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a b s t r a c t

Ballast stone deposits are a common feature of sediments in ancient harbour basins but are often
overlooked as a potential source of archaeological information. Recent geophysical investigations at
Caesarea Maritima in Israel have discovered a thick, laterally extensive ballast layer in the area seaward
of the 1st c. BC Roman harbour. The ballast deposits were identified by low-relief mounds on the seabed
with elevated magnetic intensities. Jet probing and excavation of magnetic anomalies at several locations
revealed a 20–60 cm thick rubble layer containing large quantities of Late Roman and Byzantine pottery,
local sedimentary boulders (kurkar sandstone, limestone cobbles) and foreign igneous and metamorphic
boulders (granite, schist, volcanics; ca. 50%). The foreign boulders and pottery identify the rubble layer as
ballast and ships refuse jettisoned by merchant ships outside the harbour. The strong magnetic contrast
between the ballast deposits and the natural seabed sediments is attributed to the high magnetic
susceptibility (>10�3 SI) of crystalline boulders and pottery materials within the ballast rubble.
AMS 14C and OSL dates and pottery evidence indicate the ballast accumulation began in the Late Roman
period (ca. 200–330 AD) and continued well into the Late Byzantine (ca. 7th c. AD). The main phase of
ballast deposition (ca. 4th–5th c. AD) coincided with a decline in the state of Caesarea’s harbour
following a destructive tsunami event in the early 2nd c. AD and records a shift to a more intensive use of
the area seaward of the harbour as an anchorage and ballast lightening area.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Ballast stone deposits are a common feature of bottom sedi-
ments in ancient harbours and anchorage sites where merchant
ships jettisoned ballast prior to lading of cargo (Raveh and Kingsley,
1991; McManus, 1999; Stanley and Bernasconi, 2004; Reinhardt
et al., 2006). Typically these deposits consist of a heterogeneous
mixture of ballast stones admixed with locally derived sediments
and varying quantities of pottery and other ship refuse. In harbours
with a long history of maritime trade, the jettisoning of ballast
stones over several centuries can result in formation of a thick,
laterally extensive deposit (e.g. Reinhardt and Raban, 1999). Ballast
deposits also occur as discrete stone piles and mounds on the
seabed, marking the location of shipwreck sites (Parker, 1981; Keith
and Simmons, 1985; Ballard et al., 2000; Callahan et al., 2001;
Bertrame and Gaddi, 2002; Raveh and Kingsley, 1992; Kingsley,
2003; Royal, 2006). These are formed when wooden hull structures
are destroyed during wrecking or lost to decay and erosion
88; fax: þ1 905 546 0463.

All rights reserved.
processes, and where preserved, can provide a record of the hull
contents. The petrologic and geochemical analysis of shipwreck
ballast materials (so-called ‘ballastology’) can also provide impor-
tant clues for determining shipwreck identity (Lamb, 1986).
Conaghan et al. (1998) for example identified the origin of a 19th-
century shipwreck in northern Queensland based on ballast
petrographic characteristics and Lamb et al. (1990) used a similar
approach to identify ports visited by a 16th-century wreck in the
West Indies. Other workers have employed ballast characteristics to
infer historical shipping trade routes (McManus, 1999; Lazareth
et al., 2001) and to estimate hull size and wrecking conditions
(Keith and Simmons, 1985).

The application of petrographic and geochemical analysis to
ballast in ancient harbour sediments is likely to be more prob-
lematic. In ports with a long history of sea-faring trade ballast
composition is likely to be very heterogeneous, reflecting many
different geographic locations and geological sources; accordingly,
ballast provenience is often complex and difficult to interpret in
terms of shipping trade routes or cargo origin (Keith and Simmons,
1985; Raban, 2004). Votruba (2007) for example examined
imported cobble and ballast stones used in the construction of
Caesarea’s Roman harbour and was able to identify local versus
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foreign, far-travelled materials but not their specific source locali-
ties. Identification of source areas requires that the ballast materials
have a distinctive lithologic or geochemical ‘fingerprint’ that can be
linked to a specific geographic location (e.g. Emery et al., 1968;
Lazareth et al., 2001).

