf)

Condition 6 -33300.381 9.188 -0.001 0.704 53.752
Condition 5 -25155.950 9.195 -0.001 0.591 47.511
Condition 4 -17552.624 9.202 -0.001 0.478 41.268
Condition 3 -10613.270 9.208 -0.001 0.365 34.750
Condition 2 -4609.447 9.208 -0.002 0.250 27.110
Condition 1 -388.614 9.221 -0.006 0.130 12.017

Condition Awp(m*2) LCF(m) TCF(m) VCF(m)
Condition 6 -40.916 9.163 -0.001 1.150
Condition 5 -38.434 9.172 -0.001 0.950
Condition 4 -35.589 9.184 -0.001 0.750
Condition 3 -31.859 9.200 0.000 0.550
Condition 2 -26.161 9.217 -0.001 0.350
Condition 1 -11.946 9.134 -0.004 0.150

Condition BMt(m) BMI(m) GMt(m) GMI(m)
Condition 6 1.412 12.028 None Available None Available
Condition 5 1.626 14.245 None Available None Available
Condition 4 1.979 17.678 None Available None Available
Condition 3 2.577 23.879 None Available None Available
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Condition 2 3.793 39.304 None Available None Available
Condition 1 5.520 166.236 None Available None Available
Condition Cb Cp Cwp Cx Cws Cvp
Condition 6 -0.515 0.000 -0.688 0.000 NaN 0.748
Condition 5 -0.512 0.000 -0.691 0.000 NaN 0.741
Condition 4 -0.503 0.000 -0.692 0.000 NaN 0.728
Condition 3 -0.486 0.000 -0.689 0.000 NaN 0.705
Condition 2 -0.444 0.000 -0.674 0.000 NaN 0.659
Condition 1 -0.339 0.000 -0.648 0.000 NaN 0.523
Notes

1. Locations such as the center of buoyancy and center of flotation are measured from the origin in

the Rhinoceros world coordinate system.

2. The orientation of the model for an Orca3D hydrostatics solution is defined in terms of “sinkage,’
“trim,” and “heel.” The sinkage value represents the depth of the body origin (i.e. the Rhino world
origin) below the resultant flotation plane, and is sometimes referred to as "origin depth." Heel and
trim represent angular rotations about the Rhino longitudinal and transverse axes, respectively,
and are taken in that order. For a more detailed description of these terms see the Orca3D

documentation.

3. Hull form coefficients are non-dimensionalized by the waterline length.

4. Calculation of Cp and Cx use Orca sections to determine Ax. If no Orca sections are defined,

these values will be reported as zero.
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Hull Form Coefficients
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Pepper Wreck

The lines plans for the Pepper Wreck were published by Castro (2008).
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Condition Summary

Load Condition Parameters

Condition Weight / Sinkage LCG/ Trim TCG / Heel VCG (m)
Condition 1 1.650 m 0.000 deg 0.000 deg None available
Condition 2 3.250 m 0.000 deg 0.000 deg None available
Condition 3 4.850 m 0.000 deg 0.000 deg None available
Condition 4 6.450 m 0.000 deg 0.000 deg None available

Resulting Model Attitude and Hydrostatic Properties

Condition Sinkage (m) Trim(deg) Heel(deg) Ax(m*2)
Condition 1 1.650 0.000 0.000 0.00
Condition 2 3.250 0.000 0.000 0.00
Condition 3 4.850 0.000 0.000 0.00
Condition 4 6.450 0.000 0.000 0.00

Condition Displacement LCB(m) TCB(m) VCB(m) [ Wet Area (m*2)

Weight (kgf)
Condition 1 198949.829 27.211 -1.434 1.042 232.542
Condition 2 621715.716 26.893 -1.434 2.037 394.498
Condition 3 1178391.517 26.744 -1.434 2.999 538.470
Condition 4 1807750.660 26.719 -1.434 3.926 678.626
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Condition Awp(m*2) LCF(m) TCF(m) VCF(m)
Condition 1 199.740 27.079 -1.434 1.650
Condition 2 306.466 26.555 -1.434 3.250
Condition 3 366.019 26.626 -1.434 4.850
Condition 4 396.962 26.701 -1.434 6.450

Condition BMt(m) BMI(m) GMt(m) GMI(m)
Condition 1 4.974 55.880 None Available None Available
Condition 2 4.032 37.968 None Available None Available
Condition 3 3.180 27.168 None Available None Available
Condition 4 2.449 20.743 None Available None Available

Condition Chb Cp Cwp Cx Cws Cvp
Condition 1 0.385 0.000 0.662 0.000 2.912 0.582
Condition 2 0.459 0.000 0.759 0.000 2.699 0.605
Condition 3 0.503 0.000 0.780 0.000 2.605 0.645
Condition 4 0.544 0.000 0.793 0.000 2.612 0.686
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Notes

1. Locations such as the center of buoyancy and center of flotation are measured from the origin in

the Rhinoceros world coordinate system.

