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Modern observations have shown that harbors are especially vulnerable to the effects of tsunamis, both due to
their position on the coastline and the tendency for tsunamigenic eddyproductionwithin enclosedharbor basins.
Presumably, this was as much the case in the past as in the present. The Roman-era mega-harbor Caesarea
Maritima, which is today submerged in some parts up to 5 m below sea level, is an ideal research site for under-
standing these impacts. Over the past three decades, archeologists, geologists and historians have searched for
the cause of the rapid demise of this harbor, turning to explanations ranging from offshore faults, seismic distur-
bances, general failure and deterioration, to liquefaction and settling on unconsolidated sands. While tsunamis
are recorded repeatedly in the Eastern Mediterranean historical record, it has only been in the past decade that
physical evidence directly attributed to tsunamigenic sediments along the Israeli coastline near Caesarea has
been documented. To date, deposits from at least three tsunami events that impacted the harbor have been iden-
tified in sediment cores, coastal exposures and archeological trenches, but no laterally continuous picture has
been produced. In this study, using a dense offshore survey produced by a high-resolution subbottom profiler,
shallowly buried sediment horizons offshore of Caesarea produce distinctive reflectors that correlate with the
tsunamigenic stratigraphic sequence identified in cores and excavations. These surface structure maps allow
for a laterally extensive reconstruction of these distinctive deposits. The results have led to the following conclu-
sions and interpretations: 1)multiple offshore tsunamigenichorizons atCaesarea canbe recognized, 2) individual
tsunamigenic event horizons result in distinctive and unique surfacemorphologies that elucidate tsunami-based
channeling/backflow processes, and 3) these backwash channels can be used to assess the general physical con-
dition of the harbor at the time of each tsunami occurrence, ultimately revealing major differences between the
state of the harbor following earlier events (i.e., 2nd c. CE) vs. later events (6–8th c. CE). We conclude that the
combined acoustic-sampling approach is an effective way to document the interaction of tsunamis with harbor
complexes/adjacent coastlines over millennia.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction and background

1.1. Evidence for tsunami impacts on coastal morphology and associated
structures

Coastal morphology, including adjacent landforms, artificial struc-
tures, and coastal-fringing natural features (i.e., extensive coral reefs,
mangroves, e.g., Baird et al., 2005; Fernando et al., 2005; Kunkel et al.,
2006; Giri et al., 2008) can all influence the impact of tsunami wave
flow (Hori et al., 2007; Sugawara et al., 2012). As the inundating wave
breaches the coastline, natural and man-made obstacles that obstruct
or impede the wave's force can lead to channeling and variable flow,
man-Tchernov).
both as the wave advances inland and retreats seawards. Such energy
redistribution is also evident in affected rivers or artificial channels, in
which tsunami flow will continue inland to distances far exceeding
that of uninterrupted portions of the coastline (e.g., Crete 1956, Bruins
et al., 2008; Okal et al., 2009; northern Japan 2011, Mori et al., 2011;
Goto, 2011a; Chile 2010, Fritz et al., 2011). The tsunami return/outflow
is even more influenced by the presence of structures, and therefore is
typically characterized by channeling (Umitsu et al., 2007; Feldens
et al., 2009), which can result in shore-perpendicular bathymetric and
topographic features (Atwater et al., 2010). In Sumatra following the
2004 tsunami, evidence of such complex back-flow includedfilled chan-
nels, boulders moved into deeper water, movement of sand into previ-
ously silty areas, and man-made rubble immediately seaward of the
shoreline (Feldens et al., 2009; Goto, 2011b). Similarly, in northern
Japan following the Tohoku-Oki earthquake in 2011, canals and road
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features often corresponded with variations in tsunami inundation
heights along the Sendai Plain.

Amongst the range of coastal structures that interact with tsunamis,
harbors have been identified as locations of acute magnification and
flow intensification in both simulations and field studies (Raichlen,
1966; Synolakis andOkal, 2005; Lynett et al., 2012). For example, during
the 2004 tsunami, at the Port of Salalah, Oman, strong currents pro-
duced inside the harbor caused a 285 m ship to break away from its
moorings and beach on a nearby sandbar after spinning and drifting
for hours (Okal et al., 2006). At Port Blair, India, harbor structure damage
included movement or complete collapse of the jetties (Kaushik and
Jain, 2007). Examples are also available for the far-field effects of
tsunamis, where harbors have been damaged while adjacent coastlines
experience little inundation. One such harbor is located in Crescent City,
CA; this site was damaged repeatedly following both near-field events,
such as Alaska 1964, aswell as far-field tsunamis, such as those generat-
ed from seismic events in 2006 (Kuril Islands) and in 2011 (Tohoku-
Oki) (Griffin, 1984; Horrillo et al., 2008; Kowalik et al., 2008; Wilson
et al., 2013). Widespread documentation of ships originally moored in
harbors that have been displaced inland and/or damaged along the
adjacent coastline during tsunamis are common; this phenomenon in-
cludes relatively small events, such as the tsunami following the 1999
Izmit earthquake in Turkey, with varying reports of wave heights, but
with possible localized heights of ~6 m (Rothaus et al., 2004).

Following a tsunami, a variety of characteristic markers can be left
behind, both on the shallow sea bottom and on shore, includingmassive
debris fields, sheets of sand, muddy film, and/or eroded surfaces,
amongst a list of over thirty-two published indicators (e.g., Goff et al.,
2012). Depending on the specific surface conditions of the impacted
coastline, e.g., surficial sediment types, strandline morphology and
available unconsolidated debris, coastal zone bathymetry can be altered
as contents carriedwithin the tsunamiflowdrop out as thewave energy
dissipates (Jaffe et al., 2012). Inland, tsunami-based deposits are gener-
ally characterized by landward thinning (Morton et al., 2007), unless
interrupted by some limiting structure or topography.