A more straightforward, but largely overlooked significance of
ballast deposits, is that they can be used as an indicator of the
relative intensity of past shipping activity and to identify the
location of anchorage areas. McManus (1999) for example used
petrographic evidence to identify ballast materials deposited by
19th century merchant vessels in the Tayport estuary in Scotland.
He estimated that more than 100,000 tonnes of ballast had been
accumulated over a 100-year period as a result of intensive
historical shipping activities. Thick ballast stone layers have also
been documented from a number of ancient harbour sites in the
Mediterranean (e.g. Caesarea Maritima, Alexandria, Dor) (Reinhardt
and Raban, 1999; Kingsley, 2003; Stanley and Bernasconi, 2004;
Reinhardt et al., 2006) but have largely been disregarded as
a potential archive of archaeological information, as there is
a general perception that ballast layers are essentially ex-situ
deposits, lacking proper stratigraphic and archaeological contexts
(Parker, 1981; Lamb, 1986). Ballast deposits and associated pottery
materials, however, can be preserved as in-situ layers under
favorable environmental conditions; for example in low energy
environments, such as sheltered harbour basins and in natural
embayments where waves and currents are insufficient to erode or
rework coarse deposits. Ballast layers can also be preserved on
open, unprotected marine shelves when deposited below the storm
wave base, and in shallow water (i.e. above storm wave base) when
buried rapidly by subsequent storm deposition, as was the case at
Caesarea (Reinhardt et al., 2006).

In this paper, we report on extensive in-situ ballast stone
deposits discovered during a geophysical survey of King Herod’s
Roman harbour at Caesarea Maritima, in Israel (Fig. 1). The
geophysical survey was conducted initially with the objective of
mapping the submerged harbour architecture (Boyce et al., 2004)
but also revealed several anomalous magnetic and bathymetric
features in the area seaward of the Roman harbour (Fig. 1). These
were investigated by jet probing and underwater excavations and
identified as an extensive ballast rubble layer. The thickness and
wide extent of the ballast layer at Caesarea indicates a sustained use
of the area seaward of the Roman harbour after the 2–3rd c. AD
(Late Roman Period) as a vessel anchorage and ballast unloading
area. These findings corroborate other work that has documented
the partial destruction of the harbour basin and its decline as a safe
anchorage as a result of a 2nd c. AD tsunami event (Reinhardt et al.,
2006). Thick ballast accumulations are a feature of many other
ancient harbours and the methods and results reported here have
broader application to other sites in the Mediterranean and else-
where. The high magnetic susceptibility of the ballast materials at
Caesarea also suggests the potential for magnetic detection of
buried shipwreck ballast mounds in sandy shelf environments.

2. Study area and geoarchaeologic setting

The Roman port city of Caesarea Maritima is located on the
northwest coast of Israel, about 40 km south of Haifa (Fig. 1). The
city and its harbour were constructed under the rule of King Herod
during the late 1st c. BC (Raban, 1992; Hohlfelder, 1999; Reinhardt
and Raban, 1999; Raban et al., 1999). The ruined remains of the
Roman harbour cover an area of about 10 ha and lie in water depths
between 4 and 10 m. The harbour originally had three separate
basins enclosed by a protective arched mole to the west and
a narrow rectangular mole in the north (Fig. 1). The moles are now
submerged more than 5 m below sea level and covered by a thick
layer of collapsed rubble. The various phases in the construction of
the harbour, its operation and subsequent destruction have been
described in detail by Raban (1994) and others (Brandon, 1999;
Hohlfelder, 1999; Reinhardt et al., 2006; Reinhardt and Raban,
2008).

In this study we describe an extensive ballast layer discovered in
the shallow (ca. <10 m) inshore area to the west (seaward) of the
Roman harbour ruins (Fig. 1). The inshore has a low relief, gently
sloping bottom (Figs. 1, 3B) and consists predominantly of fine- to
medium-grained sand and fine gravel with local surface concen-
trations of pottery sherds and other cultural debris (Reinhardt et al.,
2006; Reinhardt and Raban, 2008). The shoreface sands are up to
several metres in thickness and overlie Pleistocene-age eolianite
sandstone bedrock known locally as ‘kurkar’ (Avnimelech, 1962;
Gvirtzman et al., 1983).

