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Abstract

Seismic high-resolution Chirp profiles from the well-
documented submerged Stone Age settlement Atlit-Yam,
located off Israel’'s Carmel coast, display systematic distur-
pances within the water column not related to sea-floor
cavitation, vegetation, fish shoals, gas or salinity/temperature
differences, where flint debitage from the Stone Age site
had been verified archaeologically. A preliminary series of
controlled experiments, using identical acquisition param-
eters, strongly indicate that human-knapped flint debitage
lying on the sea floor, or embedded within its sediments,
produces similar significant responses in the water column.
Flint pieces cracked naturally by thermal or geological pro-
cesses appear not to do so. Laboratory experiments, finite
element modelling and controlled experiments conducted
in open water on the response to broad-spectrum acoustic
signals point to an excited resonance response within human-
knapped flint even for sediment embedded debitage, with
acoustic signals within the 2-20 kHz interval. The distur-
bances observed in the water column on the seismic pro-
files recorded at Atlit-Yam are, therefore, based on these
results, interpreted as resonance from human-knapped flint
debitage covered by up to 1.5 m of sand. Such a principle,
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if substantiated by further research, should facilitate efficient
and precise mapping of submerged Stone Age sites.

Keywords: maritime archaeology, Stone Age, survey meth-
ods, acoustic mapping

1. Introduction

Acoustic methods are increasingly being used to
map archaeological sites under water. The empha-
sis so far has been on side-scanners and multibeam
systems, which are well-suited to detecting features
visible above and on the sea floor (Bates et al., 2011).
These methods cannot be applied when the archaeo-
logical sites are covered by sediments. For this
purpose, high-resolution sub-bottom profilers (high-
resolution reflection seismic methods) have begun
to play a role in the detection of archaeological sites
(such as shipwrecks and pole structures) embedded
in sea-floor sediments (Plets et al., 2009; Grgn et al.,
2015; Grgn et al., 2018; Boldreel et al., 2018).

Acoustic discrimination between cultural layers
of submerged Stone Age sites and natural layers of
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Atlit-Yam

Fig 1: Left: Atlit-Yam, located ~15 km SSE of Haifa (based on satellite images from Google Earth). Right: the coastline and the
sailing lines. The circle marks the approximate outline of the Atlit-Yam Stone age settlement.

similar appearance has, however, proved difficult
(Grgn and Boldreel, 2014). Surveys focusing on
submerged Stone Age sites are today, therefore,
mainly based on topographical/bathymetrical pre-
diction (e.g. Fischer, 2004; Benjamin, 2010). The
application of this approach to maritime archaeology
in Denmark has been shown to detect less than 1 %
of the Stone Age sites that would be present in sim-
ilarly surveyed areas on land: a figure that seems
unreasonably low (Grgn, 2012, 2018; Gross et al.,
2018). A more reliable way of identifying these
settlements is therefore needed. A geophysical
approach, such as the one discussed in this paper,
could be used to outline target areas with much
greater efficiency for inspection by divers or other
verification methods.

In 2014, a collaboration was established between
marine archaeologists from Norway and Israel and
marine geophysicists from Denmark to test whether
high-resolution seismic profiling could be applied
successfully to the sandy, shallow sediments off
the Israeli coast on a general basis as in Denmark
(Boldreel et al., 2010), and specifically for the iden-
tification of sediment-embedded archaeological
artefacts, as successfully as in Danish waters (Grgn
et al., 2007; Grgn and Boldreel, 2014; Grgn et al.,
2015). In 2014-15, field campaigns were carried out
in the near-coastal parts of northern Israel to test

whether high-resolution seismic profiling (Chirp
IIT) could be used to identify shipwrecks, harbour
constructions, settlements, including those from
the Stone Age, and poles located in sandy sediments
below the sea floor (Grgn et al., 2015; Cvikel et al.,
2017). One of the sites investigated was the archaeo-
logically well-documented Stone Age settlement of
Adit-Yam, located off Israel’s Carmel coast (Fig 1),
at a water depth of approximately 10-12 m.

In addition to large amounts of flint debitage
(Figs 2a—c), the cultural remains recorded at Atlit-
Yam include wall foundations, stone-built wells,
burials and megaliths (Galili and Rosen, 2011) (see
Fig 5b in section 5.1). The site is dated to 7500-4600
cal BC, and it thereby represents the earliest known
evidence for a ‘agro-pastoral-marine subsistence’
(Galili and Rosen, 2011). The large extent of the
site is due, not least, to the fact that it was located
on the coast and withdrew progressively in the face
of rising sea levels (Galili and Rosen, 2011). Over
the years, systematic recording and investigation
have been undertaken for most of the 40 000 m?
area of the site. These show that the remains are
generally covered by 1 m—1.5 m of sand, although a

+ The expression ‘debitage’ is used here to include all the pieces of flint
removed from a core by knapping: blades, flakes and waste. It also includes
tools produced on the basis of these, but excludes cores and core tools. This is

because of clear evidence that pieces in the first category respond acoustically to
certain frequency ranges, while this has not been observed for the latter.
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Fig 2: (a) Flint-knapping utilising the Hertzian cone phenom-
enon to remove long, sharp pieces of debitage (blades) from
a prepared flint core. (b) A blade with the characteristic waves
on its ventral side (inner surface in relation to the core). (c) Flint
core with 5 cm—=8 cm long, thin pieces of flint debitage
(blades) removed.

small but variable part of the cultural deposits is
generally exposed due to sediment dynamics (Galili
and Rosen, 2011).