The patterns of tsunami deposits and bathymetric forms created by
these waves can be informative regarding the character of the affected
coastline and adjacent offshore areas (Richmond et al., 2012). In northern
Japan, for example, artificial channels and a highway constructed on the
Sendai Plain before the2011Tohoku-Oki earthquake influenced thedistri-
bution of tsunami-deposited sediments and wave run-up heights
(Sugawara et al., 2012), relative to the distribution of known preexisting
tsunami deposits. Recognizing and mapping tsunami-related features
from historical events should inform us as to the state of both natural
and artificial structures on a coastline which were affected by these tsu-
namis, including the influences of the back-wash phase of sedimentation.
In this study, the ancient harbor of CaesareaMaritima, on theeasternMed-
iterranean coast of Israel (Fig. 1), is presented as an ideal site to consider
this tsunami-impact phenomenon, and how andwhether the physical ev-
idence for such recurring impacts might be preserved over twomillennia.

1.2. Caesarea Maritima: the ancient harbor, its deterioration and demise,
and recent tsunami research

When King Herod had the city of Caesarea built on the coastline of
what is now Israel between 25 BCE and 9/10 BCE, he applied Roman city
planning, organization and building techniques, including the costly in-
stallation of a state-of-the-art, artificial mega-harbor (Holum et al., 1988;
Hohlfelder, 1988, 1996; Raban, 2009; Votruba, 2007; Raban, 2008;
Fig. 1). The natural environment afforded little protection or anchorage,
with the exception of periodic, remnant, exposed ridges of eoleonite sand-
stone (locally referred to as ‘kurkar’) roughly paralleling the coastline im-
mediately offshore. These bedrock structures are exposed and eroded
lithified dunes 135,000–45,000 year old (Sivan and Porat, 2004). The har-
bor was constructed on portions of this bedrock and extended seaward
onto unconsolidated Nile River-derived sands (Goldsmith and Golik,
1980; Neev et al., 1987; Stanley, 1989; Zviely et al., 2007), with the use
of man-made foundations. Roman engineers succeeded in this task by
building wooden frameworks (‘caissons’) on land, then towing them
into positionwhere theywere submerged, filling themwith hydraulic ce-
ment, and ultimately finishing them with above-water superstructures.
Fields of large cobbles (b20 cm diameter) were emplaced beneath the
caissons (Raban, 2008), presumably to give them added stability against
erosion and undermining, suggesting that the engineers of the time
were aware of the inherent risks for constructingdirectly onunconsolidat-
ed sandy sediments. These caissonswere arranged in rows to produce the
spinal walls of the harbor, completing the entire project in b15 years
(Brandon, 1996). This efficient approach to harbor construction continues
to be used today. For example, ‘Mulberry I’ and “Mulberry II”, created by
the allies duringWWII in preparation for theD-Day landings,were also ar-
tificial islands constructed in a similar manner for the purpose of provid-
ing supplies and reinforcements until an established harbor could be
secured (Stanford, 1951; Ryan, 1959; Bettwy, 2015).

Descriptions made ~70 CE by historian Flavius Josephus describe
a fully functional imperial mega-harbor, exceeding the size of most con-
temporaneous Mediterranean harbors (Raban, 2008). Josephus explicitly
describes the expense of and investment made in the harbor's construc-
tion. Excavations have since supported these grandiose statements, re-
vealing bulk raw building materials that traveled long journeys before
arriving in Caesarea (Votruba, 2007). For example, chemical analysis of
the volcanic ash (‘pozzolana’) used for producing the fast-drying hydraulic
cement shows that the ash was brought from Vesuvius (Brandon, 1996;
Hohlfelder et al., 2007), while the underlying cobble and rubble beds be-
neath the cement-filled caissons show non-local mineralogies common
to Turkey, Cyprus, and parts of Greece. The wood used for the caisson
frames, as was common practice in shipbuilding practices of the time,
came from the cedar forests of Lebanon (Votruba, 2007).

However, despite the significant investment and durability of the ce-
ment used in the construction process (Jackson et al., 2012), the overall
state of the harbor had significantly deteriorated by the end of the 2nd
century CE, and probably even earlier, according to radiocarbon-dated
sedimentological evidence showing a shift from a low-energy, harbor
environment to an open-water exposed, unprotected environment dur-
ing that period (Reinhardt and Raban, 1999; Reinhardt et al., 1994).
Throughout the 1990s, the generally accepted presumption arising
from these studies was that the harbor experienced its demise due to
some combination of earthquake-related liquefaction, with some cre-
dence also given to the possibility of related tsunami, though without
clear markers then to support such a hypothesis.

Caesarea harbor phases, from initial construction to the present, have
been reconstructed using sedimentological, geophysical (i.e., magnetom-
etry), and archeological surveys (Reinhardt et al., 1994; Reinhardt and
Raban, 1999, 2008; Boyce et al., 2009). The most recent summary
(Reinhardt and Raban, 2008) suggests six such phases, summarized as
follows: 1) initial construction, 1st century CE, 2) 1–2nd century CE de-
struction, 3) 3–4th century CE, unprotected (meaning exposed to the
open sea and therefore without intact harbor features), 4) 4–6th century
CE, natural/unimproved harbor, 5) 6th century CE, sand infilling, and
6) 6–11th century CE, renovation/destruction. Unfortunately, the forego-
ing summary remains vague regarding causation, as it predates later find-
ings (Goodman-Tchernov et al., 2009) that bring to light evidence for
tsunami events in both the Byzantine (4–6th c. CE) and Early Islamic
(7th–8th c. CE) periods, as well as confirming an earlier suggestion of an-
other 2nd century CE wave-based event (Reinhardt et al., 2006).