3. Methods

3.1. Geophysical surveys

Geophysical investigations were conducted over a 1-km2 area of
the harbour and the inshore area at Caesarea (Fig. 2A). More than
100 line km of high-resolution magnetic and bathymetry data were
acquired using a Marine Magnetics Seaspy� (Overhauser) marine
magnetometer and Garmin� 200 kHz echosounder. The Over-
hauser sensor has the advantages of high sensitivity (0.01 nT/OHz)
and does not suffer from heading errors that limit the use of opti-
cally pumped alkali vapour magnetometers. The magnetometer
was towed behind an inflatable boat at a speed of 2–4 knots at
a depth of 1–2 m below the water surface. The sensor altitude was
also recorded with each magnetic measurement to allow for later
correction of the water depth-related changes in magnetic intensity.
The magnetometer sample rate was 0.25 s (4 Hz) yielding an inline
measurement interval of ca. 0.25–1 m. The survey lines were
oriented in north–south and west–east directions with nominal line
spacing of 10–20 m (Fig. 2A). A second base-station magnetometer
was deployed onshore for the duration of the survey to continu-
ously record the diurnal magnetic variation. Survey positioning was
provided by an onboard D-GPS (sub-metre Trimble RTK 4600)
receiving differential correction data from an onshore base receiver.

The post-survey processing of magnetic data included diurnal
and lag corrections, tie-line levelling and drape corrections
(Luyendyk, 1997; Boyce et al., 2004). Drape corrections compensate
for variations in the magnetic signal intensity produced by changes
in the sensor altitude and seabed topography (Grauch and Camp-
bell, 1984; Pilkington and Thurston, 2001). These corrections are
routinely applied to aeromagnetic survey data to eliminate terrain
effects (Ugalde and Morris, 2008), but are also applicable to marine
surveys where the changes in water depth can generate significant
changes in measured magnetic field (Pozza et al., 2004). As water
depth increases for example, the magnetic signal intensity falls off
with the inverse of the distance cubed for a typical dipole target
(Breiner, 1973; Telford et al., 1998). Drape corrections were imple-
mented in this study using the chessboard technique of Cordell
(1985). The method uses upward and downward continuation of
the magnetic signal to place all measurements at a constant height
above the seabed, eliminating depth-related changes in signal
intensity. The bathymetry data were corrected for sea-surface
variations (waves, tides) using the D-GPS elevation data and tie-line
leveled and gridded to produce a digital bathymetric elevation
model following the procedures outlined by Sonnenburg and Boyce
(2008).

To aid in interpretation of magnetic survey data, magnetic
susceptibility measurements were obtained on representative
samples of bottom sediments and a range of ballast stone types



Fig. 1. A. Study area map showing submerged Roman harbour ruins, ballast mounds and locations of excavated trenches and sediment probes. Generalized bathymetric contours
also shown (contour interval¼ 1 m). B. Location of study area in eastern Mediterranean.
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retrieved from excavation trenches (Table 1). Volume magnetic
susceptibility measurements (k) were obtained on whole ballast
stone samples using a Bartington (MS2-E1) surface measurement
probe. A number of repeat surface measurements were made for
each boulder sample and the average k value taken. For sediment
samples, volume susceptibility measurements were performed on
8–10 g dry sediment samples using a Bartington MS2-B suscepti-
bility meter. Air measurements were performed before and after all
susceptibility measurements in order to monitor and correct for
instrument drift.
3.2. Trenches and sediment probes

Trenches were excavated at 7 sites to investigate the origin of
the magnetic anomalies (Fig. 1A). Trenches 2–4 m in width were
excavated to a depth of 1–3 m using a diver-operated water dredge
(Reinhardt, 1999). At each site a detailed stratigraphic log was
recorded and bulk sediment samples and ballast stones were
collected for laboratory magnetic property analysis. At sites W6 and
W7 shell materials were collected for dating using AMS 14C
methods and several sand samples for dating using OSL methods
(Reinhardt et al., 2006; Rink and Reinhardt, 2008).

A series of sediment probes were conducted along a 100 m
west–east transect (W1–W2; Fig. 1A) to the west of the harbour.
The probes were carried out using a diver-operated water jet that
was driven up to 3 m into the bottom sediment. The sediment
probes provided a means of establishing the lateral continuity of
the rubble layer between the excavated trenches and the thickness
of the overlying sediment.

4. Results

4.1. Magnetic and bathymetry data

Magnetic and bathymetric maps of the inshore area at Caesarea
are shown as colour-shaded images in Figs. 2B, 3 The magnetic map
(Fig. 2B) shows variations in the Earth’s total field intensity (in
nanoteslas) produced by changes in the concentration of magnetic
minerals (principally magnetite and titano-magnetites) within the
seafloor sediments and bedrock. The large variations in magnetic
intensity across the Roman harbour (Figs. 3, 4) result from the
presence of magnetite-rich hydraulic concrete (pozzolana) within
the buried harbour foundation (Brandon, 1999). The geophysical
results for the Roman harbour have been discussed in detail else-
where (Boyce et al., 2004) and we focus here on the area seaward of
the harbour.