Seismic profiling had not been employed previ-
ously in the investigation of the AtlitYam settlement,
and it was decided to test whether high-resolution
seismic methods could provide new information
about the site. The recorded data were of good
quality and were analysed on a workstation using

Depth inm

the computer software Petrel. Interpretation of the
seismic profiles revealed that several of them dis-
played characteristic ‘haystack-like’ disturbances
in the water column (Fig 3). Most of these were
located in the parts of the investigated area where
settlement remains from the Stone Age had been
identified and were therefore related to the site’s
cultural layer, which contained significant amounts of
human-knapped debitage. They were different from
the employed equipment’s signatures for sea-floor
cavitation, vegetation, gas or salinity/temperature
differences. They could resemble the signature of
fish shoals but did not move over time. It was there-
fore suggested that the ‘haystacks’ observed at Atlit-
Yam could be related to the human-knapped flint.
This called for the first study of its kind, combining
controlled field experiments, laboratory measure-
ments and finite element modelling.

The aim of this paper is to underpin, on a broad
methodological basis, the possibility of using aco-
ustics to identify ancient Stone Age sites, based on
their content of human-knapped flint debitage. This
was achieved through the analysis of the spatial dis-
tribution of acoustic phenomena (haystack features)
in relation to the recorded settlement features at
AtlitYam, and the use of corroborating data from
the Danish site of Mgllegabet as well as data from
two controlled seismic offshore experiments under-
taken in Denmark. In the latter experiments,
human-knapped flint debitage and flint cracked by
geological processes was placed on the sea floor in
bags and embedded in sediment in plastic buckets
placed on the sea floor. It was then exposed to sim-
ilar acoustic signals to those employed at Atlit-Yam

Fig 3: Four characteristic examples of haystack features in a part of profile 21 from Atlit-Yam (see Fig 5a). The grey bars at the
pottom mark the horizontal extent of the haystack features. The black arrow to the right marks the sea floor, shown as a dark
‘wavy' line below the haystacks. Horizontal noise bands can be seen in the water phase.
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to investigate whether an excited response could
be detected. The results obtained from this research
in Israel and Denmark correspond well to those
obtained in sound laboratory experiments and
from theoretical finite element modelling.

2. Flint-knapping and the submerged
Stone Age

Flint is a hard, sedimentary cryptocrystalline form
of the mineral quartz (Rykart, 1995). Owing to its
widespread occurrence and good knapping prop-
erties, it played a central role as a raw material for
the human production of sharp-edged artefacts
during the ‘Stone Age’, dating back as far as Clark’s
‘Mode I Industry’, ~ 2.5 million years ago (Clark,
1977; Ambrose, 2001).

Flint-knapping technology (Fig 2) survived from
the Stone Age to the 20th century in local techno-
logical niches, for example in the production of
flint-spiked threshing sledges (Whittaker, 2014).
Surviving flint-knapping has also been recorded in
ethnographic contexts (e.g. Shackley, 2003). Con-
sequently, it was still possible for prehistoric archae-
ologists to study a live flint-knapping tradition as a
basis for modern experimental flint-knapping in
the 20th century (Clarke, 1935).

Knapping flint involves the intentional removal,
from a prepared core, of sharp pieces of debitage
(Figs 2a—c). Subsequently, some pieces are shaped
further (typically ‘retouched’) to make tools (Inizan
etal., 1999). Our understanding of the flintknapping
process is that debitage (i.e. sharp pieces of flint) is
removed from the edge of a prepared core as sec-
tions of ‘Hertzian cones’ (Fig 2). The shock waves
that bring this about are created in a controlled way
by the flintknapper, for instance with a hammer
stone (Fig 2a) (Inizan et al., 1999; Knapp, 2010).

Stone Age settlements located in now submerged
areas of northern Europe have been shown to date
from a period beginning almost 1 million years ago
and extending up until the end of the Stone Age,
about 4000 years ago. The high biomass production
of marine coastal zones suggests that they would have
been very attractive to humans, compared with other
types of environment (Odum and Barrett, 2005;
Grgn, 2015). Since extensive parts of the coastal
zone, on the continental shelf extending down to
140 m below the present sea level, had potential for
human settlement as related to the fluctuating sea
level, they can be expected to have hosted relatively
dense populations at various times in the past (Dix
and Westley, 2006; Parfit et al., 2010; Bailey, 2011;
Flemming et al., 2011; Tizzard et al., 2015).

The recovery from the sea floor of the southern
North Sea of a large and diverse assemblage of
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remains of a so-called mammoth fauna dating from
the Weichselian glaciation, and covering at least
the time interval 45-30 ky BP, documents the
potential value for humans of such open coastal
areas (Glimmerveeen et al., 2004; Mol et al., 2006;
Grgn, 2015; Moree and Sier, 2015). Many of the
submerged Stone Age sites located in deeper waters
today can be expected to have been damaged or
totally reworked and redeposited due to marine
currents and fluctuations in sea level (e.g. Dix and
Westley, 2006). However, experience from the shal-
lower and therefore more dynamic waters with
strong currents occurring in sounds and straits,
which cause disturbance and destruction, show
that pockets with good conditions for preservation
of such sites do exist, in some cases even with
extremely good preservation of organic material
(Skaarup and Grgn, 2004; Bendixen et al., 2017).

