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Abstract: Geology usually deals with rocks formed long ago, which are static and stable over the span
of human lifetime. This study aims to analyze anthropogenic influence on the formation of geological
features in the southeastern Mediterranean. Tel Dor, along Israel’s northern coast, was chosen due to
the continuous presence of humans in the area for over 4000 years and the protective environment of
its natural bays that preserve geomorphological changes. This allows for the examination of whether
and how humans affect their (geological) environment. Three rocky platforms were chosen in the
shallow waters of the South Bay adjacent to the Tel, and four cores were extracted. Results show
the extent of the direct and indirect anthropological influences on the landscape. The presence of
building stones consisting of dolomite, which is not found along the Carmel coast, is an example of
direct influence (importation). The evolution of a biological and non-biological reef upon the sturdy
base of the port constructions is an indirect influence. The formation of a non-biological reef upon an
archaeological feature is a unique process. It would not have consolidated without the presence of
anthropogenic activity. This study shows how human interference in the coastal area can trigger a
chain reaction of geological processes lasting more than 2000 years.

Keywords: geology and humans; coastal construction; beachrock; geology and archaeology

1. Introduction

Recent developments in the archaeological and geoarchaeological study of harbors
in the Levant [1,2] demonstrate the complex stages in their evolution, from unmodified
basins used for anchoring to enclosed, artificial harbors. These developments co-occur with
natural processes, such as gradual sea level rise, increase in sediment supply, and variations
in wave energy. Construction in the shallow marine environment changes circulation and
patterns of sedimentation, creates currents, and often demands further intervention to
prevent silting up. This can take the form of dredging or the creation of flushing channels
and requires considerable investment in maintenance. After a harbor falls into disuse, an
abandonment facies of sediment readily identifiable by geoarchaeological analysis covers
the basin [1,3,4].

The coastal zone where these harbors are located, is a dynamic area where complex in-
teractions occur between saline and fresh water, land, air, and biology (including humans).
It is highly influenced by changes in sea level, which can drown existing landscapes or ex-
pose new ones. Cliff notches [5], marine terraces, cave deposits, and karstic formation [6–9]
are often used to reconstruct past sea levels along with biocorrosion (e.g., lithophaga bor-
ings) and bioconstruction, such as vermetid reefs [6,10,11]. Where available, archaeological
remains are also a powerful tool for sea level reconstruction [12,13]. These studies are
usually based on the present-day location of water wells, fish ponds, walls, or floors, which
were obviously not constructed underwater.
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As a result of sea level fluctuations, changes can occur in larger-scale coastal processes,
such as sediment supply, wave and current magnitudes, and directions and tidal range.
This can affect the nearshore in many ways, leading to changes that occur over various
spatial and temporal scales. Thus, the coastal configuration (i.e., its morphology) observed
in the present-day landscape can differ from that of the past when said archaeological
features were in use. This is often overlooked and leads to a bias in the interpretation of the
ecological setting of archaeological landscapes [14].

Similar to their effect on the geomorphology of the landscape, natural changes in
the coastal area (such as sea level fluctuation) and/or human intervention can affect the
formation of geological features. This has been highlighted in a number of recent studies
and summarized by [15], who examined the geological formation known as beachrock.
While eolianite (or aeoliantie) is sand (lithogenic, mainly quartz, or biogenic) that lithified
in a series of complex chemical processes lasting thousands of years [16,17], beachrock, by
contrast, is a coastal conglomerate that can be formed in just a few years [15,18,19]. Forma-
tion occurs under the sediment surface at a depth of tens of centimeters in the transitional
zone between saline and fresh water. The processes involved in the cementation remain
somewhat debated [20–24]. However, most agree that freshwater and warm temperature
are required. Thus, modification of river courses by ancient settlers, for example, can affect
the formation of beachrock by introducing or removing freshwater into the coastal system
of a given area.

Along the eastern Mediterranean coasts, two types of beachrock can be recognized.
The first contains no anthropogenic input. For the most part, it visually and chemically
resembles eolianite and is generally composed of quartz grains cemented by calcium
carbonate. However, due to rapid lithification (ranging between several months to a few
years) and due to a long history of anthropogenic activity in the area, it is common to
find whole or partial pieces of humanmade glass, pottery, and even plastic [15] embedded
within the beachrock. This constitutes the second type of beachrock.