As shown in the bathymetry data (Fig. 3B), the area beyond the
harbour is characterized by a gently sloping, low-relief shoreface
that extends from the western edge of Herod’s harbour into water
depths of>10 m. The magnetic map (Fig. 3A) shows a relatively high
magnetic relief across the harbour and adjacent areas with a total
field variation of about 40 nT. An area of high magnetic intensity in
the northeast corner of the map (Fig. 3A) corresponds with iron-rich
sandstone bedrock and hamra (terra rosa soil) that forms the
modern shoreline at Caesarea (Avnimelech,1962; Boyce et al., 2004).



Fig. 2. A. Geophysical survey track lines (nominal line spacing 10–20 m). The along track (inline) interval between magnetic measurements was 0.25–1 m. B. Colour-shaded map
showing magnetic total field intensity (nanoteslas, nT) and locations of excavated trenches (W1–W7).
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The inshore area to the west has an overall lower magnetic intensity
with a number of localized magnetic highs (Fig. 3A). The most
conspicuous feature is a roughly circular ‘ring-like’ magnetic
anomaly lying about 100 m to the west of the main Roman harbour
mole. The anomaly is about 90 m in diameter and is expressed in the
bathymetry map as very low relief, roughly circular mound (Fig. 3B).
The magnetic anomaly and the mound are clearly recognizable in
the west–east profiles shown in Fig. 4. The seabed relief was
enhanced by subtraction of a linear trend surface (i.e. the shoreface
slope) from the depth profile (Fig. 4A). This shows that the mound
has a maximum relief of ca. 40–60 cm. The corresponding magnetic
profile (Fig. 4B) shows a similar ‘mounded’ appearance, defined by
a 6–7 nT increase in magnetic intensity across the mound feature.
Table 1
Results of magnetic susceptibility testing of ballast stone materials, pottery and
bottom sediments collected at sites W1–W7. Sample numbers correspond with
ballast stones shown in Fig. 7A.

Sample no. Location Material n Mean susceptibility k (10�5 SI)

1 W4 Andesite 8 90.4
2 W3 Limestone 6 0.2
3 W3 Marble 6 1.4
4 W4 Granite 6 267.6
5 W3 Biotite schist 6 467.5
6 W4 Quartzite 6 6.7
7 W4 Limestone 6 0.1
8 W4 Dolostone 6 0.4
9 C92 Med. sand 5 0.1
10 C98 Med. sand 6 0.4
11 RN4 Silt 5 8.7
12 W3 Clay pottery 5 169.6
The intensity of the magnetic anomaly is decreased at its centre and
corresponds with a slight bathymetric depression in the mound
feature (Fig. 4B).

The ring-like shape of the magnetic anomaly and mounded
feature are clearly visible in the perspective 3D images shown in
Fig. 5. An overlay of the magnetic intensity on the bathymetry
(Fig. 5B) confirms that the magnetic anomaly and the mound are
coincident, and that the mound is the source of the magnetic
anomaly. Excavation and jet probing in the mound (see below)
revealed that the sediment thickness here is greater than 3 m, and
that the mound is not the expression of an underlying bedrock
protuberance (i.e. bedrock outcrop). The lack of a bedrock promi-
nence below the mound suggests that the magnetic anomaly
(Fig. 5B) results from the magnetization of the sediment and ballast
materials within the mound itself and not the underlying bedrock.
This is supported by the laboratory magnetic testing which shows
that ballast rubble within the mound includes a large volume of
magnetite-rich rock types (see below).