Previous geophysical research on the Caesarea Maritima harbor has
included both seismic andmagnetic surveys (Mart andPerecman, 1996;
Boyce et al., 2004, 2009). Boyce et al. (2004) conducted a magnetic sur-
vey with the aim of determining the feasibility of usingmagnetic signa-
tures to map and define the concrete installations of the harbor, as the
pozzolana cement used by the Romans was iron-rich. Although the
high resistivity of the kurkar bedrock proved to be challenging, the
overall form of the foundations of the harbor, particularly the individual
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Fig. 1.A)Map of easternMediterranean Seawithmajor tectonic and volcanic features highlighted. Circles represent volcanoes discussed in the text and filled circles represent locations in
which tsunamigenic deposits have been documented in this region (adapted from summary of Vött, 2011). B) Study site in context of neighboring countries. C) Local features near site.
Empty squarewithin the harbormoles represents the area of inner harbor shallow excavation areas ‘TN’ and ‘TNZ’. Topography inmeters. For further description of excavation results and
stratigraphic sequence, see Reinhardt and Raban (2008). D) Harbor areas of Caesarea with features mentioned in text highlighted.
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caisson forms, was discernable. Due to the significant difference be-
tween the near-coastal harbor features,which remain at their correct el-
evation relative to sea level, and offshore harbor features, which are
now submerged up to 5 m depth, earlier work had suggested that
movement along a shore-parallel fault, which became active following
construction of the harbor, could be responsible for the modern eleva-
tion change (Mart and Perecman, 1996). As a result, for many years
afterward, theoretical north–south trending fault lines remained on
maps of Caesarea. However, after failed attempts to recognize these fea-
tures in the field through additional geophysical mapping, along with
jetprobe surveys of the sediments with associated seafloor excavations
(Raban, 2008), such structures are now rarely included. Instead, the ob-
served coast-parallel offset in elevation is now presumed to relate more
directly to the classic challenges faced when constructing directly on
bedrock versus adjacent (offshore) unconsolidated sediments. Areas of
the harbor constructed seaward of the firm kurkar bedrock foundation
were likely more susceptible to liquefaction, undercutting, scouring
and erosion, promoting subsidence of harbor features farther offshore,
whether by storms, earthquakes, or tsunamis.

Historical evidence for tsunamis in the eastern Mediterranean sup-
ports a minimum of 21 events, three referring to the city of Caesarea di-
rectly (115 CE, 551 CE and 1202 CE; Shalem, 1956; Amiran et al., 1994).
Archeologists have been aware of these events for decades (see discus-
sion in Dey et al., 2014), but they have lacked the comparative tools or
reference data to ascribe particular deposits (onshore or offshore) to
tsunami-derived causes. As a result, alternative explanations for these
seemingly anomalous deposits found in archeological sites have been
put forward. For example, laterally extensive shell beds encountered
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in terrestrial excavations in Caesarea, which could be evidence
tsunamigenic origin, have been previously ascribed to be the result ei-
ther of dredging activities or as construction fill (Neev and Emery,
1989). Tsunami sedimentological research has also advanced, particu-
larly in response to the destructive tsunamis of Sumatra 2004, Java
2009, Chile 2010 and Tohoku-Oki 2011 (e.g., Szczuciński, 2011; Goff
et al., 2012; Pilarczyk and Reinhardt, 2012; Pilarczyk et al., 2012; Goto
et al., 2014). As a result, there is now an extensive, robust body of com-
parative data for interpreting and understanding historical, pre-
historical and paleo-tsunamigenic deposits (e.g., Bourgeois et al.,
1988; Goff et al., 2012), which did not exist a decade ago.

This increase in knowledge has led to the recognition of more such
tsunamigenic depositsworldwide, both in the archeological and geolog-
ical records (e.g., Pareschi et al., 2007; Vött et al., 2009; deMartini et al.,
2010; Yawsangratt et al., 2011; Marco et al., 2014, but see also criticism
of this approach in Galili et al., 2008; Morhange et al., 2014). However,
despite this increased awareness, the number of tsunamigenic sedi-
mentological deposits documented from the Levantine Sea region, and
other parts of the Eastern Mediterranean, still only begins to approach
the number of events recorded in the written record (Papadopoulos
et al., 2014), suggesting that discovery of these deposits in this histori-
cally important part of the world remains incomplete.

Research on the demise of Caesarea's harbor (Reinhardt et al., 1994;
Reinhardt and Raban, 1999) agrees generally that the timing of initial
major deterioration had occurred at least by the end of the 2nd century
CE (see also Raban, 1992; Raban, 1995; Reinhardt and Raban, 2008; see
Hohlfelder, 2000, for alternate timing). Evidence to support the role of
tsunamis in this initial damage takes the form of laterally extensive sed-
imentary horizons with interpreted tsunamigenic characteristics (de-
tails follow below) recorded offshore, as well as reviews of
archeological reports demonstrating the presence of corresponding de-
posits on land (Reinhardt et al., 2006; Goodman-Tchernov et al., 2009;
Dey and Goodman-Tchernov, 2010; Dey et al., 2014).

Reinhardt et al. (2006) have characterized a tsunami deposit, found
in an excavation trench (Area ‘W’, see Fig. 1C) outside of the ancient har-
bor, based on the presence of imbricated allochthonous shells (predom-
inatelyGlycymeris violescens), with radiometric ages (1st c. BCE to 2nd c.
CE) corresponding with a historically documented tsunami event at
115 CE (Shalem, 1956). Other defining characteristics of this deposit in-
clude an erosional basal contact, and mixing of included clast sizes.
Goodman-Tchernov et al. (2009) have also investigated the lateral extent
of this reported horizon, and identified its continuation, as well as the
presence of additional interpreted but distinct tsunami horizons, based
on the same criteria and an additional seven tsunami-related indicators:
micropaleontological assemblage, fining upward sequence, tilted marine
installations, larger standard deviation of particle size distributions (rela-
tive to typical background), out-of-place household items, rip-up harbor
mud clasts, and rafted terrestrial organicmaterial. Reports from terrestri-
al archeological excavation reports pre-dating the Reinhardt et al. (2006)
initial recognition of these tsunami deposits were also revisited by
Goodman-Tchernov et al. (2009) to determine whether other horizons
containing possible tsunami-related inclusions had been described in
the literature but not interpreted as such. Their realization was that a
wide range of distinctive stratigraphic evidence for tsunami-related de-
posits was present. Other sorts of interpretations had included construc-
tion fill or dredging refuse dump, but these were refuted in light of new
tsunami characterizations (Dey and Goodman, 2010; Dey et al., 2014).
In this paper, regional high-resolution seismic profiling offshore the har-
bor mouth of Caesarea is combined with ongoing marine archeological
investigations to show the regional impact of multiple tsunamis on
both this harbor and the adjacent coastline over the past two millennia.