Where systematic surveys in Denmark have
focused on mapping submerged Stone Age settle-
ments, they have recorded a considerable number
of potential sites. A good example of this is the pio-
neering approach adopted in 1972 by Langelands
Museum. By 2004, these efforts had resulted in the
recording of 126 such sites (Skaarup and Grgn,
2004). Even relatively vulnerable structures, such as
graves containing skeletons, fish weirs and the
remains of dwellings with stakes and, in one case, a
bark-covered sleeping platform — have been found
preserved under water using this strategy (Skaarup
and Grgn, 2004; Uldum, 2011).

Systematic surveys with divers have their limits
since they can mainly be used to record relatively
shallow sites exposed on the sea floor and not
the better protected ones embedded in sea-floor
sediments.

To limit the survey area, surveys were, to some
degree, directed by the ‘fishing-site model’ which
has recently been shown to be rather ineffective for
mapping Stone Age sites (Grgn, 2018; Gross et al.,
2018).

The records are, in accordance with these limit-
ations, strongly dominated by sites from the Late
Mesolithic, whereas older and deeper sites are only
rarely featured (Fischer, 2011). Therefore, the num-
ber of sites recorded today can only represent a
fraction of the total, and locally their density will
vary according to the level of effort invested in sur-
veys for such sites.

3. Acoustic detection of flint flake- and
blade-based tools and other debitage

During experimental flint-knapping, it was observed
that the production of pieces of debitage produced
a high, loud and characteristic tone as they were
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Fig 4: The frequency peaks measured for 16 pieces of flint debitage at the Bang & Olufsen
sound lab. The two upper samples each consist of two pieces of debitage (Rasmussen, 1982).

detached from the core. To test whether this phe-
nomenon could be used for acoustic mapping of
Stone Age sites, 16 pieces of human-knapped flint
debitage (blades and flakes) (Fig 4), from nine
geographically diverse sites in Denmark represent-
ing various Stone Age periods, were tested for reso-
nance in the Bang & Olufsen sound laboratory. All
the pieces responded when excited with acoustic
resonance in the interval 3-23 kHz, with the main
area being 7-12 kHz (Fig 4). The pieces of debit-
age had to be damped during the tests so that the
magnitude of their acoustic response did not dam-
age the receiver. It was therefore concluded that it
should be possible to detect flint debitage of this
kind acoustically even when damped by being
embedded in sediment.

To investigate whether it would be possible to
detect the response from flint debitage embedded
in sediments, finite element modelling of the res-
ponse to various acoustic signals from a digital sea-
floor model was undertaken (Hermand etal., 2011;
Hermand and Tayong, 2013). A high-resolution 3D
digital model was constructed using minimal ele-
ments (finite elements) with physical characteristics
ascribed to them that were identical to the materi-
als they represented (Caiti et al., 2006). The 3D
model consisted of thin layers of sand and mud
overlying a till substrate. The model allowed human-
knapped debitage pieces to be inserted and
removed digitally without disturbing its sediment
sequence (Hermand and Tayong, 2013).

The results corroborated the findings from the
Bang & Olufsen Sound Laboratory and showed
that human-knapped flint debitage inserted into
the model produced a different response to that
without flint debitage, when exposed to identical
emitted signals. This experiment confirmed that
human-knapped flint debitage embedded in

sediment responds acoustically to some types of
acoustic signal with frequencies around 10 kHz, as
observed in the Bang & Olufsen sound laboratory.
This reinforces the assumption that human-
knapped flint can be detected acoustically when
embedded in sediments (Hermand et al., 2011;
Hermand and Tayong, 2013).

To test further the potential of acoustic reso-
nance of flint, Chirp recordings were undertaken
off Stevns Klint, Denmark, with a similar setup to
that used at Atlit-Yam. Stevns Klint is a steep coastal
chalk formation which, through erosion, has depo-
sited large amounts of natural flint, including a sig-
nificant fraction of flint cracked by geological
processes, in the 10 m—15 m deep waters adjacent
to it. From the boat used for the seismic recording,
large patches of flint could be seen on the sea floor
but no ‘haystacks’ were identified in the recorded
seismic profiles. This strongly suggests that flint
cracked by geological processes does not respond
in the same way as human-knapped flint debitage.
This therefore explains why the method appears to
facilitate a focus on the latter category.

4. Methodology
4.1. The Atlit-Yam recordings

A small boat with an outboard motor was used for
the recordings at the Atlit-Yam site. A single-beam
Teledyne Chirp III sweeping the frequency interval
2 kHz — 20 kHz was the acoustic source and system
for recording. It consists of an emitter and a receiver
mounted within the same instrument, directly
beside each other on the 61 cm long recording
platform (the fish). This facilitates precise recording
of the positions of the dense recording points.
The navigational offset is negligible, as no hydro-
phone cable is used with this method. The Chirp
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III instrument is generally well-suited for high-reso-
lution recording of sediment-embedded archaeo-
logical features that may accompany areas contain-
ing human-knapped flint (Grgn and Boldreel,
2014; Cvikel et al., 2017).