Several smaller positive magnetic anomalies are present in the
area to the northwest of the harbour (sites W3–W7) (Figs. 1A, 3A).
These anomalies have an irregular shape in plan and do not have
any significant expression in the bathymetry data (Fig. 3B). The
magnetic anomalies at locations W3, W4 and W5 (Fig. 3A) are more
pronounced than the mounded feature, having a magnetic inten-
sity that is ca. 10–12 nT above the surrounding background levels.
4.2. Stratigraphy

The results of the excavation work are summarized in the
stratigraphic profiles in Figs. 6, 7. The stratigraphy at W1 and W2



Fig. 3. Colour-shaded surfaces showing: A. Magnetic total field intensity (nT). B. Bathymetry (depth in metres relative to mean sea level). Note low-relief circular mound 100 m to
west of submerged harbour mole and corresponding ring-like magnetic anomaly.
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consists of an uppermost unit of well-sorted sands (Unit A) over-
lying a distinctive coarse rubble and pottery layer (Unit B). The r-
ubble layer was 20–60 cm in thickness and contained abundant
cobble-sized boulders and pottery fragments. The rubble layer was
thickest around the margins of the mound feature but was
traceable across the mound as a thin, continuous layer as
confirmed by jet probing (Fig. 7). The sand unit below the rubble
layer (Unit C) comprises well-sorted sand with silty mud partings
and few pottery fragments (Fig. 6). The uppermost sand layer (Unit
A) represents the storm active layer that is periodically reworked
by storm wave activity on the shoreface (Reinhardt and Raban,
2008).

The boulders within the rubble layer (Unit B; Fig. 6) include
a wide range of rock types-local sandstone (kurkar) bedrock,
limestone, volcanics (mainly andesite) and large quantities of
granitic and metamorphic boulders (gneisses, schist, marble)
(Fig. 8A). The granitic and metamorphic boulders are foreign to the
Levantine coast and identify the rubble layer as imported ballast
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stones jettisoned by merchant ships. It is estimated that about 50%
of the ballast rubble layer is made up of these foreign rock types.
Most of the boulders are sub-round to well rounded but some
angular blocks of quarried sandstone and limestone are also
present. Fig. 8A shows a representative collection of some smaller-
sized ballast stones retrieved from the Unit B rubble layer. Some
large boulders and ashlar blocks (>50 cm diameter) were also
present within Unit B but most of the material was of a portable size
that could be manually jettisoned over the side of a ship. The
mounds are not shipwreck sites as no ship hardware (i.e. nails,
sheathing etc.) was found and the ballast was not exposed for any
significant period of time on the seabed, as indicated by a lack of
bioencrustation and borings on the ballast stones. The lack of bio-
encrustation suggests that the ballast materials were deposited
then rapidly buried. The ballast stones, which are much coarser
than the local bottom sediments (dominantly sand and silt) would
have been progressively moved to the base of the storm active layer
(Unit A) through winnowing of the sand by storm waves and
bottom currents (Reinhardt and Raban, 2008).

The pottery within the ballast rubble layer (Unit B; Fig. 6) con-
sisted of a variety of broken jars and amphoras, and at some
localities comprised ca. 20–30% of the deposit volume. The jars
included many bag-shaped and elongate Byzantine-age (ca. 330–
638 AD) ‘Gaza jars’ of local origin as well as older Anatolian and
Aegean amphorae belonging to the Late Roman I and Late Roman II
types (Talmudic period – ca. 200–330 AD) (Raban, 2004). The Late
Roman pottery fragments were concentrated mainly in the lower
portion of the rubble layer (Fig. 6) and were much less abundant
than the Byzantine pottery fragments in the upper part of the
deposit. The crude stratification and age relations of pottery
materials within Unit B indicate that is for the most part an in-situ
deposit that has not been reworked to any great extent. The
absence of reworking of the deposit is also supported by the
abundance of angular pottery fragments; the rubble layer
throughout contained many small angular sherds, some with
rounded edges, and also a number of large jar and amphora body
fragments as well as some unbroken containers (e.g. bowl; Fig. 8B).
The large body fragments lacked wave worn edges and bio-
encrustation, indicating limited exposure on the seabed and
minimal wave reworking of the deposit. A full interpretation of the
pottery materials awaits further work but the available evidence
suggests that ballast was accumulated over a relatively long time
period, spanning the Late Roman to the Late Byzantine period (ca.
3rd–7th c. AD) (Fig. 6).