1.3. Offshore tsunami deposits

Generally speaking, the near offshore environment has not been
heavily mined for tsunami evidence. While tsunami-related studies
have increased exponentially in the past decade, there are far fewer
studies that present shallow offshore finds. In their summary of the
state of research in paleotsunami deposits Rhodes et al. (2006) asked,
“Does a record of paleotsunamis exist in the near offshore stratigraphic
record?”. By that time, Vandenbergh et al. (2003) had demonstrated the
presence of shallow offshore deposits using both geophysical survey
and coring in NW Java, Indonesia and Abrantes et al. (2005) described
events correlatable to sediment core horizons in Lisbon, Portugal.
Since then, a few studies of past and recent tsunami events and model-
ing have answered Rhodes' question in the affirmative as well. Some
examples beyond the work in Caesarea (Reinhardt et al., 2006;
Goodman-Tchernov et al., 2009, Dey and Goodman 2010, Dey et al.
2014) include cores collected from Augusta Bay, Italy (de Martini
et al., 2010; Smedile et al., 2012), offshore boulders mapped in western
Banda Aceh, Indonesia (Paris et al. 2009), Weiss and Bahlburg's (2006)
modeling predictions suggesting the presence of deposits in the shallow
offshore. The near offshore environment is still more poorly understood
relative to terrestrial coastal areas.

2. Methods

A seismic survey was carried out offshore Caesarea using a portable
Knudsen 320 BP CHIRP (2.5–5.5 kHz) profiler mounted on a ~8 m long
catamaran workboat. A dense grid (~5 m average profile spacing) was
collected both along-strike and across strike, with a total track length
of ~126 km (Fig. 2). A GPS navigation antenna mounted directly over
the CHIRP transducer determined position. The survey area covers the
outer portion of the ancient harbor, and also includes positions of previ-
ously published excavation trenches and sediment cores (Fig. 2). Mini-
mum water depth of the survey was ~3 m within the ancient harbor
area, while the maximum was ~10–15 m farther offshore. Survey lines
were collected during the calmest hours of the day (early morning to
mid-day) to minimize the effects of wave disturbance, and then
smoothed/compensated for vessel heave during post-processing. After
collection and post-processing, which included band-pass filtering as
well as heave compensation, the seismic data were interpreted in
travel-time by identifying and ‘picking’ continuous reflectors, using
the Landmark Decision Space® seismic interpretation software package
available at the University of Texas Institute for Geophysics (UTIG).

Reflector depths have been inferred from the travel-timemaps using
a constant sound velocity of 1.5 km/s. The velocity was selected because
it is a typical compressional wave velocity for water. For this study, it
was considered themost reasonable number to use in the absence of di-
rect measurements of the velocity in the cored sediments. As a result, a
5–10% underestimation of depths to the sub-seafloor reflectors may
exist, as typical velocities in surficial sediments are generally in the
1.55–1.7 km/s range. Then, identified and mapped reflectors have
been compared to previously described horizons identified from sedi-
ment cores within the survey area, to determine the geologic identity
of reflectors (‘ground truth’), and to extrapolate the morphological
details (bathymetric expression) of the horizons laterally across the
study area. Prominent reflectors interpreted and mapped within the
survey area were then compared to the stratigraphic sequences, ages
and depths identified from previous excavations and sediment cores.

3. Results and interpretation

3.1. Seismic reflectors and sedimentological correlation

Sub-seafloor penetrations up to ~4–5 mwere achieved, with partic-
ularly in deeper water (Fig. 3); multiple sub-bottom horizons can be
identified and mapped over much of the surveyed area. However, sub-
bottom penetration is spatially variable in these sand-prone sediments;
correlation difficulties relate both to the uneven acoustic penetration as
well as the presence offshore of “kurkar” ridges, the aeolinite sandstone
ridges approximately paralleling the modern shoreline that represent
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Fig. 2. CHIRP profiles (red dashed lines), collected offshore of Caesarea in August 2011. Total track length was ~126 km, and profile spacing was ~5 m. Each dip profile is ~0.65 km long,
while each strike profile is ~1.4 km long. Note locations of cores/seafloor excavations (red square, white dots), within which tsunamites were interpreted (Goodman-Tchernov et al.,
2009). Remains of the ancient Roman city lie to the east; part of the ancient harbor still exists, defined by the remains of semi-circular moles/groins visible just below “Caesarea National
Park” in this satellite image. The approximate outline of the original harbor is shown (white dashed lines). White arrowheads denote the locations of the strike and dip profiles shown in
Fig. 3.
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now-submerged Pleistocene dune complexes (Fig. 3A). These ancient
lithified dunes produce physical barriers that both alter the depositional
regime as well as complicate sub-seafloor geophysical mapping.

Despite these limitations, in addition to the surface bathymetry, two
reflectors (‘A’ and ‘B’) were mapped across the entire survey (Fig. 3). In
some sections, a deeper, third reflector (‘C’) residing in topographic
lows in the acoustic basement formed by the kurkar ridge complex is
also evident, but this reflecting horizon cannot be mapped everywhere
(Fig. 3A). The acoustic basement cannot be followed throughout the
survey area as a combined result of the topographic complexities of
the kurkar ridge complex and the limited penetration capability of the
small, portable CHIRP system used (Fig. 3B). Reflector C was mostly ab-
sent in depths below 10 masl.

When comparing the reflectors to cores taken within the survey
area, the mapped reflectors ‘A’ and ‘B’ correlate approximately in
depth with three possible tsunami horizons (Fig. 4), though the upper
two horizons are selected for association. This interpretation is based
on three primary arguments: 1) where overlap occurs with the cores
in deeper water, these horizons are better correlated to the upper two
horizons when compared to depth, which can then be extrapolated
into the shallower depths, 2) previous sedimentological research
suggests that, generally, there is less preservation of the oldest/Santorini
event relative to later events, especially in shallower conditions (1 to
b12 m water depths, Goodman-Tchernov et al., 2009), and 3) where a
purported Santorini-age horizon is preserved, sedimentological indica-
tors suggestive of its being a tsunamite can sometimes be less clear,
due to a dearth of anthropogenic inclusions, as the harbor city did not
yet exist, and a lack of physical properties conducive to producing a
seismic reflection (Goodman-Tchernov et al., 2009).