The differential global positioning system
(DGPS) was mounted in the middle of the Chip III
fish, between the emitter and the receiver. C-Nav
calibration of the navigation was used to obtain a
precision of +10 cm. The fish was mounted on the
side of the boat to ensure that the recordings
avoided disturbance from bubbles produced by the
propeller, a serious potential problem for record-
ing good data (Grgn and Boldreel, 2014). Apart
from these elements, the acquisition setup was the
same as described in Grgn and Boldreel (2014).
Acquisition was undertaken at a speed of ~1 kn rel-
ative to the sea floor. Calm weather conditions are
important for obtaining good results with high-
resolution recordings of archaeological features
because this allows the instrument to be kept close
to a specific reference level.

The recorded data were automatically processed
in the Chirp’s processor and saved in SEG-Y format,
with the navigation being stored as UTM coordi-
nates. Analysis of the recorded data was carried out
on a workstation with Petrel software (other types of
interpretation software can also be used). Despite
some contamination by almost horizontal noise bands
on the displayed seismic sections, high-resolution
information was obtained from the water column,
the sea floor and the sub-sea floor.

During the interpretation and mapping of fea-
tures evident in the seismic data from the Atlit-Yam
site, horizontally restricted acoustic disturbances
(haystacks) in the seismic sections were present in
the water column (see Fig 3). These cannot be
ascribed to the almost horizontal noise bands. As a
second step in the analysis, maps containing archaeo-
logical information from the research area were
imported into the workstation and integrated into
the interpretation process. This enabled the hay-
stack features at the Atlit-Yam site to be correlated
with the known archaeological features in the area.

4.2. Two controlled high-resolution seismic
experiments, Denmark
Two controlled high-resolution seismic experiments
were carried out in Denmark using the same Chirp
III setup as at the Atlit-Yam site. The purpose of
these experiments was to investigate further the
acoustic characteristics of human-knapped flint
debitage and flint pieces cracked naturally by ther-
mal or geological processes.

Seismic profiles were acquired before the exper-
iments were undertaken to ensure that the sites

J

were free of disturbance in the water column, such
as for instance ‘haystacks’. In experiment 1, two 14 kg
samples of flint were used. One sample consisted of
various types of human-knapped flint debitage ori-
ginating from the Stone Age and varied in size
from less than 10 mm to more than 200 mm, with a
continuous distribution and with the main empha-
sis on the smaller pieces. The second sample con-
sisted of a representative collection of various sizes
of flint pieces cracked by thermal and geological
processes (e.g. frost cracks, pressure cracks), which
had been neither produced nor shaped by human
knapping. The natural pieces were chosen for their
resemblance to flint pieces knapped by humans.

A systematic comparison of the pieces in the two
samples was not possible, because there is a much
more elaborate morphological terminology for
human-knapped flint debitage than for flint pieces
cracked by thermal and geological processes.
‘Blades’ and ‘flakes’ were used as central categories
for human-knapped flint debitage and the naturally
cracked pieces included more than 300 ‘blade-like’
and ‘flake-like’ pieces. These were evenly distrib-
uted within the size range 20 mm —-140 mm, with
the main part being in the interval 20-50 mm, as
well as several larger irregular pieces matching the
‘core pieces’ in the human-knapped sample.

The two flint samples were placed separately in
two cotton bags soaked in water to avoid the inclu-
sion of air that could disturb the seismic signal.
They were slowly lowered on to the sea floor at a
water depth of 3.5 m from a small inflatable rubber
dinghy that was also used for the recording, so as
not to produce turbulence in the water column.
The bags were placed 43 m apart on the sea floor to
ensure that potential responses from them could be
distinguished individually. They were left for ~1 hr
to stabilise before recording commenced. In the
test area, seismic profiles were acquired before
commencing the experiment to ensure that there
was no acoustic disturbance found in the water col-
umn in the seismic recordings. The recordings were
made at a speed of 1 kn, crossing the positions of
the bags and their surroundings numerous times.

In experiment 2, the 14 kg of human-knapped flint
used in experiment 1 was buried in watersaturated
sand in a plastic bucket and left for one month to
ensure that no air bubbles were present. Before the
bucket was lowered into the water, seismic profiles
were recorded to ensure that there was no disturbance
in the water column in the seismic profiles. The bucket
was slowly lowered into the water and placed ata depth
of 2.5 m on the sea floor and left for some time to
allow the water column to stabilise. After this, num-
erous high-resolution profiles were acquired that
crossed over the bucket and its surrounding areas.
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5. Results

5.1. Recordings from Atlit-Yam, Israel

Fifty-nine high-resolution seismic profiles were
recorded at Atlit-Yam (Fig 1) at a water depth of
10 m —12 m, with the sandy sea floor sloping slightly
downwards out from the coast and to the north
into the investigated area. Conditions were calm
with only minor swells during the experimental
survey and with clear visibility in the sea. For the
recording, the surveyed area was subdivided into
three parts: a northern (I), a central (II) and a
southern (III) area. Area II is shown in Fig ba, areas I,
II, III in Fig 5b. In the central area (II), remains
from the settlement have been previously recorded
through marine archaeological fieldwork, whereas
only a few similar remains have been recorded in
the northern area (I), and none in the southern
area (III) (Galili and Rosen, 2011) (Fig 5b).