Excavations of other magnetic anomalies lying to the north of
the mounded feature (sites W3–W7; Fig. 1A) revealed a similar
stratigraphy, comprising well-sorted sands (Units A and C) with an
intervening 20–70 cm thick ballast rubble layer (Unit B; Figs. 6, 7).
The rubble layer composition at these sites was similar to W1 and
W2, comprising more than 50% igneous and metamorphic boulders



Fig. 5. A. Perspective view of ballast mound bathymetry (north to top of page). Relief across mound is about 0.5–1 m. B. Magnetic total field map overlaid on top of bathymetry,
showing ‘ring-like’ magnetic anomaly (ca. 6–7 nT) produced by igneous and metamorphic boulders within ballast rubble layer.
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and about 50% sedimentary rock types. The rubble layer was
notably thicker at sites W4 and W7 and was encountered at
a shallower depth than site W2 (Fig. 6). The pottery in the Unit B
rubble layer at these locations was very similar to that of W2 and
included large angular fragments of Late Roman jars and amphoras
and abundant Byzantine-age ‘Gaza’ type containers (e.g. Fig. 8B)
(Raban, 2004).

Excavations and jet probing at W4, W6 and W7 revealed the
presence of two further stratigraphic units (Units D and E; Fig. 6)
not present at sites W1 and W2. Unit D consisted of a thick
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rapid deposition by a tsunami event that partially destroyed Cae-
sarea’s harbour in the 2nd c. AD. The tsunami was likely triggered
by a large magnitude earthquake in Syria, which destroyed the city
of Antioch in 115 AD (Ambraseys and Jackson, 1998). The tsunami
shell layer rests erosively across a unit of well-sorted sand (Unit E;
Fig. 6) that is completely devoid of pottery or other cultural
materials. AMS 14C dates obtained on shell materials from the
lowermost Unit E sand indicate it is a much older deposit, dating to
the 3rd to 4th millennium BC. The large difference in ages between
the overlying shell-rich tsunamite (Unit D) and this unit indicates
a significant erosional hiatus and extensive scour of the shoreface
by the 2nd c. tsunami event.

4.3. Chronology

The age of the ballast rubble layer (Unit B; Fig. 6) was con-
strained using pottery evidence and 14C and OSL dates obtained on
underlying deposits (Raban, 2004; Reinhardt et al., 2006; Rink and
Reinhardt, 2008). AMS 14C dating of bivalve shells at site W7 indi-
cates that the sand unit (Unit C) directly below the ballast rubble
layer was deposited sometime during the late 1st c. BC–2nd c. AD
(Fig. 6). OSL dates on Unit C sands at site W6 yielded a broader
range of ages (69 BC–329 AD), which in part reflects the larger
systematic errors with this method. The oldest pottery fragments
found within the basal portion of the Unit B were of 3rd–4th c. AD
in age (e.g. W6; Fig. 6). When combined with the absolute ages, the
pottery evidence suggests an onset of ballast accumulation and
deposition of Unit B in the Late Roman period (ca. 200–330 AD). The
abundance of 4th–6th c. AD pottery within the upper portion of
Unit B also seems to point to a significant increase in ballast
deposition during the Byzantine Period. The onset of ballast accu-
mulation coincided with a decline in the state of the Caesarea’s
harbour following the 115 AD tsunami event (Reinhardt et al., 2006)
and a shift to a more intensive use of the area outside the harbour
as an anchorage during a later peak in trading activity in the 4th c.
AD (see Discussion).

4.4. Magnetic properties

The results of magnetic susceptibility testing of ballast stones
and sediment samples are summarized in Table 1. The natural
shoreface sediments (Units A and C) comprising well-sorted quartz
sand and silt had uniform low-magnetic susceptibilities ranging
from 0.1 to 8.7�10�5 (SI). The ballast stones collected from within
the ballast rubble layer (Unit B), in contrast, showed a much wider
range of susceptibility values (0.1 to 467.5�10�5 SI) reflecting the
different ballast lithologic compositions (Fig. 8A). The highest
susceptibility values as expected, were obtained on crystalline
igneous and metamorphic boulders (>200�10�5 SI), which are
rich in magnetite and illmenite. The volcanic rock samples were
also characterized by moderate susceptibilities (>90�10�5 SI), as
were the clay pottery sherds (169.6�10�5 SI) (Table 1).

Ballast stones consisting of sedimentary rock types (sandstone,
limestone) yielded much lower susceptibilities (<2�10�5 SI)
comparable to values for the natural bottom sediments at Caesarea.
These materials are too low in magnetic susceptibility to account
for the elevated magnetic intensity measured over the ballast
accumulations (Fig. 3A). The igneous and metamorphic boulders
within the ballast layer (Unit B; Fig. 6) have a much larger magnetic
contrast with the natural background sediments (Table 1) and are
the most likely source of the observed anomaly patterns (Fig. 3A).
Clay pottery materials of intermediate magnetic susceptibility
(Table 1) likely also contribute significantly to the magnetic
anomalies, as they make up a significant part of the total volume of
the ballast layer. The magnetic susceptibilities of the underlying
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strata (Units D and E; Fig. 6) are considered to be negligible, as they
consist chiefly of low susceptibility sands and carbonate shell
materials.

