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1 | GENERAL INTRODUCTION
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Abstract

An on-land frequency domain electromagnetic geophysical survey was conducted
across a tombolo delimiting the southern bay of Tel Dor (northern Israel) to the
south. It was accompanied by a marine archaeological survey adjacent to its
northern edge. Results indicate a deep channel connecting the bay and the Tantura
Lagoon to the south. At its northern exit, an NW-SE trending square anomaly is
visible in the geophysical data, buried underneath centuries of sand accumulation. It
is parallel and similar in shape and scale to a Hellenistic feature observed in satellite
data and excavated during the underwater archaeological survey. It seems that
during the beginning/Middle Bronze Age, a natural or manmade channel was utilized
as an entrance to the bay. As sea levels rose and sand began to accumulate, the
channel was periodically filled in and would have needed to have been cleared.
Eventually, it became too expensive or inconvenient to maintain, probably during
the Byzantine period. The southern anchorage was abandoned for more favorable
conditions to the north of the Tel. The sequence of events shows how ancient
builders first utilized a natural channel, maintained it as sea levels rose, and aban-

doned it when it became too problematic to maintain.
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the Love Bay, and the South Bay, the latter located immediately

south of the Tel that comprises Dor. The Tantura Lagoon, in which

Tel Dor located on the Carmel Coast, 21 km south of present-day
Haifa and 13 km north of Caesarea (Figure 1), was settled in the
Middle and Late Bronze Ages, during most of the Iron Age, and from
the Persian period to at least the Late Roman and Byzantine periods
(Gilboa & Sharon, 2008; Nitschke et al., 2011; Raban, 1995; Stern,
1994). It is located on an eolianite ridge, separated from the nearby
Mt. Carmel by a narrow alluvial area. This would have provided the
settlement with a minimal agricultural hinterland, thus necessitating
maritime connectivity and trade. Three bays are located adjacent to
the site (Figure 1b). From north to south, these are the North Bay,

more than 20 shipwrecks of the Roman-Ottoman period were found,
is located south of the South Bay and separated from it by a large
tombolo (Kahanov, 2011; Raban, 1995). While there is ample evi-
dence for maritime activity and related structures in the northern
part of the South Bay immediately south of the Tel (Section 2.2;
ArkinShalev et al., 2019a, 2019b), there is, to date, a little informa-
tion on any structures near the area of the tombolo. Raban (1995)
theorized that a now buried passage existed between the South Bay
and the Tantura Lagoon, which lies to the south. According to the
author, at its time of use as an anchorage, the western approach to
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FIGURE 1 Location maps (a) the location of Tel Dor along the Israeli coast (b) satellite image showing the two South Bay, which is the focus of
this study, and the location of the other bays lying to the north and south (c) the South Bay of Dor. Red line represents the approximate location of
the refraction line shown in Figure 4. Blue lines are from the study of Swarzenski et al. (2006). Thin black lines show the exact path walked during
the FDEM survey used in this study and the black rectangle marks the location of the tombolo—the main focus of this study. SW—massive Iron
Age 1b sea wall. FDEM, frequency domain electromagnetic; HT, Hellenistic Tower [Color figure can be viewed at wileyonlinelibrary.com]

the bay would have been almost totally blocked to the water level by
a now underwater eolianite ridge.

This article uses a combination of geophysical and archaeological
methods to explore the idea of such a passage and accompanying
structures. As such, it sheds light on the interactions between
anthropogenic activities and natural processes such as sea-level rise
in the ancient world.

2 | ENVIRONMENTAL AND
ARCHAEOLOGICAL CONTEXT
2.1 | The environment of the South Bay of Dor
Sivan et al. (2004) provided information on the geomorphology and
development of Dor's South Bay, especially with respect to the sand
cover. Seismic refraction profiles were examined in conjunction with
a series of cores that were analyzed for sedimentary properties and
for correlation. The authors deduced the thickness of the sand, clay,
and bedrock cover from their data. Only one borehole (Core #4) and
one seismic refraction line (Line #4) fall within the current study
area, although neither appears in the above-mentioned publication.
Therefore, the original report from the Geophysical Institute of Israel
was used (Beck & Kravtsov, 1998 [available upon request]). The re-
fraction line (see Figure 1c for location) will be referred to in
Section 5. Since the exact location of the borehole could not be
determined, it was not used in this study.