Of the 13 profiles orientated east to west through
the northern area (I), four show haystack features
(0.31 per recorded profile). Of the 30 profiles
acquired in the central area (II), haystack features
are evident in 28 profiles as 57 separate observable
haystack features (1.90 per recorded profile). Of the
21 profiles cutting through the southern area (III),
only one profile shows a single haystack feature.

The haystack features are widest at their base,
nearest the sea floor, and become narrower, culmi-
nating in a peak or a rounded plateau well before

they reach the sea surface. Some variation can be
observed in their height and width (Fig 3). The
phenomenon is particularly evident in the central
part of area II, where the archaeological features
are concentrated, in adjacent and crossing profiles
(Fig 5) acquired at different times of the day. In
area II, a concentration of haystack features is noted
just around the position where a flint workshop was
excavated, which contained a higher concentration
of human-knapped flint debitage than was observed
in the other parts of the cultural layer (Fig bb) (Galili
and Rosen, 2011). This dense zone of significant
haystack features extends from the area around the
flint workshop and 50 m to the north-northeast.
Fig ba shows that the locations of the haystacks are
grouped within several smaller zones, as well as the
large zone associated with the flint workshop.
Within the part of the site covered by sailing lines,
the haystack features coincide consistently with
the extent of the site’s archaeological remains as
recorded through several years of archaeological
fieldwork, even though the main part of the cul-
tural layer to which they are related is covered by
up to 1.5 m of sand.

The haystack features appear consistently as hor-
izontally restricted phenomena in permanent pos-
itions in the straight parts of the sailing lines. They
cannot therefore be ascribed to the turning of the
vessel at the end of the crossings or to the presence
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of schools of fish. The slow speed of 1 kn ensured
that they were not caused by turbulence/bubbles
from the outboard motor.

The fact that the tops of the haystack features
are well below the sea surface, and that no air bub-
bles were observed coming up from the sea floor,
shows that the haystack phenomena are not caused
by gas leaking from the subsea floor into the water
column. Furthermore, no signs of shallow gas
accumulation are evident on the seismic profiles.

The haystacks do not mimic the sea-floor bathym-
etry (see Fig 3 in section 1), which would have been
the case if these phenomena had been related to
the morphology of the seabed. There was no sea-
floor vegetation in the study area, so this cannot be
the reason for the observed anomalies. No indications
were observed, or could be hypothesised, which
could explain the observed anomalies as reflecting
salinity/temperature differences.

A clear spatial correlation can therefore be
observed between the haystack features and the set-
tlement’s cultural layer with physical structures and
containing significant amounts of human-knapped
flint debitage (detailed in the discussion below).
It has been demonstrated experimentally that this
type of feature (i.e. haystack) is related to human-
knapped flint debitage, even when embedded in
sediments, but not to naturally cracked flint. Further-
more, it has been demonstrated in the Bang &
Olufsen sound laboratory that human-knapped
flint debitage displays a strong resonance feature
(see Fig 4 in section 3) around 10 kHz. In addition,
finite element modelling underpins the Bang &
Olufsen lab results (Hermand et al., 2011; Hermand
and Tayong, 2013). It can therefore be concluded
that the haystacks observed at Atlit-Yam are most
likely related to the human-knapped flint debitage
occurring in the site’s cultural layer, and should
most probably be interpreted as an acoustic
response from this.

5.2. Results of two controlled experiments,
Denmark
The two Danish experiments outlined in section 4.2
were carried out to test whether the occurrence of
human-knapped flint debitage located on the sea
floor or embedded within its sediments can pro-
duce haystack features like those observed in the
recorded seismic profiles at Atlit-Yam. The results
of the seismic recordings are shown in Fig 6.
Al1-A3 in Fig 6 show three seismic profiles cross-
ing the bag containing naturally cracked pieces,
and B1-B3 show three seismic profiles crossing the
bag containing human-knapped pieces. In all six
profiles, the bags are visible on the sea floor, thereby
demonstrating that these seismic recordings transect
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the target bags. In the water column directly above
the bag with human-knapped flint debitage, all three
profiles display disturbances like the haystack fea-
tures observed at AtlitYam (Fig 6b), whereas the bag
containing naturally cracked flint pieces does not
produce a similar disturbance in the water column
(Fig 6).

C1-C3 shows the results for experiment 2, where
the three profiles transect the sample of human-
knapped flint debitage used in experiment 1, now
buried in a plastic bucket filled with water-saturated
sand. Disturbances similar to the haystack features
evident at Atlit-Yam can be observed directly above
the bucket, which is also visible on the sea floor in
the recordings.

5.3. Results from Mallegabet, Denmark

A submerged Mesolithic settlement, Mgllegabet, in
the southern part of Denmark, was excavated in
the period 1976-93. The settlement dates from the
Early and Middle Ertebglle culture and was related
to different palaeo-coastlines, representing the rising
sea level from around 5250-4400 cal. BC (Skaarup
and Grgn, 2004). The deeper part of the settlement
yielded a boat grave containing the skeletal remains
of a male and remains of a dwelling with its still
partly bark-covered platform preserved (Skaarup
and Grgn, 2004). In the eastern part of the settle-
ment, at a water depth around 2.5 m below present
sea level, there was an ~75 cm thick kitchen midden,
which accumulated as a result of Late Mesolithic
hunter-gatherers’ habitation adjacent to the 4400 cal
BC coastline.