Regardless of the type of rock, once formed in the shallow marine environment,
eolianite, or beachrock abrasion platforms create a hard substrate, which can then serve as
a colonization platform for benthic creatures, such as bryozoa, algae, Mollusca, etc. The
skeletons of these benthic creatures produce a thick, hard crust of calcium carbonate on
top of the rock that strengthens its resistance to wave activity. These Vermetidae (Vermetus
triquetrus Bivona or Dendropoma petraeum) can then colonize the outer edges of these
platforms [25]. They live at the intertidal to subtidal zone at average water depths of 25 cm
and create populated colonies, which can reach a thickness of several centimeters. They
precipitate their skeletons on top of those of dead shells, keeping a constant and unchanged
distance from the sea level. They leave behind a new, hard, rocky surface that did not exist
before, which is rich in quartz, calcite, and aragonite.

The aim of this study is to examine the anthropogenic contribution to the lithification
of coastal rocks in the southeastern Mediterranean. The archeological site of Tel Dor
was chosen as a case study due to continuous human activity in the bay over the last
4000 years—a period of rising sea level and increased sedimentation rates. We argue that
once a harbor infrastructure is abandoned and becomes exposed to the elements, other
biological and geological formation processes take place, which have not been addressed in
previous studies of harbors. We present a phenomenon undocumented before in Bronze or
Iron Age harbors: the formation of a composite reef on the remains of harbor infrastructure,
exposing intricate feedback mechanisms between anthropogenic and natural formation
processes. This is a unique case where natural rock development postdates an early
maritime structure. The result is a reef, which, in turn, modified coastal processes within
the bay and changed the geometry of the coast. The interaction between human and
natural formation processes opens a new way to understand the anthropogenic role in the
development of coastal rocks.
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2. Study Area

Tel Dor is the largest archaeological site along the Carmel coast of northern Israel
(Figure 1). It was inhabited almost continuously from the Middle Bronze Age (ca. 1950–1550
Before the Common Era—BCE) to the Late Roman Period (ca. 250 CE) [24,26]. Recent
coastal and underwater studies at the site found evidence for the use of its South Bay as
an anchorage in the Middle and Late Bronze Age (ca. 1950–1200 BCE) and a built harbor
infrastructure in the Iron Age Ib (1050–900 BCE) as well as the Iron IIc (700–586 BCE). This
highlights its importance for the study of the development of ancient harbors, a major
manifestation of anthropogenic pressure on the environment [27–29].
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Love Bay, the South Bay, and the Tantura Lagoon [24,28,30,31]. The South Bay, the focus 
of this study, is an approximately 280 m long and 250 m wide pocket beach. It is bordered 
by an eolianite tombolo to the south and an eolianite headland in the north, creating a 
protected area of roughly 300 m seawards from the shore [32]. The stratigraphy of the 
beach is relatively simple. Sivan et al. [33] divided the area into three main units: eolianite 
bedrock, covered by 5 m of clay, which ceased to be deposited approximately 8938–8166 
years before present [29] in a coastal marsh/wetland. This unit is, in turn, covered by 5 m 
of sand. Shtienberg et al. [32] on the other hand, refined this into six units: base eolianite, 
followed by red to brown silty loam (paleosol), grayish clay (fresh- to brackish-water wet-
land), poorly sorted sand interpreted as a tsunami unit [34], another dark, silty clay, fresh- 
to brackish-water wetland deposit, and sand. Deposition of coastal sand began approxi-
mately 7000–6000 years before present [29,32]. 
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Figure 1. The archaeological site of Tel Dor, central Israel. (a) General location map. Red dot marks
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2.1. Geological Background

Tel Dor is located along the tectonically stable Carmel Coast of Israel. It lies approxi-
mately 20 km south of the modern city of Haifa (Figure 1a). While most of the Nile littoral
cell and the coast of Israel is characterized by straight, exposed, quartz-dominated sandy
shores, Dor’s coastline is composed of four semi-enclosed protective bays: The North Bay,
Love Bay, the South Bay, and the Tantura Lagoon [24,28,30,31]. The South Bay, the focus of
this study, is an approximately 280 m long and 250 m wide pocket beach. It is bordered by
an eolianite tombolo to the south and an eolianite headland in the north, creating a pro-
tected area of roughly 300 m seawards from the shore [32]. The stratigraphy of the beach is
relatively simple. Sivan et al. [33] divided the area into three main units: eolianite bedrock,
covered by 5 m of clay, which ceased to be deposited approximately 8938–8166 years before
present [29] in a coastal marsh/wetland. This unit is, in turn, covered by 5 m of sand.
Shtienberg et al. [32] on the other hand, refined this into six units: base eolianite, followed
by red to brown silty loam (paleosol), grayish clay (fresh- to brackish-water wetland),
poorly sorted sand interpreted as a tsunami unit [34], another dark, silty clay, fresh- to
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brackish-water wetland deposit, and sand. Deposition of coastal sand began approximately
7000–6000 years before present [29,32].