The South Bay of Dor is characterized by a 5-m sand cover that
lies above an additional 5m of clay. At the base of the clay layer,

eolianite bedrock can be found (Sivan et al., 2004). The deposition of
the top clay occurred in a wetland/coastal marsh setting and was
dated to 8938-8166 BC (corrected calibrated **C by Lazar et al.,
2018). In the Tantura Lagoon (Figure 1), the onset of sand accumu-
lation was dated to 5100 + 500 cal YBP by Kadosh et al. (2004) by
infrared stimulated luminescence. This was corrected for anomalous
fading to 6200 + 700 cal YBP by Lazar et al. (2018). Regardless, as
Mediterranean Sea levels rose to 1-2m below their present-day
level, sand began to reach and accumulate along the coast (Cohen-
Seffer et al., 2005; Sivan et al., 2004), probably due to a combination
of longshore and eolian transport.

A time-series resistivity survey was conducted by Swarzenski
et al. (2006) to assess groundwater discharge adjacent to the tom-
bolo (Figure 1c). Since the focus of their study was on the deeper
subsurface, the resolution of their data in the top few meters is
relatively poor. However, the presence of a saturated sand layer (as
opposed to eolianite or silt/clay) can be inferred from their results,
extending from the surface down to a depth of about 5-6 m across
the tombolo. Another important finding from their study was the fact
that groundwater is actively seeping to the surface in the area of the

tombolo.

2.2 | Maritime activity and related structures in
the South Bay of Dor

Excavations of Tel Dor began in 1924 and have continued inter-
mittently until today. There is archaeological and historical evidence
of maritime activities in the bays of Dor, which date to as early as the
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Middle and Late Bronze Age through the Iron Age and well into the
Byzantine period (ArkinShalev et al., 2019a). The Wen-Amon text
refers to an 11th century BCE harbor at Dor, out of which a large
fleet of ships operated (Gilboa, 2015; Yasur-Landau, 2019). The
South Bay, adjacent to the Tel, was no doubt used for anchoring in
the Bronze and Iron Ages, as indicated by underwater surveys that
documented numerous stone anchors and pottery (Kingsley & Raveh,
1996; Lazar et al., 2018). Two massive parallel ashlar walls, semi-
submerged by the waterline at the northern edge of the South Bay
(Figure 1c), were previously interpreted as quays belonging to the
Late Bronze Age and to the Sea People harbor of Dor (Raban, 1995).
Recent excavations and pottery associated with these walls de-
monstrated that these features belonged to a massive Iron Ib coastal
sea wall. During the same excavations, a massive mole made of ashlar
stones (Figure 1c) dated by pottery to the Iron Il period, now par-
tially covered with a crust of biogenic rock, was found to the south of
this fortification line, enabling the unloading of goods to the city
(ArkinShalev et al., 2019b). Surprisingly, no remains of Hellenistic
maritime infrastructure were found at Dor to date, despite the
prosperity of the city and the construction of an elaborate system of
fortifications in the 3rd century BCE (Sharon, 1995; Stern, 1994).
Furthermore, these fortifications encircle the Tel from the east only,
while the west and especially the southern part of the Tel, over-
looking the South Bay, were seemingly left unprotected. During the
Roman period, maritime activity moved mainly to the North Bay and
the Tantura Lagoon (ArkinShalev et al., 2019%a).

The aim of this study was to extend the research carried out by
Lazar et al. (2018) to the south and to possibly locate additional buried
structures. Special attention was paid to the area east of the ancient
eolianite quarry (the “tombolo”) with the intent of testing the hypoth-
esis that a connection existed between the South Bay and the Tantura

Lagoon.