2. The orientation of the model for an Orca3D hydrostatics solution is defined in terms of “sinkage,’
“trim,” and “heel.” The sinkage value represents the depth of the body origin (i.e. the Rhino world
origin) below the resultant flotation plane, and is sometimes referred to as "origin depth." Heel and
trim represent angular rotations about the Rhino longitudinal and transverse axes, respectively,
and are taken in that order. For a more detailed description of these terms see the Orca3D

documentation.
3. Hull form coefficients are non-dimensionalized by the waterline length.
4. Calculation of Cp and Cx use Orca sections to determine Ax. If no Orca sections are defined,

these values will be reported as zero.
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Cuttlebone

The lines plans of the cuttlebone are from Bonino (1985:49).

155



INNOVATION AND TECHNOLOGICAL CHANGE IN THE ARCHAEOLOGICAL RECORD

Condition Summary

Load Condition Parameters

Condition Weight / Sinkage LCG/ Trim TCG / Heel VCG (m)
Condition 1 1.000 m 0.000 deg 0.000 deg None available
Condition 2 0.750 m 0.000 deg 0.000 deg None available
Condition 3 0.500 m 0.000 deg 0.000 deg None available
Condition 4 0.250 m 0.000 deg 0.000 deg None available

Resulting Model Attitude and Hydrostatic Properties

Condition Sinkage (m) Trim(deg) Heel(deg) Ax(m#2)
Condition 1 1.000 0.000 0.000 0.00
Condition 2 0.750 0.000 0.000 0.00
Condition 3 0.500 0.000 0.000 0.00
Condition 4 0.250 0.000 0.000 0.00

Condition Displacement LCB(m) TCB(m) VCB(m) | Wet Area (m*2)

Weight (kgf)
Condition 1 -25812.474 12.158 0.044 0.691 58.473
Condition 2 -13729.555 12.498 0.044 0.523 42.579
Condition 3 -5435.372 12.898 0.044 0.353 26.198
Condition 4 -1015.350 13.408 0.044 0.179 10.677
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Condition Awp(m*2) LCF(m) TCF(m) VCF(m)
Condition 1 -53.953 11.598 0.044 1.000
Condition 2 -39.910 11.999 0.044 0.750
Condition 3 -24.736 12.525 0.044 0.500
Condition 4 -9.905 13.160 0.044 0.250

Condition BMt(m) BMI(m) GM¢t(m) GMI(m)
Condition 1 3.795 22.454 None Available None Available
Condition 2 3.911 23.112 None Available None Available
Condition 3 3.739 22.874 None Available None Available
Condition 4 2.950 21.835 None Available None Available

Condition Cb Cp Cwp Cx Cws Cvp
Condition 1 -0.349 0.000 -0.750 0.000 NaN 0.466
Condition 2 -0.330 0.000 -0.740 0.000 NaN 0.446
Condition 3 -0.303 0.000 -0.709 0.000 NaN 0.427
Condition 4 -0.249 0.000 -0.625 0.000 NaN 0.398

157



INNOVATION AND TECHNOLOGICAL CHANGE IN THE ARCHAEOLOGICAL RECORD

Notes

1. Locations such as the center of buoyancy and center of flotation are measured from the origin in

the Rhinoceros world coordinate system.

2. The orientation of the model for an Orca3D hydrostatics solution is defined in terms of “sinkage,’
“trim,” and “heel.” The sinkage value represents the depth of the body origin (i.e. the Rhino world
origin) below the resultant flotation plane, and is sometimes referred to as "origin depth." Heel and
trim represent angular rotations about the Rhino longitudinal and transverse axes, respectively,
and are taken in that order. For a more detailed description of these terms see the Orca3D

documentation.
3. Hull form coefficients are non-dimensionalized by the waterline length.
4. Calculation of Cp and Cx use Orca sections to determine Ax. If no Orca sections are defined,

these values will be reported as zero.
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Glossary of Terms

Design Terms

Conceptual Design: A novel core concept, or fundamental principle, that characterizes a

technology (Kroll et al. 2001: 1).