As stated above, Dor, much like the rest of the Israeli coastal plain, is characterized by
eolianite cliffs and bedrock [2]. In addition to eolianite, beachrock, which is usually found
at the shoreline, is also common along the Israeli coast [18,19,35]. Although in some cases it
is impossible to determine the difference between the two visually, the lithification pattern
and environment is very different and can help shed light on anthropogenic versus natural
processes in coastal areas.

2.2. Archaeological Background

In the Middle and Late Bronze Age, maritime activity in Tel Dor was based on utilizing
these natural features, which served as proto-harbors. Stone anchors and pottery were
found in all bays, attesting to their maritime use during these periods [24,28–31]. The
use of natural bays as anchorages continued in later periods in both the North Bay as
well as the Tantura Lagoon, where 25 shipwrecks dated from the Roman to the Ottoman
period were found [30,36]. During the Iron Age I, ca. 1150–1050 BCE, Dor experienced a
period of relative prosperity due to maritime trade, mainly with Egypt and Cyprus. This is
reflected in both traded items found at the Tel as well as in the 11th century BCE Report
of Wenamun, an Egyptian priest who arrived at the port of Dor in route to Byblos [37–39].
One result of this prosperity was an ambitious building program implemented on the
southern edge of Tel Dor, overlooking the South Bay during Iron Ib (ca. 1050–900 BCE). It
included the construction of the “Monumental Building” on the top of the Tel, a public
building constructed of boulders with ashlar corners, as well as massive fortification of
the rounded “Bastion”, also built of boulders [40,41]. Two massive parallel ashlar walls,
semi-submerged by the waterline of the South Bay, were previously interpreted as quays
belonging to the “Sea People’s” harbor of Dor [24]. The northern one (W16S-220), closer
to the Tel, extends in an east–west direction for at least 70 m, and it is made of ashlar
blocks up to 2.3 m in length, 1.4 m in width, and 1 m thick. The southern wall (W16S-210),
extending also east–west for approx. 30 m, is made of large paving stones, approximately
2 m long, 1 m wide, and 0.3 m thick (Figure 1). The results of underwater excavations
carried out in 2016 and 2017 proved that it is far more likely that these structures were the
foundations of a massive coastal fortification and adjacent ashlar paving, as they rest on
a bed of sand, with their base located at a depth of 1.25 m below mean sea level (MSL).
Given that sea level would have been even lower than it is today, this would imply a depth
far too shallow for any ship to anchor in. The date of this elaborate feature is provided
by ceramic remains found between and beneath the stones of the walls. These include
fragments of imported Egyptian amphorae, none of which date to later than Iron Ib [28].
Another factor indicating that W16S-210 and W16S-220 were not used for maritime-related
activity is the presence of a reef running parallel to them for a length of at least 70 m. This
feature effectively blocks any access of boats to the area [42]. Underwater excavations have
shown that this reef (W16S-260) is a composite of a 0.5–0.7 m thick stone crust resting on
top of an anthropogenic feature, i.e., ashlar blocks varying in size from 0.2 by 0.3 m up to
0.25 by 0.6 m, covering an overall area of a minimum of 450 m2, with a maximum depth of
2.5 m (Figure 1). It was interpreted as a mole for anchoring boats. Goods could then be
unloaded to the paved area (W16S-210), before being taken into the city via a sea gate in
the coastal wall (W16S-220) [28]. The Dor coastal and maritime structures are, therefore,
the earliest datable harbor installations in the Iron Age Levant, predating those of Atlit,
further to the north, by a century [43]. This marks a transitional phase in human maritime
adaptation to maritime activity from the use of natural anchorages to modified bays and
built harbor infrastructure [1,27].

2.3. Climatic and Cultural Background

The overall history revealed at Tel Dor shows adaptation to climate change and sea
level rise. The foundation of Dor in the Middle Bronze Age I (ca. 1950–1750 BCE, Table 1)
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was characterized by the Canaanite archaeological culture [40]. The climate conditions
during this period were still dry following a markedly arid episode in the area, known as
the 4.2 ka BP event [44]. Sea level was approximately 3 m below their current level [13].
The climate improved, becoming more humid until a dry climatic event occurred at the
end of the Late Bronze Age, at approximately 1300–1200 BCE [44], coinciding with a brief
hiatus at the settlement of the site, until ca. 1150 BCE. During Iron I, Iron II, and Iron III
periods (ca. 1150–500 BCE), the material culture transitioned between late Canaanite and
Phoenician archaeological cultures [40]. Climatic conditions were humid, becoming drier
towards the end of the period [44]. Sea level was approximately 2 m below the current level
and seems to have been stable throughout the Iron Age and into the Persian period (ca.
500–300 BCE) [13]. During the Hellenistic period (ca. 300–1 BCE), Dor underwent a cultural
transition from a city with more Phoenician traits, to those more commonly found in the
wider Hellenistic world [45]. Sea level rose sharply in the period between 200 and 1 BCE,
destroying important harbor infrastructure and inundating parts of the coast of Dor [13].