3 | METHODS

High-resolution shallow geophysical methods have become a standard
in archaeological studies since they provide a noninvasive way of ima-
ging the subsurface before a dig. The choice of the frequency domain
electromagnetic (FDEM) technique was based on its proven ability to
overcome obstacles like salinity and moisture (e.g. Lazar et al,, 2018)
that affect more conventional methods used in archaeology and neo-
tectonics, such as ground-penetrating radar (e.g. Basson & Ginzburg,
2009; Basson et al., 2002; Bristow & Jol, 2003; Conyers, 2004; Rogers
et al,, 2012). The ease of use and quick scanning capability means that
large areas can be covered in a relatively short time. There are no
electrodes or loops to set up. Since it measures swaths, there is a little
interpolation between measurements.

The FDEM method involves generating an alternating magnetic field
at the transmitter. This induces an electrical eddy current in the earth,
which causes a secondary magnetic field to be formed in the subsurface.
This field is mainly proportional to the conductivity of the target and the
frequency of the alternating field. The sensor measures quadrature

7 ""'_WILEY—B

(Q, the component of the secondary field that is out of phase with re-
spect to the primary field) and in-phase (I, the component of the sec-
ondary field that is in phase with respect to the primary field). Since the
system is multifrequency, it enables measuring in several (n) frequencies
simultaneously, thus measuring Q... Q, and I4... I, Data can be trans-
formed into apparent electrical conductivity (EC,) and apparent magnetic
susceptibility (MS,), respectively, to deduce subsurface properties (Huang
& Won, 2003; Huang, 2005). EC, is a function of the coil spacing within
the instrument and is thus sensor specific. Since this is constant for a
given instrument, it will be referred to here simply as EC. Contrasts in EC
are interpreted as differences in subsurface clay content, mineralogy,
moisture, etc. (Sudduth et al., 2005, references therein). In general, as
salinity increases, there is an increase in conductivity and a decrease in
resistivity.

The depth of investigation can be defined as the maximum depth, for
which a half-space subsurface can be detected by the FDEM system at a
particular frequency. The frequency at which the electromagnetic re-
sponse of a subsurface target or inhomogeneity can first be measured is
determined mainly by its depth and the electromagnetic properties of the
overlying layers. It is relatively independent of the type of source or
receiver and the distance between them. The depth of investigation
depends on the physical subsurface properties and is mainly a function of
the skin depth (Huang, 2005; Spies, 1989). The skin depth § is a function
of the angular frequency of the plane wave w, the electrical conductivity

o, and magnetic permeability u, of the medium according to the following:

z

5= (1)

\/ ouw

However, the practical depth of penetration is clearly empirical.
According to Spies (1989), Goldshleger and Basson (2016),
Goldshleger et al. (2018) and Goldshleger et al. (2019), the practical/

effective depth of penetration D is
1
D~ 158 =750 — (2)
of

where f is the frequency of the wave transmitted by the FDEM
system.

Simultaneous transmission of a number of frequencies means that
data is obtained from different depths since lower frequencies pene-
trate deeper into the subsurface than the higher ones (Equation 2).
Therefore, the result of the imaging is a series of frequency/depth-
range maps corresponding to the integration of all subsurface datain a
specific sampled volume (i.e.,, down to the frequency-related depths
where Fn = Dn, Figure 2; Table 1).