The detailed sedimentological description of these reflecting hori-
zons (Fig. 5), and associating it to radiocarbon-dated samples at the
same sub-seafloor depths, suggests that horizons “A” and “B” corre-
spond to the twomost recent tsunamigenic deposits recovered in avail-
able cores (Fig. 4). The coarse, clastic nature of these tsunamigenic
deposits is likely to exhibit a significant acoustic impedance contrast.
Furthermore, these shallower horizons are more likely to have a higher
degree of preservation generally than the older/deeper ‘Santorini’ de-
posit, which coincides with a tsunami that occurred as a result of the
Theran volcanic eruption at ~1620 BCE (Friedrich et al., 2006, “Reflector
C”). These layers (Fig. 5) include larger amounts ofman-madematerials
(pottery) and freshly transported as well as reworked shell fragments;
therefore resultant higher densities will result in clear, mappable



Fig. 3. A. Portion of a dip-oriented CHIRP profile (‘WE’) from the 2011 survey offshore of
Caesarea (see Fig. 2 for location). Profiles were collected in travel-time; actual depth in
meters is an estimate using water velocity. Both the seafloor (orange) and the seafloor
multiple are labeled. Two prominent sub-seafloor reflectors (“A” and “B”) can be observed
at variable depths up to a few meters below the seafloor, and may relate to tsunamites
identified by Goodman-Tchernov et al. (2009). A “third” prominent, even deeper intra-
sedimentary reflector (“C”) is observed on this profile, but could not bemapped through-
out the survey area. Note the kurkar ridge bounding this profile on its seaward side; these
kurkar ridges/lithified paleo-dunes form acoustic basement in the survey area. A landward
subsurface continuation of this ridge complex may be observed in a couple of places,
but these ridges could not be mapped continuously in the subsurface. B. Portion of a
strike-oriented CHIRP profile (‘NS’) from the 2011 survey (see Fig. 2 for location). The
uninterpreted profile is shown in the small inset (top left). Profiles were collected in
travel-time; actual depth in meters is an estimate using water velocity. Both the seafloor
(orange) and the seafloor multiple are labeled. A prominent reflector (“B”, in red) can
be observed at variable depths up to a few meters below the seafloor. Reflector “A”
(dashed green line) is only tentatively identified on this profile. The reflectorswere picked
based on their visual lateral continuity and logical spatial continuation patterns. This is in
part linked to amplitude information, but is also an interpretive skill gained with experi-
ence that has some subjective bias.

Fig. 4. Dip and strike CHIRP profiles (see Fig. 3), from which sample segments “a” and “b” have
excavation stratigraphic compilations within the surveyed area (Reinhardt et al., 2006; Reinha
tsunami events, are recognizable from the available core evidence within the surveyed area (fo
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reflectors like “A” and “B”, as were observed (Fig. 3). Furthermore, the
available sediment record suggests a period of tsunami quiescence
(N1500 years, Fig. 4) at Caesarea following the Santorini-age event.
The data suggests that this long time interval may have also allowed
more time for alteration and erosion to obscure the Santorini tsunamite,
particularly in the shallow, storm exposed depths. For example, the
Santorini-age event ismissing beneath the1–2nd century event horizon
in Area W where there is a 3000-year disconformity (Fig. 4, also see
Reinhardt et al., 2006); where our dip profile crosses that area, the pre-
sumably correlative reflector “C” also does not occur (Reinhardt et al.,
2006; see also Fig. 3A). No Santorini event can be discerned across
much of the shallow water (b8 masl) area (Reinhardt and Raban,
2008; 3A). This missing horizon, suggests that at least 1700 years
(from ~1600 BCE to 115 CE) of accumulated sediments were removed
as a result of the December 13, 115 CE tsunami recorded in the historical
record (Reinhardt et al., 2006). The data shows that the non-continuous
reflector ‘C’, that is observed only in lowswithin the underlying acoustic
basement topography, relates to preserved portions of the Santorini
event. Such selective preservation was likely the result of localized ef-
fects, such as concentrations of shells in topographic lows. Given that
one of the most conservative indicators used for the identification of
all tsunamigenic events at all depths offshore Caesarea is increased stan-
dard deviation (i.e., poorer sorting) values of particle-size distribution
b2 mm (Fig. 5), then the Santorini event is only producing a reflector
when it is preserved and contains high shell content.
3.2. Top plan surface morphology (paleo-bathymetry) of reflectors

After identification and interpretation, the surface and underlying
reflectors were isolated and used to produce independent surface con-
tour maps of the modern seafloor and horizons A and B (Fig. 6). It was
presumed that if the mapped subsurface reflectors are a record of grad-
ual or typical background sedimentary events, then it is anticipated that
their surfacemorphological surfaceswould have some consistency from
reflector to reflector; responding more to the inherited underlying
been enlarged for comparison with previously identified sediment core and underwater
rdt and Raban, 2008; Goodman-Tchernov et al., 2009). Three horizons, representing four
r core locations, see Fig. 1C).
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Fig. 5. Sediment characteristics of several of the presumed “tsunamites” sampled offshore
Caesarea. Upper photographsdemonstrate tsunamigenic (left) andbackground sediments
(right). Note how coarse-grained the interpreted tsunami-based sediments are, such
coarse, poorly-sorted sedimentswould be highly reflective. Lower illustration summarizes
characteristics that have been found in tsunamigenic horizons from onshore to offshore,
highlighting thedecreasing number of indicatorswith greater distanceoffshore. Indicators
that are expected only after construction of theharbor (i.e., not present at time of Santorini
eruption-aged event, see Fig. 4) are italicized in key. For locations of cores, see Fig. 1C.