Table 1. Chronology [40,45], climate [44], and sea level [13] at Tel Dor. Forward slashes indicate the
range of dates provided. * The South Bay of Dor fell into disuse as a port after the Roman period.
There is evidence for scarce settlement on the Tel afterwards, but the port shifted to the North Bay [31].
BCE—Before the Common Era.

Period (and Archaeological Culture) Chronology Tel Dor [ref] Climate [41] Sea Level (below
Present-Day Level)

Middle Bronze Age I (Canaanite) 1950–1750 BCE [40] Dry approx. −3 m [13]
Middle Bronze Age II-III (Canaanite) 1750–1550 BCE [40] More Humid

Late Bronze Age (Canaanite) 1550–1200/1150 BCE [40] Humid, but later dry climate
event ca. 1300–1200 BCE approx. −2.5 m? [13]

Iron Age Ia, (late
Canaanite—Phoenician) 1200/1150–1100/1050 BCE [40] Humid approx. −2 m [13]

Iron Age Ib (late
Canaanite—Phoenician) 1100/1050–925/900 BCE [40] Humid approx. −2 m [13]

Transition Iron Age Ib-II (Phoenician) 925–875 BCE [40] Humid −1.5 m [46]
Iron IIa and IIb (Phoenician, Israelite) 900–700 BCE [40] Drier Stable [46]

Iron Age IIc (Iron Age III) 700–586/500 BCE [40] Drier
Persian Period (Phoenician) 500–300 BCE [45] ? Stable [46]

Hellenistic Period 300–50/1 BCE [45] ? Rises rapidly [46]
Roman Period * 1 BCE–222/250 CE (?)

3. Materials and Methods

On the basis of field observations and previous studies [28,29], three coastal platforms
were chosen in shallow water adjacent to the southern flank of Tel Dor to extract cores
(Figure 1) using a Shaw portable 41 mm hard rock drill/corer. The height of the top of each
platform was measured at core-point relative to MSL (provided by the Survey of Israel) by a
theodolite. Core A, the eastern-most core, was drilled on part of the artificial, humanmade
wall W16S-260 [28]. This feature was selected due to its wide outcrop, ease of access, and its
potential to be affected by both anthropogenic activity and natural processes. The elevation
of the platform during the drilling was 3 cm above MSL. Core B was extracted from a
platform located on the southern edge of wall W16S-260 (and may or may not be part of it).
The top of the platform was at sea level. Core C was drilled on a natural abrasion platform
located along the northwestern edge of the Tel. It is located away from archaeological
influences and, thus, served as a control for the native environment. Core D was extracted
at the same location of Core A in order to verify its findings. All core segments were
marked, labeled, and documented at the field.

In the lab, the cores were washed to remove salts using distilled water to minimize
the effects of washing on the carbonate content. The cores were then dried overnight in an
oven heated to 40 ◦C. Selected segments were vacuum-impregnated with Polipol 354-L-UV
and styrene for thin section preparation. In order for the solution to fill all pores in the
rock, it was left in a vacuum at −0.9 bar for 24 h. After drying, thin layers were cut from
each segment using a customized saw to create slides. Petrographic analysis was carried
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out using a petrographic Olympus BX53 microscope. The type and crystal shape of the
cement matrix, grain size distribution, grain shape and angularity, and the porosity of the
rock were examined to help differentiate between eolianite and beachrock, which may
appear similar to the naked eye. Slides showing a grain-supported, well sorted, round,
homogeneous grain distribution with very fine crystals of micritic were characterized as
eolianite. Beachrock was identified by matrix-supported conglomerates with a varying
grain size distribution, sharped angled grains, and coniferous, flat fibrous crystals.