A multifrequency FDEM survey was carried out from the southern
edge of Tel Dor to south of Tombolo (Figure 1) using a Geophex GEM-2
sensor with a scanning depth down to 10 m and the ability to simulta-
neously transmit and record 10 frequencies between 25 Hz and 93 kHz
(e.g, Huang & Won, 2003; Won et al, 1996). Five frequencies were
selected based on lithology described by Sivan et al. (2004), the results of
Lazar et al. (2018) and noise reduction analysis. These frequencies



LAZAR ET AL

e

W

Beach

Aquifer
& Df,

e YA Df,

EC,

Df;
Df,

Df,

FIGURE 2 Simplified conceptual model of the study area used for inversion modeling. EC,1-EC5 represent the integration of all electrical
conductivities down to the depths of Df;-Df5 respectively (i.e., the data presented in Figure 3). EC3-EC, is an example of the “layer” for which
EC is obtained by the inversion model between EC3 and EC (i.e., the data presented in Figure 4). EC, electrical conductivity; FDEM, frequency
domain electromagnetic [Color figure can be viewed at wileyonlinelibrary.com]

correspond to the effective penetration depths listed in Table 1, which
were calculated based on Equation 2. The distance between the source
and receiver (sensor length) is 1.7 m. The survey was continuous and
carried out without stopping to insure similar conditions for all lines. The
sensor was carried at a height of 1 m above the surface, which corre-
sponds to an average surface swath width of about 1 m. This increases
with depth. Line spacing was monitored using a differential GPS and
varied according to terrain and obstacles in the field. The average line
spacing was 2 m (Figure 1c). The electrical network frequency in Israel is
50 Hz. Therefore, to avoid harmonies, the FDEM system transmitted and
measured all frequencies at a rate of 25 Hz. The GEM-2 was programed
to transmit at a rate of 25 soundings per second. Data were collected by
walking with the instrument at a slow speed of around 1 km/h (3.6 m/s).
This resulted in an average spatial sampling of about seven measure-
ments per meter.

Data were filtered using a nonlinear filter to remove spikes and
random/ambient noise. A spatial bandpass filter was applied for
antialiasing. A normalized weighted algorithm based on the half-
space model was computed to create an inversion of the frequency
interval for every two consecutive frequency pairs. The result is a
series of EC maps that contain the integration of all electrical

TABLE 1 Transmission frequency used in this study and effective
penetration depth. Values were obtained from Equations 1 and 2

Frequency (Hz) Effective penetration (m)
2025 0-6.5
4725 0-5.3
11,025 0-4.2
25,725 0-3.2
60,025 0-2.5

conductivity of a specific depth range between a given frequency
pair (Figure 2). The exact algorithm used is the proprietorship
of GeoSense Ltd. This allowed for the observation of anomalies
associated with subsurface geology or archaeology.

4 | RESULTS

4.1 | Geophysical survey

The results of the survey were first plotted with minimal processing
since these represent the actual data collected in the field. The five
EC maps are similar in their overall appearance (Figure 3). EC values
on the western edge of the data from the tombolo are similar to
those on the eastern, with dark blue representing values near or
around 5 mS/m. Since on the western side, these values correspond
to eolianite that is exposed on the surface, it can be assumed that the
eastern side contains buried eolianite beneath a thin cover of sand
since eolianite is nor visible on the surface. This is supported by the
interpretation of the refraction profile (see below). Between the two
areas of extremely low values, EC increases to values between 142
and 2300 mS/m (depending on depth of penetration) indicating an
absolute change in subsurface properties. This picture is consistent
throughout all frequencies (i.e., depths) investigated in this study
(Table 1) and we interpret this change here as a sharp transition from
hard eolianite sandstone to a soft sand-filled trench or channel.
While dry sand is less conductive than dry sandstone (Best, 2015 and
references therein), it is also more porous, and therefore, more hy-
draulically conductive (Todd & Mays, 2004) Since it can be assumed
with some degree of certainty that the entire area between the
quarry and the beach is saturated with seawater, this would mean
that wet sand should have a higher EC than wet sandstone. It is
important to note that each map contains all data from the previous


http://wileyonlinelibrary.com

LAZAR ET AL

25725 Hz
0-3.2m

A 60025 Hz
N 0-2.5m

10025 Hz
0-4.2 m

4725 Hz
0-5.3 m

®

2025 Hz
0-6.5m

(e)

281 366 466 580 751 2310

0 25 50m

I T

FIGURE 3 Results of the electrical conductivity (EC) obtained from the frequency domain electromagnetic (FDEM) survey with minimal
processing. Units are in mS/m [Color figure can be viewed at wileyonlinelibrary.com]

depth-range, and therefore, subtle changes in EC that occur at depth
are lost. To overcome this situation, simple inversion as explained
above was applied.