Human-knapped flint was abundant at the site
but was removed during the excavations from the
limited areas excavated in the kitchen midden and
to the offshore side of it, as well as in and around
the boat grave and the dwelling, which were both
excavated in full (Skaarup, 1995; Skaarup and
Grgn, 2004). A few high-resolution seismic profiles
across the site were acquired in 1996, using a Data-
sonics Chirp II instrument very similar to the Chirp
III instrument (Skaarup and Grgn, 2004).

In the light of the results obtained at Atlit-Yam,
and in the controlled seismic experiments, the pro-
files from Mpgllegabet were re-examined for this
study to determine whether similar acoustic distur-
bances were present within the water column. The
recording instrument was, however, an older ver-
sion than that used at Atlit-Yam and in the Danish
experiments, and lacked some of the later improve-
ments. On the seismic profile cutting through the
shell midden, two clear acoustic responses in the
water phase can be observed from the central part
of the kitchen midden’s northern half, which was
not excavated prior to the recording (Fig 7a). It is
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Vertical scale on Figs a—c is in milliseconds two-way travel time
(the integer 1 corresponds to 0.75 cm water depth)
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Fig 6: (A—-C) Seismic profiles recorded during the experiments. Grey arrows indicate the level of the sea
floor. The bags/bucket with flints are marked with white arrows and can be discerned on the sea floor.
(A1-A3) Experiment 1: naturally cracked flint in a bag. No flint response is evident in the water column.
(B1-B3) Experiment 1: human knapped flint in a bag. A clear acoustic flint response can be observed in
the water column. (C1-C3) Experiment 2: human knapped flint in sediment filled bucket. A clear acoustic
flint response is evident in the water column. (D) The sailing lines for experiment 1. The blue dot repre-
sents the bag containing human-knapped flint debitage and the red dot represents naturally cracked flint.
(E) Experiment 1 in the southern part of the lagoon of Amager Strandpark. Experiment 2 in the little

harbour of Sundby Sailing Union north of the lagoon.

known from repeated diving activity in the area
that these responses do not represent physical
structures, air-filled seaweed or gas leaking from
the sea floor.

6. Discussion

The high-resolution seismic profiles obtained from
Atlit-Yam, the profiles from the Mgllegabet site and
the controlled seismic experiments in Denmark
revealed systematically occurring acoustic distur-
bances, so-called haystack features, in the water col-
umn. These features are found directly above areas

containing human-knapped flint debitage and do
notreflect sea-floor cavitation, vegetation, fish shoals,
gas or temperature/salinity differences.

In the many seismic profiles acquired from the
central part of the Atlit-Yam site (zone II), the hay-
stacks occurred most frequently and with the highest
density at locations characterised by the presence
of prehistoric structures and a cultural layer con-
taining human-knapped flint debitage. The inter-
secting profiles recorded here display a number of
zones consistently producing haystack features,
regardless of the varying time of recording through
the day. In the northern part of the recording area
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Fig 7: Submerged Stone Age setllement Mallegabet,
Denmark. (a) the profile cutting north to south through the
kitchen midden at Mallegabet with two haystack features,
1 and 2. (b) Bathymetric plan over the excavated
archaeological features and the coastlines they date
(Skaarup and Gran, 2004).

(zone I), similar features were evident in four pro-
files, apparently signifying one coherent haystack
zone. Only one haystack feature was observed in
the south-eastern zone III (see Fig 5).

The height, width and general magnitude of the
haystacks show some variation but can be general-
ised as being widest near the sea floor and their top
below (i.e. not touching) the surface of the water
phase. Their horizontal stability at Atlit-Yam means
they cannot be explained as reflections of biologi-
cal phenomena. The fact that they do not reach the
surface of the water column strongly indicates that
the haystacks cannot be explained as gas/bubble
phenomena. Itis also clear that they are not related
to the sea floor morphology (see Fig 3).

Their distribution coincides closely with the loca-
tion of the preserved settlement features and the
cultural layer containing human-knapped flint deb-
itage (Fig bb). Itis normal at Stone Age settlements
that human-knapped flint debitage appears in sev-
eral smaller concentrations. These can be inter-
preted as smaller activity/living areas, which form
part of the settlement’s overall spatio-chronological
activity configuration (e.g. Grgn, 2003; Grgn and
Kuznetsov, 2004). The four responses obtained
from the northern area (zone I), which apparently
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reflect only one haystack zone, and the single small
haystack feature recorded from the southern area
(zone III) at Atlit-Yam, are both interpreted as small
occurrences of human-knapped flint debitage that
have not, as yet, been recorded by archaeologists.

At the Danish settlement of Mgllegabet, earlier
Chirp II data were re-interpreted and revealed hay-
stack features over the kitchen midden containing
flint debitage similar to those observed at Atlit-Yam
(Skaarup and Grgn, 2004).