Fig. 6. Structure maps of A.) themodern seafloor, B.) reflector “A” (see also Fig. 3), and C.)
reflector “B” (see also Fig. 3). To the right of each structure map, using observed channels
in eachmap as a guide, we hypothesize tsunami-based outflow directions from the Caesa-
rea harbor as it existed morphologically at three different time: ~1st–2nd century CE
(115 CE), 6th–8th century CE (551/749 CE), and the present. For details, see the text.
Themodern bathymetry reflects submerged harbor and coastal kurkar features. Major in-
tact coastal features include Crusader-era city walls and moat. The 6–8th century A.D.
(551 CE, 749 CE) “A” horizon includes multiple drainage-like features that are distributed
more evenly along the coastline, whichwe suggest is a lack of a cohesive single harbor en-
trance and fewer monumental coastal structures. The horizon “B” structure map includes
one or two pronounced channels, concentrated at the mouth of ancient harbor. We con-
clude that these features indicate focused backchanneling at the harbor entrance, with
possibly an additional focal point on the southern side of harbor (possible association to
sluice channels described by Raban (1992)).
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coastal bathymetry and/or artificial features present at the time they
were created. However, if the morphologies of each layer show unique
distinction from one another, it would suggest some added influence,
possibly variations in the coastal features or other geomorphological
changes. These threemorphology compilations were used to determine
whether these surfaces preserve features, and whether they resemble
those described following tsunami events, like channeling caused
by run-up and backwash, or whether indications of changes and modi-
fications in artificial man-made features on the adjacent coastline
(i.e., evolution of the harbor shape and size over time; Fig. 6) are present
and associated to these features to assess the impacts of tsunamis on the
Caesarea coastline through time.
3.2.1. The modern bathymetry
Today, there are no running rivers in the immediate vicinity of

Caesarea; the closest flowing rivers are ~2 km to the north and south
(Crocodile and Hadera rivers). Nonetheless, both coast-normal and
coast-parallel topographic variations can be observed in themapped ba-
thymetry (Fig. 6A), that coincide to both harbor features and kurkar
ridges, respectively. The observed complexity is likely a combined result
of incompletely buried submerged harbor structures known from
excavations and previous geophysical mapping (e.g., moles, groins;
Boyce et al., 2004) and exposed kurkar ridges/bedrock seaward of the
coastline. However, no substantive onshore–offshore drainage features
or channeling are present.
3.2.2. Reflector ‘A’: Late Byzantine/early Islamic periods (tsunami events at
551 and 749 CE)

The map of the shallow reflector surface “A” (Fig.6B) looks very dif-
ferent from the modern seafloor, although this subsurface horizon is
only buried b1 m deep. Sub-parallel channels extend from near the
coastline, beginning in water depths of ~8–9 m, and to water depths
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of at least ~15 m. Data shows at least three of these onshore–offshore
drainage systems, and theremay be asmany as six. This mapped topog-
raphy and in particular the presence of the distributed observed on-
shore–offshore channels from south to north, suggests that a series of
coastal features interrupted the backflow stage of the tsunami that are
tied sedimentologically to this reflecting horizon (Fig. 4).

3.2.3. Reflector ‘B’: Roman Period (tsunami at 1–2nd c. CE, possibly 115 CE)
Themap of reflector “B” (Fig. 6C) shows aminimum of one, and pos-

sibly two channel systems, with one complex, dendritic feature situated
roughly offshore of the modern harbor mouth, and another ~N–S ori-
ented channel in the northernmost part of the survey area. The central
drainage feature begins in water depths of ~8–9 m, and extends out-
ward to the western limit of the surveyed area in water depth of
~15 m. This surface occasionally onlaps buried kurkar ridges offshore
(Fig. 3A).

4. Discussion

The interpretation of three sub-seafloor reflectors mapped offshore
of Caesarea (Fig. 3) concludewith the presence of distinctive and unique
coastal structural configurations at the time of past tsunami events. The
mapping suggests regionally significant impedance contrasts, that were
interpreted here as marking the last/uppermost expression of known
tsunami deposits previously sampled, analyzed and interpreted on
this margin (Fig. 4). In all cases, we assume, and this is supported by
modern studies elsewhere (Paris et al., 2009), that immediately follow-
ing any tsunami, complex processes of alteration and erosion occur, par-
ticularly in depths exposed to storm activity and other coastal processes
(e.g., long shore transport). In this part of theMediterranean, these tsu-
nami deposits, or what part of them is preserved after exposure to later
storm and long-shore transport effects, are buried under Nile River-
derived sands. Therefore, we suspect that the reflector maps of the
two subsurface reflectors (Fig. 6B, C) does not give a reading of what
the sea bottom looked like immediately following the tsunami, but at
the time of the tsunami deposit's eventual burial, which could be amat-
ter of decades ormore. Therefore, the apparent drainage featureswe ob-
serve are probably only preserved remnants of tsunami backwash
features which, at the time of their formation, would have been even
more distinctive and pronounced, as is true in modern analogues
(Bahlburg and Spiske, 2012; Feldens et al., 2009; Hori et al., 2007;
Paris et al., 2009). Each event has a unique signature that relates to
the state of the coastline and the structures present at that time.

The deepest reflector, ‘C’ (Fig. 3B), which is associated here with
what is left of the Santorini-age tsunamite, is not sufficiently preserved
offshore Caesarea to identify except in topographic lows in the kurkar
topography (Fig. 3B), and in deeper water. The unaltered coastline in
this area is high-energy, with little natural protection, which is one of
the reasons that specialized engineeringmethods were required to cre-
ate the Caesarea harbor. Therefore, prior to the harbor's construction, at
the time of the Santorini-age event (Fig. 4), tsunami deposits in shallow
water would not have had a good chance for preservation due to their
exposure to the open sea, but were more likely redistributed and
transported during storms; we also see such storm-related redistribu-
tion today. In contrast, later events following the construction of the
harbor have a greater chance of preserving due to the more protected
nature within the harbor area, even if only in relative terms, from the
full force of incoming storms. This is observable today during storms in
which the waves are noticeably attenuated within the semi-protected
harbor bay, despite the harbor's generally dilapidated condition. Sedi-
mentological evidence clearly shows the presence of the Santorini hori-
zon in water depths N10 m(Fig. 4). In area ‘W’ (Fig. 1C; 4, upper right)
the stratigraphic sequence includes a major hiatus (~3 kyr of missing
sediment), which includes the level at which the Santorini horizon
would have been expected.We expect such a hiatus in areaW, as it is lo-
cated just outside the harbor entrance, and would have experienced
focused outgoingflowcapable of substantial erosion and scouring during
the back-channeling phase of a tsunami. In addition, because harbors are
known to intensify the effects of tsunamis, any Santorini-aged tsunami
deposits in shallowwater that survived until the construction of the har-
bor would have been vulnerable to further erasure following the first of
the post-harbor construction tsunami events (Fig. 4).