All four inversion maps produced in this study are presented in
Figure 4. The first three maps (Figures 4a-c) show a clear prominent
channel cutting through the tombolo from south to north. Its width is
constant with depth and is approximately 20 m wide at its narrowest.
As frequencies decrease (i.e., depth increases), EC values from the
assumed channel are more or less consistent (around 1750 mS/m)
indicating similar fill with slightly changing properties probably due to
differences in salinity. In the final depth range (5.3-6.5 m), EC values

reach their highest in the center of the channel (1775-1800 mS/m;
Figure 4d, red-pink hues), which is indicative of eolianite in the ana-
lysis presented here. This would seem to imply that the assumed
channel is obstructed at these depths by eolianite blocks.
Examination of the refraction profile that crosses the northern part
of the tombolo (Figure 5) indicates that there are three seismic layers in
the shallow subsurface that are discerned by differences in seismic ve-
locity. The bottom-most layer (velocity of 2240 m/s) is representative of
eolianite rock found in the area. According to the profile, it forms ap-
proximately 2.5 m high ridge that drops sharply to the west (across the

tombolo) to around -9 m, indicating that a deep channel does in fact exist

10025-25725 Hz

A 25725-60025 Hz
3.2-4.2m

N 2.5-3.2m

1625 1750 1760

4725-10025 Hz
4.2-5.3 m

2025-4725 Hz
5.3-6.5m

SN

1770 1775 1780 1800 [mS/m]

0 25 50m

FIGURE 4 Results of the inversion modeling of the interval for every two consecutive frequency pairs. The maps present the integration of
all electrical conductivity of a specific depth range between a given frequency pair [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 (a) electrical conductivity (EC)
inversion map of the tombolo for the frequency
range of 2025-4725 Hz (representing the depth
slice from 5.3 to 6.5 m). Black line marks the
approximate location of the refraction profile
shown in (b) after Beck and Kravtsov (1998). See
text for explanation. [Color figure can be viewed
at wileyonlinelibrary.com]
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FIGURE 6 Electrical conductivity (EC) inversion map of the tombolo for the frequency range of 25,725-60,025 Hz (representing the depth
slice from 2.5 to 3.2 m), superimposed on an orthophoto of the South Bay. The square anomaly visible in the FDEM image on land is marked by a
black oval. Please note the submerged ashlar structure visible on the orthophoto image located in the water adjacent to the northern edge of

the tombolo (also circled). [Color figure can be viewed at wileyonlinelibrary.com]
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from the south to the north across the tombolo. Its infill is composed of
two additional layers with seismic velocities of 1820 and 790 m/s for the
central and top-most layer accordingly. While the top layer (0-ca 2m)
represents dry sand, the middle value could represent either wet sand or
shales/clays (Bourbie et al., 1987). The latter could perhaps represent the
clay unit dated by Sivan et al. (2004), which would then indicate an
ancient infill of a natural channel. A series of cores were recently drilled
along the western flank of the tombolo. The most relevant core from the
southern edge indicates that there is at least 4 m of sand (G. Shteinberg
[personal communication, April 12, 2019]). Therefore, we interpret the
second layer as wet sand rather than shale or clay.

A comparison of the refraction profile with the deepest inversion
profile (Figure 5) shows that the eolianite channel reaches depths of
almost 10 m in the area just outside the northern exit of the channel.
This is deeper than the deepest depth penetrated by the FDEM and
therefore, does not show up on it. The refraction profile also clearly
indicates there is in fact an eolianite ridge buried under a shallow
cover of sand to the east of the channel as inferred above.