The final determination of rock type for each core segment was made by mineralogical
analysis carried out using X-ray diffraction [47]. According to the crystal compound sought
and its lattice structure, the XRD device generates an X-ray with a specific wavelet. The
X-ray is directed at a powdered sample and hits it with an incident beam with a known
angle. After hitting the sample, the beam is refracted by the atomic plains of the crystal. The
diffracted beam is recorded by the device. By examining the relations between the incident
beam and the reflected beam, the identification of unknown crystalline materials can be
established. To achieve this, samples weighing 0.5 g each were extracted from each core
segment, ground to a powder, and analyzed using a Rigako Miniflex 600 XRD. Data were
processed using the PDXL software package. The device was set to detect the three main
minerals commonly found in the eastern Mediterranean coastal area. Quartz, calcite, and
aragonite abundances were calculated from the reference intensity ratio (RIR) method [48],
using reference values from the ICDD PDF2 database [49]. The RIR method uses the ratio
between the peak intensity of the mineral examined and a known mineral (in this case
corundum) and provides the relation between the two minerals (I/Ic = 3.13, 3.32, and 1.17
for quartz, calcite, and aragonite, respectively). A system of two equations normalizes
the value of corundum and leaves the ratio of the minerals the device was set to detect.
The ratios calculated in this study were quartz/calcite and aragonite/calcite. Out of these
ratios, the relative part of each mineral in a sample was calculated. In samples where none
of the three minerals were found in any significant amount, the device was set to detect
dolomite. Only the main and highest peak of each mineral (quartz (0,1,1), calcite (1,0,4),
and aragonite (1,1,1)) was quantified into its share in the sample. In cases of phase shifts
where the XRD was not able to associate the peak location (2-theta) into a phase name,
phases were selected manually.

4. Results

In general, the petrographic analysis allowed for the distinction among three different
rock compositions. In all cores, segments with homogeneous quartz sand grains were
identified as eolianite, and segments with a conglomerate of shells, biogenic grains, and
quartz sand grains were classified as beachrock. These often contained indications of
anthropogenic debris, such as pottery fragments. Biogenic layers controlled by Vermetidae
were labeled as such. Results are presented in Figure 2.

The deepest layer of Core A was found to be composed of three homogeneous-looking
eolianite segments. Petrographic and XRD analysis revealed that the second (middle)
segment differs from the other two. Mineralogically, this segment is the only one that
visually looked like eolianite but turned out to contain aragonite. The petrographic slide
of this segment shows that it is composed of numerous whole and well-developed ooids
(Figure 3). Above this lies a thin layer of beachrock containing small pottery particles.
Above this beachrock, a dense, non-local rock was found. XRD revealed that this segment is
composed entirely of dolomite, with no calcite, quartz, or aragonite present. This is overlain
by a 25 cm beachrock layer, composed of three segments which contain quartz sand grains,
aragonite, bioclasts, and shell fragments. The bottom segment is smaller and has less shell
fragments than the other two segments. The middle beachrock segment contains large
pottery residue. The top of the upper segment is broken, and it is characterized by the
presence of voids and pores. At the top of Core A, a thick (18 cm) dense Vermetidae reef
composed of two segments containing quartz, calcite, and aragonite was found. The bottom
Vermetidae segment contained the highest fraction of quartz found in the entire core (59%).
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Core B is unique. Its deepest layer, composed of eolianite, is overlain by a 19.5 cm
thick beachrock made up of four segments. The deepest had the greatest amount of quartz
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(58%) in all of Core B. Above this, a section was found with pottery embedded in it. The
next segment was less than 2 cm thick and was not analyzed in the XRD. The top beachrock
segment is the only one in all the cores with a greater amount of calcite than quartz. Above
this was the only instance where an eolianite layer, 17.5 cm thick, was found above a
beachrock layer. In addition, there is no evidence of Vermetidae in the top of the core.

Core C was homogeneous throughout its entire length, consisting only of eolianite.
The quartz quantity varied from 51–64% and calcite levels changed between 36–49%. The
eolianite did not contain any aragonite.

Core D, which was drilled to verify the complex sequence of Core A, follows the same
sequence as the latter, from the dolomite layer through the three segments of beachrock
to the Vermetidae. However, beneath the dolomite layer, two segments of eolianite were
found (compared with three in Core A), both lacking significant ooid presence (<10%). The
second segment in the beachrock layer consists of 68% quartz, thus making it the segment
with the most amount of quartz in this core. The amount of calcite was in the range of
24–32% through all the core segments except for the last segment, which comprised 46%
calcite. Aragonite was found only in two segments, the Vermetidae layer and the third
beachrock segment, which also contained pottery in it.

5. Discussion

The coastal landscape adjacent to Tel Dor has undergone significant anthropogenic
intervention for at least 4000 years, as is evident from the rich archaeological finds from
the area that date back to the Bronze Age. The current study shows that careful analysis of
various humanmade features can help shed light on the often symbiotic connection between
geological and anthropogenic processes. Core analysis presented here suggests that the
composition of wall W16S-260, adjacent to Tel Dor, can be used to verify that the landscape
we observe today was deeply impacted by anthropogenic activities. The structure of wall
W16S-260 and its development through time mirrors the evolution of the Tel from its
heyday to the abandonment of its marine structures and disuse of the South Bay.