Reflector B's surface morphology includes a main channel complex
that corresponds approximately with the position of the harbor en-
trance (Fig. 6C). Because Caesarea's harbor is believed to have been in
good condition at the time of the 2nd century tsunami, the incoming
wave must have encountered an intact and standing outer harbor
mole, which would have forced abrupt shoaling of the incoming wave,
scouring deeply the area immediately outside the harbor, while also
breaching the tops of man-made features. Incoming wave inundation
must also have run up within the harbor, as well as along the coastline
north and south. However, during subsequent retreat of the wave,
that outflowing water would have concentrated through the harbor
mouth, between the reinforced moles (Fig. 2), preferentially scouring
and eroding the region immediately outside the harbor entrance and
depositing larger deposits farther offshore, as is evident in the ~80 cm
2nd century deposit in Area W (Reinhardt et al., 2006). Estimating the
velocity of the flow exiting the harbor mouth during the 115 CE event
is possible, because archeological evidence exists for the movement
and toppling of an artificial island that stood at the harbor entrance at
that time (Raban, 2008). During excavations there in the late 1990s,
concrete was exposed and a vertical contact between cement layers of
different fabrics was recorded. These cement layers are a remnant of
the construction process, during which different cement mixes were
used at different phases of filling the wooden caissons (Brandon, 1996,
Hohfelder et al., 2007). At the time of construction, after the cement
cured, the different concretes layers lay horizontal upon one another;
therefore, any shift from the original position at construction can be
identified due to the offset of that horizontal contact. In the case of the
tower, the near-vertical contact indicates at least a 90° shift of the cais-
son after the harbor was completed. It was also observed that no wood
was preserved on any outer surface of the island, whereas typically
protected, unexposed sides of the caissons included some preserved
wood, again suggesting that all sides of the island,whichwas essentially
once a wood-faced concrete cube, had been exposed on all sides fully to
the elements at some point of time, a situation only possible with the
turning of the caisson. Artifacts found around the base of the toppled
tower post-date the 1st century CE, with the earliest coin found aged
at 144 CE. These deposits are not beneath the tower, but rather along
the edges of the tower within the typical scouring areas where debris
is regularly trapped in harbor entrances. Excavations did not tunnel
fully below the towers due to safety concerns. Such artifacts might
provide an age maximum for the timing of the tower's collapse, so the
observed damage best correlates with the historic tsunami a few
decades earlier in 115 CE. As the minimum size of this island was at
least 25 m3, and as its concrete has an estimated minimum density of
~2400 kg/m3, its estimated weight should exceed 60 metric tons. Top-
pling such an island would have required significant force, and is analo-
gous to damage that has been recorded to concrete harbor structures
recently during the 2011 Tohoku-Oki tsunami in northern Japan events
(Fig. 7, Ewing et al., 2013).

We hypothesize that the shallower subsurface reflector ‘A’ is the
buried surface formed by backflow associated with the 8th century CE
(possibly 749CE) tsunami; this surface could also represent a composite
with the 6th century CE (551 CE) event. We suggest that the multiple,
distributed channels observed in that reflector's surface morphology
(Fig. 6B) represent a complex back-channeling product produced by
the less-organized/more degraded character of the harbor at that time.
The Byzantine Era (4th–7th c. CE) was a busy time for Caesarea com-
mercially, but with the exception of a 500 CE renovation, the harbor
consisted primarily of the intermediate harbor (Fig. 1D) with very little,
if any, surface presence of the outer harbor mole/jetty complex
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Fig. 7. Photos of damaged cement harbor foundations at Kojirahama (Top left), Utuchi (middle), and Tanesashi (right), Japan following the March 11, 2010 Tohoku-Oki great earthquake
(from Ewing, L.: from Lesley Ewing, Sr. Coastal Engineer California Coastal Commission, “Port & Harbor Damage from theMarch 11, 2011 Tohoku Oki Tsunami”, www.coastal.ca.gov/nps/
Tsunami_Lessons.pdf).

452 B.N. Goodman-Tchernov, J.A. Austin Jr. / Journal of Archaeological Science: Reports 3 (2015) 444–454
(Figs. 1D, 2; Reinhardt and Raban, 1999). Presuming that themap of re-
flector “A” gives us the ~post-8th century event state of the coastal sea
bottom, the harbor would have been in an even more degraded condi-
tion through the early Islamic (7th–11th c. CE) period, with multiple
disorganized approaches rather than a single cohesive entrance
(Fig. 6B, right). Recently this chaotic character of the outer harbor at
that time was reinforced with the discovery of thousands of gold coins
dating to the10–11th century thatwere presumably part of a shipwreck
discovered on top of the submerged harbor in a depth of only 7.5 m,
which could only be possible if that area was not a cohesive harbor at
the time. Ship ballast concentrations and refuse have been recognized
outside the harbor in a roughly shore-parallel, elongated oval shape
that agrees with the pattern of debris that would be expected in an an-
choring refuge for commercial transactions, given prevalent wind pat-
terns and typical anchoring scope ratios (Boyce et al., 2009). This
overlying refuse may be deposited immediately above the two
tsunami horizons in question, suggesting that whatever condition the
harbor was in prior to the 749/551 CE events, it was even more heavily
compromised afterwards. As a result, by the 6th century CE, commercial
ships likely had to anchor offshore as a standard practice.