In addition to the channel, the FDEM data shows another pro-
minent anomaly adjacent to the northern edge of the channel, which
is currently buried under the sand. Although present to some degree
on all inversion and most EC maps, it can best be seen in Figure 4a,
where it appears as a clear, narrow feature of low EC values (dark
blue hues, which reach values of 1630 mS/m in this area) with a
conspicuous 90° angle. This is the same shape, size and follows the
same orientation as the remains of an underwater building, which
can be seen adjacent to the northern edge of the tombolo in satellite
and orthophoto images, to be discussed below (Figure 6). These likely
represent the remains of fortification, perhaps towers protecting the

entrance to the bay.

4.2 | Archaeological finds

Recent underwater archaeological surveys, as well as excavations
conducted by the Recanati Institute for Maritime Studies, University of
Haifa, and the Scripps Center for Marine Archaeology, UC San Diego,
indicate that coastal (and perhaps maritime) structures were not limited
to the north edge of the South Bay. Figure 6 shows an orthophoto
image where a small, square-shaped feature is clearly seen in the
shallow water adjacent to the northern face of the tombolo (see also
Figure 1c). It trends NE-SW and is comparable in both size and di-
rectionality to an anomaly seen in the results of the geophysical survey.
An archaeological survey conducted in 2017 showed that this feature is
likely a structure made of large ashlar stones. Following this discovery,
an underwater excavation in 2019 to the east and to the north of this
structure indicates that is a part of a much larger artificial feature with a
NE-SW orientation. To date two courses of stones were found, the top
one at a depth of 1.2-1.5m below mean sea level. It is built of ‘ashlar
stones in two size groups, the larger are 1.45-1.50m in length and
0.4-0.5 m in width, while the smaller are 0.95-1.0 m in length and 0.4 m
in width. While work on the excavation still continues, some indications

of the period of the construction may be ascertained. The technique
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used to construct the building belongs to the Hellenistic period, and
more precisely to the 3rd century BCE. The combined use of two size
groups of ashlar stones, large and small, as well as the use of dry
masonry, is very similar to the construction of the Hellenistic for-
tifications on Tel Dor itself, just north of the South Bay and especially to
the Hellenistic towers in areas A and C dated to the 3rd century BCE
(Sharon, 1995). The use of ashlar combined with dry masonry in a
marine context using somewhat smaller stones can be seen in the
Hellenistic quay and ship shed of Akko, which also belong to the 3rd
century BCE (Sharvit et al., 2013). Large ashlars (but not the combi-
nation of large and small ashlars) were used in the construction of the
Late Iron Age moles and quays found underwater in Atlit, some 10 km
to the north of Dor (Haggi & Artzy, 2007; Yasur-Landau et al., 2018).

The stones used near the tombolo are considerably smaller than
those used in the Iron Ib coastal fortifications in the northern part of
the South Bay (ArkinShalev et al., 2019b). The few pottery sherds
found embedded in the structure include a Hellenistic handle of a
basket and a handle of an amphora. Lack of Iron Age pottery further
strengthens the identification of the structure as postdating the Iron
Age. At the same time, the Dor underwater structure is of pre-
Roman construction since the stones are not bonded in a mortar of
concrete. Concrete was first used in the area for harbor construction
in the Herodian port of Caesarea (Yasur-Landau et al., 2018).