Comparison of Cores A, B, and D, extracted from archeological features, and that of
Core C, which acted as a control point taken from the undisturbed abrasion platform at the
edge of the headland, indicates major differences between the natural sequence in the area
and that which was influenced by human activity. Core C shows a homogenous natural
sequence that would have been exposed solely to erosion, either natural (wind, waves)
or anthropogenic (chiseling). Conversely, the other cores display complex sequences that
exemplify accretionary processes.

5.1. Geological Processes

Previous studies at Tel Dor used a series of radiocarbon dates to provide high-accuracy
absolute chronology for the stratigraphic sequence of the archaeological strata. At the same
time, a meticulous study of the pottery found within each of these strata allowed for the
construction of a typological sequence that can be assigned to both relative and absolute
chronologies [50,51]. The typology of the pottery associated with wall W16S-260, from
which cores A and D were extracted, can therefore be given a date. As the pottery precedes
Iron IIa and is likely from Iron Ib or the transitional Iron Ib/Iia phase [28], the wall can be
said to have been constructed no later than ca. 1100–900 BCE—it was most likely built in
two phases, used as a sea wall in the Iron Age Ib, and modified to be used as a mole in the
later part of that period or during the transition to Iron Age IIa [28].

Since Cores A and D were cored adjacent to each other, they are nearly identical in
their composition. Their sequence commences with a thick fossilized Vermetidae reef.
Sisma-Ventura et al. [10] dated the contact of this sequence with the underlying eolianite
rock across the northern coasts of Israel. Since this contact marks the onset of modern
colonization at a given location, it can be taken as a good indicator of the arrival of
Vermetidae to the area. For the study area, a contact age of 510 years before present,
corresponding to the calendar year of 1490, was obtained [10]. Sivan et al. [11] obtained a
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similar measurement of 560 14C BP. Therefore, it can be assumed with confidence that the
18 cm Vermetidae section was formed in Dor sometime during the past 600 years. Arrival
of modern Vermetidae to the northern Israeli coast can be documented going back at least
1500 years [11]. Thus, the young contact date would indicate that at Tel Dor, the conditions
for colonization become favorable only approx. 600 years ago, i.e., sea level would have
had to have been at least 21 cm lower than today (Figure 4), as it was during the Crusader
period [46].
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Figure 4. Conceptual model showing the correlation of sea level oscillation (modified after [46]) and the
main phases of Core A, which are correlated to years before present (years BCE + 2000) on the basis of
deductions explained in the text. Green represents the two possible scenarios for beachrock formation.
RSL—relative sea level (in meters). The ages provided indicate the possible periods when the rocks
were emplaced up to the dolomite layer. Above the dolomite, ages represent possible dates of formation
resulting from anthropogenic influence as explained in the text. Red star marks when sea level was
50 cm below present-day level during the transition between the Persian and Hellenistic periods.

Beneath the Vermetidae level, a beachrock sequence was found. The similarities in the
characteristic and thickness of the beachrock segments in Core A (25 cm), Core B (19 cm),
and Core D (18 cm) imply that there is a temporal connection between them. The beachrock
lithified on site and was not brought from afar as construction material. This is evident
by the presence of local pottery fragments within the rock, which indicates that it most
likely lithified in situ. The abundance of beachrock found in the different cores begs the
question of the source of freshwater in the area, as freshwater plays an important part in
beachrock formation ([52] and references therein). Tel Dor lies between two stream outlets:
the perennial Dalya stream, which flows 1.5 km south of the Tel and has a historical base
flow of 1 million m3, and the intermittent Maarot stream, which flows 2 km to the north.
Aerial photographs taken by the RAF from 1919 [53] show the Tel area before the beginning
of modern settlement. A clear channel can be seen flowing in a southeast to northwest
direction and enters the sea several hundred meters to the south of the study area. It is
outside the scope of the current study to establish whether this channel was in place at the
time of beachrock lithification and how its flow would alter the adjacent seawater chemistry.
However, it does indicate the past presence of rivers in the area, which today have no
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morphological expression in the field. Groundwater seepage is another possible source of
fresh water. Currently, the rate of penetration of aquifer waters to the sea in the vicinity
of the Tel is 7.1 m3 per day per meter beach [54]. It is possible that when sea level was
lower, the aquifer–sea boundary was westward of its current position and could have been
responsible for injection of fresh water into the system.