The experimental testing in Denmark was carried
out with identical instrumentation and acquisition
parameters to those employed at Atlit-Yam. This
demonstrated the repeatability of the phenomenon
and the relationship between the occurrence of
human-knapped flint debitage and haystack fea-
tures, both with flint debitage exposed on the surface
of the sea floor and when covered by 1 m-1.5 m of
sea-floor sediments, as at Atlit-Yam.

The control experiment involving a 14 kg sample
of naturally cracked flint produced no acoustic
response. Based on these experiments, itis concluded
that the haystack features observed at Atlit-Yam
represent acoustic responses from the site’s large
quantities of human-knapped flint debitage, most
of which are covered by up to 1.5 m of sea-floor
sediments. It is suggested that the haystack features
occur because the debitage is excited by the high-
frequency seismic signals emitted by the acoustic
system. This conclusion was further corroborated
by seismic recordings and excavation findings from
Mgllegabet, Denmark; the results of 3D finite ele-
ment modelling of human-knapped flint debitage
embedded in sea-floor sediments (Hermand et al.,
2011; Hermand and Tayong, 2013); and measure-
ments of human-knapped flint debitage in the
Bang & Olufsen sound laboratory. It seems that
strong, measurable resonance is excited in the flint
debitage by the high- frequency signal emitted by the
Chirp III. The fact that the haystacks are evident
in the water phase, and therefore appear to be
recorded before the first signal reflection from the
sea floor, could well reflect a signal delay.

The shapes of the haystacks on the Atlit-Yam seis-
mic profiles show variation in their extent, form
and height (Fig 3). It is presently uncertain what
causes this variation, but it is speculated that it may
reflect differences in the amount of flint debitage
excited, the size of the debitage pieces and their
orientation in relation to the acoustic signal. These
aspects are, however, beyond the scope of this pre-
liminary empirically based discussion. The ongoing
method development and investigation of the phys-
ical principle behind it will hopefully provide a good
theoretical understanding of the phenomenon and
facilitate optimal application of it.
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The apparent consequence of this previously
unreported acoustic phenomenon is that it appears
possible to generate resonance in human-knapped
flint debitage when excited with the appropriate
frequencies. It has been demonstrated that it is pos-
sible to identify and map areas characterised by the
occurrence of human-knapped flint debitage on
the sea floor or embedded at least 1.5 m into the
sea-floor sediments. Not only that, but it can be done
with an affordable basic technical setup such as a
Teledyne Chirp III sweeping the critical frequency
interval of 2-20 kHz, and a precise navigation unit,
combined with expertise and experience. Flint
cracked by thermal or geological processes produced
no similar acoustic response when subjected to the
same signals and frequencies. Haystack features
were also not observed in recordings made offshore
from Stevns Klint, Denmark, where there is an
abundance of flint cracked by thermal and geologi-
cal processes on the sea floor. An important impli-
cation of these findings is that haystack features,
such as those discussed here, appear to serve as
indicators of human activity.

The present state of the technology represents
a significant advance in relation to the hitherto
employed methods for mapping submerged Stone
Age sites embedded in sediments, even though the
sensitivity of the method discussed here is still under-
going improvement. Deep towing of the Chirp III fish
also allows efficient mapping and/or verification of
sites that are not accessible by divers. The method
can therefore already be used in its present state to
improve the detection rate for submerged Stone
Age settlements. With current use of topographical /
bathymetric predictive modelling, the detection rate
appears to be around, or even less than, 1 % of the
total number of the Stone Age sites present. Given
sufficient signal development on application of the
acoustic method, it should theoretically be possible
to raise detection to an estimated 50 % of the sub-
merged sites containing human-knapped flint deb-
itage in the areas subject to direct survey, and
perhaps even higher (Fischer, 2004; Benjamin, 2012;
Grgn, 2012, 2018).

A further corollary of the method presented
here will be facilitation of a considerable improve-
ment in the mapping and dating of the fluctuations
evident in submerged prehistoric coastlines, because
in the Stone Age, coasts represented the most
attractive environments for exploitation and settle-
ment by humans (Odum and Barrett, 2005). There
has been increasing recognition of this by archae-
ologists in recent years, even though these coastal
sites often lie submerged today and are therefore
difficult to locate and study (Schackleton and van
Andel, 1986; Parfitt et al., 2005; Richards et al., 2005;

Jaksland, 2008, 2009; Bjerck, 2009; Wikell et al.,
2009; Parfitt et al., 2010; Cortés-Sanchez et al., 2011;
Ramos et al., 2011; Cuenca-Solana et al., 2013;
Fischer et al., 2013).

Submerged prehistoric coastal settlements with
good preservation of organic material can facilitate
a more precise dating of the coastline than is pos-
sible using purely geological features. This is
because, in some cases, it will be possible to obtain
samples for dating (radiocarbon, etc.) from human
structures positioned only a few metres from the
contemporaneous coastline. It will also be possible
to distinguish overlapping cultural deposits, repre-
senting short time intervals, that can be used to
obtain ‘sharpened’ radiocarbon dating through
wiggle-matching (Van Geel and Mook, 1989). This
presents the opportunity of obtaining much more
detailed dating of the sediments, thereby providing
high-quality input for the mapping of sea-level vari-
ation and an understanding of geological evolution.