5 | DISCUSSION

The combined geophysical and archaeological data strongly suggests a
southwestern entrance to the South Bay of Dor, which is comprised of a
sailing channel, 20m wide flanked from the two sides by artificial
structures, perhaps towers or other elements of fortification. However,
questions remain as to why such a channel would have been needed
given that the bay is open to the west, which would allow a clear ap-
proach from this direction. While there is a submerged reef blocking the
entrance to the bay (currently located at a water depth of 2.5-4 m in its
center, which shallows to the sides), during the Bronze and Iron Ages, sea
level would have been at 3-1.5m below the present-day level, and at
least 1 m below sea level in the Hellenistic period (Benjamin et al., 2017;
Sivan et al., 2001). This would mean that the reef would have been under
1.5-3m of water, which would have perhaps allowed small boats to
enter from the west, but endangered larger ships. In addition, the pre-
vailing (storm) wind direction along the coast of Israel is from the
southwest (e.g., Goldsmith et al., 1990; Saaroni et al., 1998) making the
approach from the west dangerous and tricky at best during times of
strong winds, especially in an area with many exposed and underwater
reefs. Thus, we speculate that a combined approach—allowing entrance
from both the west and the south, would be appealing. If comparing to
modern anchorages along the Israel coast—none are open to the sea and
entrance is always from a jetty facing northwards. This is to avoid the
buildup of sand within the anchorage from northward-trending longshore
sediment transport (Zviely et al., 2007). However, at the time in question,
this would not have been a problem due to the fact that sand had just
begun to accumulate along the coast.
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See Cohen-Seffer (2005): before 3000 BC, longshore sand transport from south to north did not enter the south bay but followed the offshore side of the "eolianite ridge".
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The dimensions of the trench (width of ~20 m at its narrowest
and a depth of at least 5-6 m) indicate that it would have been wide
enough and deep enough to act as a navigation channel and allow the
passage of boats from the Tantura Lagoon northwards into the bay.
This is strengthened by the contrast between the jagged, western
border of the channel and the relatively smooth and straight eastern
border (Figures 3 and 4), which forms an almost 90° angle with the
straight northeastern trending ridge as it enters the bay. This would
seem to indicate that the eastern eolianite ridge was cut, smoothed,
and maintained possibly due to the fact that the prevailing wind
direction (from the SW) would push any vessel entering the bay from
the south, through the channel and toward its eastern flanks. It is
possible that this flank was smoothed to minimize dangers to
approaching ships.

Two possibilities exist for the formation of the channel. The first
is that it was a naturally occurring phenomenon that was utilized and
maintained at least until the southern bay was abandoned sometime
during the Byzantine period or slightly after (ArkinShalev et al,
2019a). The accumulation of sand along the Israeli coast is thought
to have begun sometime around 6900-5500 cal YBP (Lazar et al.,
2018). This means that the ancient eolianite quarry to the west of
the tombolo would have been an isolated island (similar to the is-
lands found just to the south of the bay in the Tantura Lagoon;
Figure 1b) at the beginning/middle of the Bronze Age when the bay
was no doubt used as an anchorage (e.g., Kingsley & Raveh, 1996). As
sand began to accumulate along the coast, the area between the
island in the west and the newly forming coast in the east (i.e., the
channel) would have been progressively filled in. The passage would
have had to have been maintained and perhaps modified during
the late Bronze Age or the Iron Age Ib or Il when other maritime
features were constructed in the South Bay.

The second possibility is that the channel is an artificial feature
that could have been fabricated when eolianite was being quarried
from the eolianite outcrop to be used for construction on Tel Dor.
This possibility cannot be ruled out from the FDEM data as both
sides of the channel exhibit similar electromagnetic signals (Figures 3
and 4). In any case, it is clear that a channel did exist between the
Tantura Lagoon and the southern bay, which would have needed
artificial intervention as sand began to accumulate.