Beachrock lithifies beneath the surface at a depth where the sediment is static and
allows for its lithification. For the creation of the various beachrock layers uncovered in
the cores, the top of the mole (W16S-260) at the time would have had to have been buried
under sediment for a substantial amount of time, which would allow for its lithification.
Considering the lower sea level in Dor as late as 550 years ago (i.e., the beachrock is
necessarily older), this situation is most certainly possible (Figure 4). In addition, it should
be noted that the beachrock uncovered in this study is not “typical” in that it was not
formed on a sandy beach but rather on top of a humanmade feature. For this to occur, at
least 25 cm of sediment (the thickness of the beachrock segment) would have had to have
been deposited on top of the dolomite building block. As sea level rose, the mole would
have created a shallow lagoonal setting behind it. Sand could, thus, be accumulated and
eventually cover the top of the dolomite block and ground water could seep through the
gaps in paving blocks, providing a freshwater source for beachrock formation. This is a
situation that can be currently seen on many beaches across Israel today and would have
allowed ideal, calm conditions for the formation of beachrock. Analysis of the cores for this
study raises the question as to whether human interference in the natural landscape was
what allowed for lithification of beachrock and subsequent colonization by Vermetidae.
Constraints on the formation of these features is presented in Section 5.3.

5.2. Anthropogenic Influence

As stated above, the dolomite block would have been brought to the Tel from afar
during the Iron Age I/II. The closest dolomite source to Tel Dor is the foothills of Mount
Carmel, located approximately 2.5–3 km to the east. It should also be noted that dolomite
as construction material is not ubiquitous in the Tel Dor area. Hence, this could have
been used by ancient builders to strengthen the construction or emphasize its uniqueness
since it appears that the entire underwater structure that encompasses wall W16S-260 (and
possibly even wall W16S-220) contains a layer of dolomite [28]. Alternatively, it could
have been a ballast stone salvaged for building, a phenomenon seen in the construction of
the 9th century BCE Atlit mole to the north, where ballast stones were reused to form the
foundation [55].

Beneath the dolomite layer, the core sequences begin to differ. Core A consists of a thin
beachrock layer containing pottery. The last segment of Core A was initially interpreted as
homogenous eolianite. However, the second segment (of three) was found to contain high
ooid concentrations. To date, there is no evidence for recent formation of ooids along the
southeast Mediterranean coast. Due to completeness of the ooids and their geographical
placement, it is proposed that the stone, which makes up this level, is also non-local. It
could have been brought to the site as a result of marine trade with countries in North
Africa [56,57] or as ballast. A more local option is that it was quarried from rock that
contains ooids, which can be found a few kilometers away [58]. In any event, it is important
to point out that the stone was not quarried locally but imported, even if from close by.
The last segment in Core A is typical eolianite, which is representative of the local bedrock.
However, since the bottom of the mole (and therefore the bedrock) is located at least 1.3 m
below the bottom of the core [28], this segment clearly cannot be bedrock and, thus, must
also be a building block. It is possible this layer made up the older port, which relied on the
natural landscape and/or local construction materials requiring minimum transportation.
The calcite fraction in all eolianite segments and especially the ones found in Core C (>36%)
are higher than the typical 20% reported for eolianite in Israel (e.g., [59,60]). This could be
an indication that the eolianite used here was also sourced from somewhere else.
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The sequence described in Core B is unusual in that it comprises two eolianite units
separated by beachrock. The rock sequence found in this area does not consist of eolianite
above beachrock. Thus, the beachrock in Core B formed before the top eolianite segment
was emplaced. The platform’s distance from the coastal cliff today negates the possibility
that the eolianite rock originated from natural erosion or collapse of the adjacent cliff. Since,
as stated above, there seems to be a connection among the segments of beachrock in the
different cores, we conclude that the top eolianite layer of Core B belongs to a later phase
of construction. The lack of Vermetidae indicates that the top of the rock at the time of
their arrival to the area would have been exposed above sea level [25]. This strengthens
the possibility that the platform was used as a dock or to load/unload goods, perhaps
expanding wall W1S-260 to the west.

Core C, which constitutes a control site, shows a stratigraphic sequence that apparently
had no anthropogenic influence. It is composed entirely of eolianite. Lack of a Vermetidae
or beachrock on this flat platform implies that it was eroded/quarried recently (since there
is evidence for the presence of Vermetidae at the edges of the platform) and that the area
from which the core was extracted was above sea level during the main activities at Dor.
Core C was taken from the edge of the site, in an area where it clearly is part of the natural
cliff. It, therefore, is assumed to represent the natural eolianite ridge and, hence, the locally
sourced building material. It appears uniform throughout the core.

5.3. Towards a Chronology

The sequence uncovered in the coring of wall W16S-260 shows a complex nature that
was made possible only by human intervention. The construction of a mole on a hard
substrate, most likely a natural occurring eolianite platform, led to the preservation of this
feature. Abandonment of the harbor probably led to its infill with sand, covering the mole
and creating the conditions ripe for the formation of a new geological feature—beachrock.
Subsequent rise in sea level slowly flooded this mole and allowed for the colonization by
local biological organisms and for the construction of a bio-platform. In time, this feature
would become the biogenic rock observed today, which was not there before.