Stone Age settlements should not only be under-
stood as habitation areas for prehistoric humans,
but also as dumps for the remains of the organisms
(animals and plants) they extracted from their
immediate environment for food, clothes, etc. (e.g.
Wilmsen, 1973; Sahlins, 1974; Service, 1979; Binford,
1980). Good examples of this are the enormous
shell middens, the accumulated shells of consumed
molluscs, together with other food remains, which
formed in some places (e.g. Muller et al., 2002;
Jerardino, 2010; Balbo et al., 2011). Common fea-
tures of such sites are so-called waste/refuse layers,
directly associated with the living areas and contain-
ing discarded organic materials such as mammal,
bird and fish bones, as well as the remains of acorns,
hazelnuts and other nuts, fruits and berries. The
waste was often deposited in water, probably to
reduce the stink of decomposing organic material
(e.g. Rust, 1937; Balbo etal., 2011; Conneller et al.,
2012; Andersen, 2013). Such accumulations would
generally lead to the formation at the settlements
of significant concentrations of animal and plant
DNA derived from the immediate environment,
relative to the general level of ancient DNA in the
landscape.

Itis possible to retrieve ancient animal and plant
DNA directly from sediments with good DNA pres-
ervation, for example permafrost (Willerslev et al.,
2004). Leaching out of the ancient DNA appears
not to be a problem in permafrost sediments and
sediments that have recently thawed (Willerslev
etal., 2014).

Ancient DNA from non-frozen sediments also
appears to be a rich potential source of environ-
mental information, given that it is recovered from
an uncompromised stratigraphic sequence. As the
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DNA fragments themselves are negatively electrically
charged, they bind to the positively charged sedi-
ment particles and generally only leach out when the
latter become displaced (Romanowski et al., 1991;
Lorenz and Wackernagel, 1992; Haile et al., 2007;
Lalonde et al., 2012; Rawlence et al., 2014). The risk
of such disturbance should be less in buried and
water-saturated sea-floor sediments than in terrestrial
sediments, which have a dynamic exchange between
water/ground water and air. Consequently, the pos-
sibility of obtaining undisturbed ancient DNA sam-
ples from cultural deposits at submerged Stone Age
sites should generally be better than on land. As
saline environments, such as saltwater-saturated
sediments, appear to preserve ancient DNA sur-
prisingly well (Corialdesi et al., 2011; Coolen et al.,
2013; Lejzerowicz et al., 2013; Smith et al., 2015),
this means that the potential for studying prehis-
toric environmental processes through ancient DNA
accumulated and preserved in settlementrelated
sediments under water is significantly better than
for non-frozen sediments on land.

Acoustic mapping of Stone Age sites, is of fur-
ther interest to archaeology because the positions
of these settlements can reflect human dispersal
routes and man-nature interaction in prehistory.
They therefore provide access to a huge body of
hitherto unrealised data for an understanding of
sea-level change and for reconstruction of the
related environmental processes.

In relation to the construction of offshore installa-
tions and the extraction of raw materials from the sea
floor, the importance of protection and manage-
ment of submerged Stone Age sites, in both national
and international waters, is promoted by the 2001
UNESCO Convention on the Protection of the
Underwater Cultural Heritage (UNESCO, 2001).
For proper practical management of such submerged
Stone Age sites, it is important to develop more effi-
cient mapping methods than the bathymetrically/
topographically-based predictive modelling methods
currently practised today. Scanning of the potential
impact areas with a direct detection-centred method
prior to any detailed planning would be a methodo-
logically and economically sensible strategy.

7. Conclusions

In high-resolution (Chirp III) reflection seismic
profiles recorded at the submerged Stone Age site
of Atlit-Yam, Israel, acoustic disturbances in the water
column resembling haystacks were observed. These
show a pronounced correlation with the location of
the large amounts of human-knapped flint debit-
age present in the cultural layer of this submerged
Stone Age settlement.
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Earlier recordings from the submerged Mgllegabet
site in Denmark, reanalysed during this study,
show similar disturbances in the water column. In
Mgllegabet, archaeological investigations under-
taken prior to the recordings show a correspond-
ence between haystack features and the occurrence
of flint debitage.

Controlled Chirp III seismic experiments, employ-
ing similar acquisition parameters to those used for
the recordings at Atlit-Yam, show that a test sample of
human-knapped flint debitage located on the sea
floor, or embedded within its sediments, produces
a similar response to those observed at Atlit-Yam
when acoustically excited. Flint cracked by thermal
and geological processes was tested in the same
experimental setup, with the same acquisition par-
ameters, and displayed no similar response in the
water column.

Laboratory-based measurements of the resonance
of human-knapped flint debitage shows an acoustic
response in the frequency area around 10 kHz, even
though the flint pieces are damped. 3D finite ele-
ment modelling confirms that acoustic responses
can be recorded from such sedimentembedded
pieces of flint.

It is therefore concluded that human-knapped
flint debitage on the sea floor, as well as that embed-
ded within its sediments, can be brought to reso-
nance by certain acoustic signal types emitted by a
high-resolution seismic system, and that this conse-
quent acoustic response can be recorded.

The experimental application of high-frequency
seismic equipment instruments constitutes a new
way of detecting and mapping human-knapped
flint and thereby of mapping the presence of sub-
merged Stone Age settlements.
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