Design: The process of turning a concept into a physical entity. The product of cultural

background, available materials, and previous experience.

Development: Change within a conceptual design framework. The core concept remains the
same, but changes are made to increase variability whether improving efficiency for certain

cultural or environmental conditions or stasis.

Emergent Phenomenon: A term coined by John Law to describe a technology that is greater than

its parts (2012); see Gestalt.

Gestalt: German word used in psychology to mean “an organized whole that is perceived as more

than the sum of its parts,” a concept that John Law applied to technology, notably ships (2012).

Innovation: The author argues that an innovation is the identification of a novel set of core concepts,
or conceptual design. The amount to which the core concept differs from previous technologies

determines the level of innovation.

Invention: The implementation of a new conceptual design as a material manifestation for the first

time.

Technology: A conceptual development allowing for humans to affect their social and/or natural
environments (agency manifest), according to the author’s proposed system of understanding

technology as a material and immaterial hybrid.
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Nautical Terms

Anchor: A device deployed from a vessel to keep it stationary.

Ankura, ancora: ankura (Greek) and ancora (Latin) refers to “bent” anchors, i.e. stocked

anchors.

Crown: “That portion of an anchor where its arms joined the shank” (Steffy 2006:266).

Eunai: The earliest Greek term for an anchor, translating as “bed,” and thought to describe

stone bed-shaped weight-based anchors.

Fluke: The widened distal end of an anchor’s arms, either chisel or palm shaped, that grips

the seafloor in crown-weighted anchors.

Palm: “The triangular face of an anchor’s fluke” (Steffy 2006:266).

Stock: “A wooden, stone, or metal crosspiece near the top of and perpendicular to the
shank” (Steffy 2006:267).

Tooth: The narrowing point at the end of an anchor’s arm that digs into the seafloor on
a stock-weighted anchor, sometimes covered in iron or bronze to protect the wooden

structure.

Ballast: “Heavy material, such as iron, lead, or stone, placed low in the hold to lower the center of

gravity and improve stability” (Steffy 2006:267).

Butt Joint: “The union of two planks or timbers whose ends were cut perpendicularly to their

lengths; sometimes called carvel joint” (Steffy 2006:268).

Cathead: A beam projecting from the side of a vessel to act as a crane and allow an anchor to be
catted, or a loop was passed around one arm and hoisted on the railing or deck to secure the

anchor from swinging.

Forefoot: “A curved piece between the forward end of the keel and the knee of the head” (Steffy
2006:271).

Frames: Internal timbers that provide transverse strengthening.

Hogging Truss: a form of longitudinal strengthening on ancient vessels, a hogging truss was a
strong cable that connected to the bow and stern of a vessel to prevent sagging of the vessel’s
ends (Steffy 2006:273).

Keel and Keelplank: The primary structural longitudinal timber of a vessel on the bottom of the
hull.
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Keelson: “An internal longitudinal timber or line of timbers, mounted atop the frames along the
centerline of the keel” (Steffy 2006:274).

Mortise-and-Tenon Joint: “A union of planks or timbers by which a projecting piece (tenon) was

fitted into one or more cavities (mortises) or corresponding size” (Steffy 2006:276).

Rabbet: “A groove or cut made in a piece of a timber in such a way that the edges of another
piece could be fit into it to make a tight joint” (Steffy 2006:277).

Ram: “A strong projection on the bow of an ancient warship, usually sheathed in metal, used as a

weapon to strike another vessel” (Steffy 2006:277).
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Scarph: “An overlapping joint used to connect two timbers or planks without increasing their

dimensions” (Steffy 2006:279).

Sewn Fastening: A method by which planks are lashed together rather than fastened with wood

or metal fasteners. Example of ancient Egyptian sewn fastening (Mark 2009:Figure 7).

Strake: One of the timbers that forms the continuous hull planking on the exterior of a vessel.

4

Tuck: “The place where the ends of the bottom planks terminated under the stern or counter’

(Steffy 2006:281).

Tumblehome: “The inward curvature of a vessel’s upper sides as they rose from the point of

maximum breadth to the bulwarks” (Steffy 2006:281).

Wale: A thick strake of planking, or a belt of thick planking strakes, located along the side of a
vessel for the purpose of girding and stiffening the outer hull” (Steffy 2006:281).
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