While lacking exact dates for the different layers described in the cores, knowledge
of formation processes and sea levels, combined with past dating, can provide some con-
straints (Figure 4), particularly with regard to the earliest date possible for the emplacement
of the different units (i.e., the terminus post quem). Cores A and D were extracted from
nearby sites and are nearly identical in their composition. The bottom of wall W16S-260,
roughly 1.3 m beneath the bottom of Core A, was dated by pottery found at its base to the
late Iron Age Ib or to Iron Age II. During this period, sea level was lower than today by as
much as 1.5 m [51] (Figure 4).

Two possibilities for the construction of the mole (wall W1S-260) can be formulated.
The first postulates that the entire wall up to, but not including, the beachrock segment
was built at one time during Iron Age Ib-II out of material at hand (i.e., local rocks and
ballast). Given the projected average sea level at the time, this would mean that it may
have protruded out of the water by at least 50 cm. Another possibility is that the wall was
built in phases. The initial phase was built during Iron Age Ib-II. Subsequent rise in sea
level (Figure 4) would mean that the top of this feature would have to be built up to keep it
functional since a mole and/or a breakwater [28] must be above sea level. The possibility,
thus, exists that at least the top part of the humanmade wall, the dolomite block, could
have been emplaced as sea level rose above the level it was during the Iron Age II, ca.
225 BCE (2225 BP). It would then probably have been emplaced before sea level rose past
50 cm below the present-day level (red star on Figure 4) since higher levels would render
the structure useless.

Given either possibility, the overlying beachrock could have also been formed during
one of two periods—during low sea level that prevailed after the Iron Age I-II transition
(Scenario 1 in Figure 4), or when sea level dropped again past the depth of the top of the
wall (i.e., between 20–45 cm lower than today) approx. 750 year BP (ca. 1250 CE—Scenario 2
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in Figure 4). The overlying beachrock unit, however, would have to belong to a period
after the maritime structure was abandoned, thus allowing it to form in situ as a result of
naturally occurring geological–geochemical processes. Beachrock is formed in the intertidal
zone and is thought to form under a sand cover. Thus, given the depth of its base (~50 cm)
and top (20 cm), it would have begun to form when sea level was at least 20–40 cm lower
than today. The top of the beachrock can be no younger than the date provided for the
contact between this layer and the overlying Vermetidae, i.e., it is at least 600 years old.
Given that the archaeological evidence points to abandonment of the harbor only from
the Roman period, we assume the more recent date for the formation of beachrock, as
presented in Scenario 2 of Figure 4.

5.4. A Word about Engineering

An interesting observation is that according to the chronology presented above, the
mole represented by wall W16S-260 has been exposed to the action of the waves for at
least 2500 years, if not longer. While it is hard to tell how much it has been affected by
erosion during this period, what is almost certain is that it was constructed and based
properly in order to assure its durability against the waves. The cores examined in this
study reveal that wall W16S-260 was constructed on a stable, hard, natural foundation.
Geophysical measurements conducted near the wall [29,61] show the continuation of this
hard rocky substrate adjacent to the southern edge of the Tel, which can be correlated
with the projected continuation of the wall. This could indicate that the entire Tel was
constructed on more durable rock, and has, thus, managed to thrive throughout the ages,
while other contemporary coastal sites have been partially lost to erosion of the waves.

6. Conclusions

The three cores (A, B, and D) taken from within the boundaries of the archaeological
site attest that human influence on the natural landscape was both direct and indirect.
Examples of direct influence can be seen in the dolomite layers of Cores A and D and the
top eolianite layer of Core B, all of which were used as building blocks for harbor facilities
and, thus, purposely brought to their current locations from elsewhere. From an indirect
point of view, coastal energy would have been reduced due to the placement anchorages,
moles, and other marine structures distributed in the harbor. Together with recurring
management, use, and abandonment of marine structures, this most probably provided
partial conditions needed for the lithification of the beachrock found in the different cores
by providing a lagoonal setting with little wave energy. As a result of increasing sea level,
the artificially raised platform could be colonization by the Vermetidae found in Cores A
and D. If not for the lower dolomite layer at the base of the mole and if it were not for the
layer of aforementioned beachrock, it is doubtful that the structure would have reached the
necessary height needed to allow the Vermetidae colony to thrive. Thus, what started as
anthropogenic interference that needed to be maintained as a result of shifting sea levels
created the ideal conditions for the formation of beachrock. This eventually led to the
biological processes of rock formation evident today on the surface. By interfering in the
natural environment, the ancient builders set in motion a chain reaction of processes lasting
over 2000 years.
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