We interpret the increase in magnetic intensity across the
ballast mounds (ca. 2–12 nT) to result from the induced magneti-
zation of a large volume of magnetite-bearing igneous and meta-
morphic ballast stones and pottery within the ballast layer. The
remanent magnetizations of volcanic boulders (i.e. andesites) and
clay pottery fragments may also contribute to the total field
anomaly (e.g. Bevan, 1994; Hesse et al., 1997) but cannot be
determined from the magnetic susceptibility testing, which
measures only induced magnetization. Due to the essentially
random orientations of volcanic boulders and pottery materials
within the ballast layer, the thermoremanent component of
magnetization is likely to be very weak in comparison to the
induced magnetization produced by the large contrast in magnetic
susceptibility.

5. Discussion

The magnetic survey and underwater excavation work at
Caesarea have revealed that a large area of the shelf seaward of
the Roman harbour is underlain by thick ballast accumulations
(Figs. 3A, 6). The age constraints provided by pottery and 14C and
OSL dates indicate deposition of the ballast over a span of several
centuries, beginning sometime in the 3rd–4th c. AD (Late Roman
Period) and extending well into the Late Byzantine period. The
total volume of the ballast rubble layer is substantial and is esti-
mated at more than 1.6�106 m3 based on the extent and average
thickness of Unit B (ca. 40 cm) (Fig. 6). As discussed in the
following sections, these results have important archaeological
implications for understanding the operation of Caesarea’s
harbour in antiquity and how it’s decline and poor state of repair
in the early 2nd c. AD may have affected subsequent shipping
activities.
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5.1. Anchorage areas at Caesarea

The wide extent and thickness of the ballast layer at Caesarea
(Fig. 3A) indicates that the area outside of the harbour was in
regular use by the 3rd c. AD as a mooring site for merchant ships.
The presence of discrete ballast mounds also suggests that jet-
tisoning of ballast may have been restricted to certain designated
‘lightening areas’. These anchorage areas were likely regulated by
the harbour authority to discourage the dumping of ballast inside
the harbour and to avoid the need for expensive dredging of the
harbour bottom. It is known from archaeological reconstructions
that the Herodian harbour included an engineered sluicing system
that diverted currents into the harbour basin to reduce siltation
(Raban, 1999). Given that natural siltation was a problem in the
harbour, it would also seem logical that ballast dumping would be
restricted to outside the harbour, as bouldery ballast materials
would rapidly accelerate the accumulation of fine sediments in the
main basin. Such a policy may have been necessary given the
important role that Caesarea played as a busy trans-shipment port
for goods sailing between Judea and Rome (Raban, 1999).

The thickness and wide extent of the ballast deposit is consis-
tent with Caesarea’s importance as an export port dealing in goods
bound for Rome (Raban, 1999). Based on artifactual evidence Ole-
son (1996) identified two main peaks in trading activity at Cae-
sarea; one in the 1st c. BC–1st c. AD, and a later peak in the 4th–5th
c. AD. The available pottery and dating evidence suggest that at
least some of the ballast in the lower portion of Unit B (Fig. 6) is
likely from the earlier period of trading activity, following the
construction of the harbour. The relative dearth of pottery frag-
ments from this early phase may indicate that on loading and off-
loading of goods was carried out while the ships were docked
within the main harbour basin.

The abundance of Byzantine pottery in the upper part of Unit B
can be correlated with the later trade peak in the 4th–5th c. AD
(Fig. 6). The substantial accumulation of pottery-laden ballast
SCOPE APPROX. 50 m (Fair weather)

PREVAILING WIND DIRECTION

YING

ON

D
E

BALLAST
UNLOADING

anchored around a designated mooring site drift in a range of directions, depending on
ed over time as ballast is unloaded by ships anchored at different positions around the
atio in fair weather conditions).