The combination of sailing channels accompanied by fortifications,
perhaps towers, protecting an entrance similar to that found in this study
at Dor can be found in several ports in the Aegean area. In the artificial
harbor at Phalasarna in Crete built in the 4th century BCE, a 120-m-long
channel connected it to the sea. The channel was originally a natural
underwater opening in the rock, which was then widened to between 10
and 12 m. The harbor was protected by an elaborate system of land and
sea walls, which included round towers (Hadjidaki, 1996; Hadjidaki,
2015; Pirazzoli et al., 1992). The second example of a rock-cut channel
can be found in Leachion, which was the western harbor of ancient
Corinth, likely built in the early 6th century BCE and remained in use
until 400 AD. This was an artificial harbor with navigation channels that
connected it to the sea (Morhange et al., 2012; Stiros et al., 1996). A well-
fortified closed harbor with sea walls and round towers was found at

Thasos, the towers added to the sea wall at the end of the 4th century
BCE (Empereur & Simossi, 1992; Lianos, 1993; Simossi, 1994-1995). It is
possible that the idea to create fortified ports equipped with towers
reached the coasts of the eastern Mediterranean during the Hellenistic
period, as seen by the appearance of round towers in the port of Stra-
ton's Tower, the town preceding Caesarea (Raban, 1992). Dor should be
seen as belonging to the tradition of the formalized creation of a harbor
basin utilizing artificial features, which became more common in the
Levant during the Hellenistic period (Yasur-Landau et al., 2018).

The South Bay is open from the west. However, as stated above,
at the time of use as an anchorage, this approach would have been
tricky due to the shallow-exposed reef at its entrance. The easier
approach considering the prevalent wind, that is, the Dor channel
was wide yet narrow enough that it could have been controlled from
the adjacent towers. It is possible that it could have also been
blocked by a chain to prevent unauthorized entry into the bay from
the south, similar to that reported for Akko (from the Early Islamic
period; Galili et al., 2010), or to the chain blocking at least one of the
entrances to the harbor in Alexandria (Belov, 2014). While these
harbors are dated to later periods then the South Bay, it could be
feasible that such harbor protection existed this early on.

The abandonment of the South Bay harbor following the Byzantine
period most likely came from over sedimentation, mixed with rising sea
levels (Benjamin et al., 2017; Sivan et al., 2001). Josephus (2014), writing
in the 1st century CE (Antiquities of the Jews 15:33) mentions Dor as a
poor harbor, where winds and sand would impede landing operations and
force merchants to anchor offshore (Kingsley & Raveh, 1994). Josephus
(2014) wrote during the Roman Period and might have been referring to
Dor's harbor before it was moved to the North Bay. Archaeological
findings from the South Bay are dated at the latest to the Roman Period,
while the main groups of artifacts in the North Bay began to appear
during the Roman Period. Thus, this would be the most likely time for the
transition between the two bays (ArkinShalev et al., 2019b).

The combination of land geophysics and marine archaeology
presented in this study revealed anthropogenic intervention on the
environment that has been buried in the sand due to sea-level rise and
resulting sedimentation. Marriner et al. (2014) used geoarchaeological
data to argue that the creation of artificial harbors in the southern
Levant was a gradual process, moving from anchoring in bays and
lagoons in the Bronze Age to partially modified bays during the Iron
Age to fully artificial harbor basins in the Roman period. The new
findings from Dor, using a combination of direct archaeological ex-
cavation and geophysical prospection, provide crucial evidence sug-
gesting that the modification of natural anchorages was by itself a
gradual process of elaboration: from the Tel-side mole and wall of the
Iron Age to the combining of the Tantura Lagoon and South Bay into a
unified anchoring system during the Hellenistic period. Anchoring was
practiced both in the South Bay with its restricted access, yet also in
the Tantura Lagoon leading into it, which also contains artifacts from
the Iron Age, Hellenistic and Roman, and Byzantine Periods (Arkin-
Shalev et al, 2019a; Kingsley & Raveh, 1996). Planned future ar-
chaeological excavations and coring in the area of the submerged

structures and the channel uncovered here will no doubt present a
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clearer plan of the structures as well as the depth and details of
construction of the channel. This could have important implications for
how the natural environment was first used for man's benefit but later
had to be abandoned or modified as natural environmental processes
became more dominant. Since sea-level rise is a problem that we are
currently dealing with today, this study may help understand how it
can affect modern-day harbors and anchorages in general, and not just

in the eastern Mediterranean.
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