Recently, in continuing efforts to link terrestrial archeological
stratigraphy to the offshore sequence, evidence has been gathered
to suggest that there are two distinct stratigraphic horizons with
tsunamigenic features, one dating to the late Byzantine (~6th century
CE) and the second to the early Islamic (8th century CE) periods
(Fig. 4). Much of this evidence comprises of shell layers described in
the terrestrial excavations that were previously interpreted as dredge
debris (see Dey et al. 2014 for detailed discussion). However, thus far,
only one offshore layer has been identified (Fig. 4). The original dating
of that offshore horizon (Goodman-Tchernov et al., 2009; Fig. 4) was
limited to a few sherds of ceramics that were ceramic types that
remained in use over a long period that included the late Byzantine pe-
riod and into the early Islamic era (~5–8th c. CE), and only one radiocar-
bon date has been obtained from shell material immediately above the
horizon. After a more detailed review of the dating methods used for
that horizon in previous studies, recent finds from shallow (b3 m)
water excavations, and review of archeological reports from the hippo-
drome coastal area (Dey et al. 2014) we suggest that that the single ho-
rizon is actually the result of two separate tsunami events that occurred
relatively close in time (~200 years), resulting in a single deposit. An
upper date of 900–1050 CE (radiocarbon, Goodman-Tchernov et al.,
2009) from the horizon immediately above the deposit, gives an
upper limit for the tsunamite age, but also supports the possibility
that both 6th and 8th century CE tsunami events contributed to the pre-
served horizon.

Following any tsunami event, sediments eroded and redeposited by
the waves are exposed to later erosional and depositional processes.
For Caesarea, the normal depositional regime, dominated by sandy sed-
iments from the Nile River to the south, typically provides a positive
sediment budget necessary for burying the tsunamite. However, short
intervals between tsunami events means that less inter-event sediment
is available to bury and preserve the underlying tsunamites. If a buried
tsunamite is exposed and eroded during a later tsunami, then that ma-
terial can be mixed and redeposited together with the later event,
resulting in a single horizon.

Evidence for such mixing offshore of Caesarea exists in multiple
forms. First, archeological descriptions demonstrate the presence of
tsunamigenic deposits on land south of the harbor, within the adjacent
hippodrome area (see Figs. 1 and 2), of both 6th century A.D. and 8th cen-
tury A.D. deposits (Dey and Goodman, 2010; Dey et al., 2014). In excava-
tions of the shallow intermediate harbor (TN area, Fig. 1C; Reinhardt and
Raban, 2008), there is an extensive deposit of mixed (Early Islamic-
Byzantine–4th to 8th century CE) refuse, ranging from high-value intri-
cate items of varying erosion state and exposure—suggesting broad
mixing of typical harbor refuse (e.g., broken amphora/pots) andnewly in-
troduced, undamaged domestic wares and personal items (e.g., intricate
hair combs, fine sections of Islamic coins, statuette, a satchel of copper
coins). Unlike other harbor deposits, thesematerials are of broad origin
(domestic, commercial, religious), value range and preservation state,
suggesting the kind of non-deliberate and rapid burial a tsunami
event would produce. In addition, because the ages of the ceramics
found in this excavation range from early Islamic to late Byzantine
(6th through 8th centuries CE), no distinctive stratigraphy offshore
today separates what may have been two distinct tsunami events.

The expression of the different horizons in this offshore seismic sur-
vey is only possible due to the significant acoustic contrast in the phys-
ical properties between the tsunami event layers vs. the background,
non-tsunami sediments (Fig. 5). In the case of Caesarea, the background
Nile River-derived sands are especially homogenous (siliciclastic,
quartz-rich fine sands with a highly conservative mode value of
~169 μm), while the tsunamigenic layers consist of a range of grain
sizes and inclusions of varyingmaterialswith farwider ranging physical
properties (shell, broken kurkar cobbles, foreign ballast, pottery, etc.).
As a result, Caesarea may represent ideal conditions for the application
of geophysical methods to tsunamite identification in the coastal zone.
Other areas of the Mediterranean, and the world, where coasts with
more meandering geomorphological features likely exhibit more varia-
tions and micro-environments in their natural background conditions,
tsunamite definition is likely to be more problematic. Nonetheless, we
feel that our results merit the effort to attempt similarmergedmapping
and archeological excavations/sampling elsewhere.

5. Conclusions

The results of the high-resolution seismic survey of Caesarea support
previous studies that have argued for the presence of laterally extensive
tsunamigenic deposits in and around that ancient harbor complex.
Santorini-age tsunami deposits are present, but not everywhere

http://www.coastal.ca.gov/nps/Tsunami_Lessons.pdf
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identifiable. The earlier interpretation that the ancient harbor of Caesa-
rea was relatively intact at the time of the first historically documented
tsunami that would have impacted it, ~1–2nd century, possibly 115 CE,
is supported by the presence of pronounced (backwash) channels in as-
sociation with the entrance to the ancient harbor. In contrast, the
harbor's appearance was much degraded by the time of a known 8th
century tsunami (749 CE), which is emphasized by the presence of a se-
ries of preserved remnant channels, testifying to multiple backwash
paths. These preserved paleo-bathymetric features could be recognized
at other archeological sites and may provide a new preserved indicator
for ancient tsunamis, further reinforcing the usefulness of the offshore
record, particularly relative to the relatively quickly altered and erased
terrestrial record (Szczuciński, 2011).

Caesarea, an ancient urban harbor city with a concrete harbor com-
parable to many harbors of today, also provides insight into the effects
of tsunamis on harbors and the nature of preserved deposits in and
around them. We suggest that the intensification and magnification
of tsunamis within harbors could provide an additional dataset for
targeting and identifying non-documented tsunamis and improving
the understanding of their impact on harbor structures, enhancing and
expanding on the tsunami catalogues, as well as better understanding
broader near and far-field effects elsewhere. A multitude of harbor
sites both nearby (e.g., Tyre, Sidon, and Alexandria) and worldwide
could contain these useful deposits.
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