J.I. Boyce et al. / Journal of Archaeological Science 36 (2009) 1516–1526 1525
indicates that ships were moored outside the harbour during this
period, and that the harbour basin no longer provided a safe
anchorage. It has been documented based on several lines of
evidence that Caesarea’s harbour was partially destroyed in the
early 2nd c. AD, as a result of earthquake damage and a large
tsunami that impacted the Judean coastline in 115 AD (Raban, 1991;
Mart and Perecman, 1996; Reinhardt and Raban, 1999; Reinhardt
et al., 2006). The tsunami was recorded in the Talmud and caused
widespread erosion of the shoreline at Caesarea that undermined
and damaged the harbour’s protective breakwater structures
(Reinhardt et al., 2006). Other historical sources also point to the
poor state of repair of the harbour following this event. In the early
6th c. AD Procopius of Gaza, an early Christian orator, reported that
the harbour was in disrepair, and that he watched ships wreck
regularly on the harbour moles (Holum et al., 1988; Hohlfelder,
1988). Ships were no doubt wary of the harbour, with its ruined
breakwater only shallowly submerged below the waves, a hazard
which could rip the bottom out of a merchantman. It is likely that
ships anchored outside of the harbour during this period, as it
represented a navigational hazard, particularly for the larger, less
maneuverable merchant vessels. Compelling evidence supporting
this was the discovery of a Roman merchantman wreck on top of
the main harbour mole (Raban, 1999) (Fig. 1A). The wreck site,
dated to ca. 100 AD based on a cargo of lead ingots, indicates that
the harbour mole was at least partly submerged by that time and
was no longer functioning as a protective breakwater. A number of
other shipwrecks dating from the 3rd c. AD have also been
discovered on the harbour moles (Raban, 1989) showing that the
harbour was a serious navigational hazard by this time.

According to Procopius, the Byzantine Emperor Anastasius I (AD
491–518) seeing the poor state of Caesarea’s port provided the
means for the renovation of the harbour. Based on archaeological
evidence this included both reconstruction of the northern mole
and part of the inner harbour basin (Reinhardt and Raban, 1999).
The shallow inner harbour ‘lagoon’ (Fig. 1A) would have provided
a sheltered environment where lighters could on- and off-load the
larger merchantmen riding at anchor outside of the harbour. It is
also likely that during this period ships still used the renovated
harbour basin as an anchorage, but it would have been restricted to
smaller, more maneuverable vessels that required less draft.

5.2. Origin of ballast mound

The origin of the circular ballast accumulation (Fig. 5) is not fully
understood, but its size and age (Late Roman–Late Byzantine)
indicate a sustained use of the area outside the harbour as an
anchorage area. The presence of a buried architectural feature (e.g.
circular tower base) was initially suspected but was ruled out by
excavations and jet probing (Fig. 7), which found no evidence for
buried wall features. One possible explanation for the roughly
circular form of the mound is that the feature may represent
a designated mooring site where ships were required to off-load
ballast prior to lading as shown in the conceptual drawing in Fig. 9.
Because of daily and seasonal variations in the wind directions on
the coast at Caesarea, ships anchored around a fixed mooring
would occupy different areas of the anchorage at different times. A
circular ballast mound could thus be accumulated as ships dis-
charged ballast at different times and under different prevailing
wind directions. The size (diameter) of the mound would reflect
some average radius as determined by the scope required to anchor
(Fig. 9). Given an estimated water depth of 7–10 m (Fig. 1A), the
anchor scope length under fair weather conditions would have
been approximately 35–50 m using a 5:1 ratio. It is noted that this
length is comparable to the approximate radius of the mound
feature (ca. 45 m) (Fig. 5).
6. Summary

The primary contribution of this paper has been to demonstrate
that ancient ship ballast deposits can be detected and mapped on
the seabed using magnetic survey methods. Magnetic surveys at
Caesarea have identified several magnetic anomalies in the area
seaward of the main harbour that mark the location of ballast
deposits and ship anchorage areas (Fig. 1A). The available sediment
dates and pottery evidence suggest that the onset of ballast depo-
sition was in the late 2nd–3rd c. AD, following the partial
destruction of Caesarea’s harbour and a decline in its use as a safe
anchorage area. The main phase of ballast accumulation occurred in
the 4th–5th c. AD, coinciding with a renewed economic activity of
the harbour. Due to decline in the state of the harbour after the 2nd
century merchant vessels arriving at the port would have been
forced to ride at anchor outside the harbour while goods were
transferred to the port via small lighters. The accumulation of
ballast in discrete mounds indicates that ballast dumping may have
been regulated and restricted to designated ‘lightening areas’.
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