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ABSTRACT Ashallowseismic surveywascarriedout at thearchaeologicalsite of Itanos,Crete to locateandmap
theancient port.The target layer in the area surveyed consists of Permian^Triassic phyllites covered
byalluvialdeposits.Seismicrefractionandreflectionexperimentswerecarriedoutalongeightprofiles
witha totallength 580m.

Theseismicrefractiondatadepict tworefractors.Shear-wavevelocitiesindicatethat thefirstrefrac-
tor, at depths ranging from1to 2m, corresponds to the water table.The second one corresponds to
thetopofphyllites.Thestackedsection fromtheseismicreflectionsurveyshowstwomajorreflectors,
attributed to thetopandbottomoftheerodedphyllites.Athree-dimensionalimageofthebasement re-
lief indicated thepotentialshapeandextentof Itanosport.

Thisresult isfurthersupportedbyanthropogenicanomaliesontheresistivitymapsandsectionsob-
servedat locationswhere the depth to the top of the basement is small.The integration of the seismic
data,aerialimageryandarchaeologicalfindingsindicatedthat theancientport,nowcoveredbyrecent
deposits, was surroundedby the sea, the twoacropolis to thenorth, awell to the east andahill to the
south.Copyright�2003 JohnWiley&Sons,Ltd.
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Introduction

The application of seismic methods in archaeo-
logical prospection is limited, mainly owing to
difficulties associated with the very shallow
depth of archaeological targets (Vafidis et al.,
1995). Seismic, ground-penetrating radar and
electromagnetic surveys were conducted by
Utecht (1988) and Utecht et al. (1993) at a tumulus

in Turkey in order to map the stratigraphy of the
construction and to locate the monument under
the artificial cover. A seismic refraction techni-
que with circular receiver geometry was utilized
for the detection of tombs buried in Macedonian
tumuli in northern Greece (Tsokas et al., 1995).
Karastathis and Papamarinopoulos (1997) de-
tected King Xerxes’ Canal by the use of reflection
and refraction methods. Recently, Washbourne
et al. (1998) used a direct-arrival transmission
imaging technique to detect and delineate under-
ground voids that could possibly house buried
treasure.
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Seismic reflection applications with investiga-
tion depths of about 3–6m (Birkelo et al., 1987;
Miller et al., 1989) encounter difficulties related
with the separation of the signal from noise. For
shallow reflectors the amplitude of the reflec-
tions is often smaller than that of coherent noise
(Karastathis and Papamarinopoulos, 1997).

Several geophysical surveys have been repor-
ted in archaeological prospecting that combine
conventional and high-resolution geophysical
methods (Vaughan, 1986; Pipan et al., 1996;
Vafidis et al., in press). Also, aerial photography
and satellite imaging are integrated with ground-
based geophysical data for archaeological pro-
specting using geographical Information systems
(e.g. Cox, 1992; Donoghue et al., 1992; Sarris et al.,
1998).

In September 1997, a seismic survey was con-
ducted at the archaeological site of Itanos, lo-
cated in northeastern Crete, Greece (Figure 1).
The scope of the seismic survey was to image the

subsurface and to map the port of Itanos. Eight
refraction profiles were carried out with a total
length 580m and a 70-m-long reflection line.

In this paper, historical remarks about the site
and the refraction results are presented. The
acquisition, processing and interpretation of the
seismic reflection data are described. Addition-
ally, the results from the seismic survey are
compared with those from electrical survey.

The archaeological site of Itanos

Itanos, an ancient port in eastern Crete, is located
10 km north of Palaikastro, Lasithi prefecture
(Figure 1) close to the, unique in Europe, Vai
Palm Forest. The sea to the east, a mountain to
the south and the provincial road to the west and
north surround the archaeological site. Its area is
16 000m2. Archaeological excavations cover only
1% of the archaeological site. There are two hills

Figure1. Aerialphotograph of Itanosarchaeological site showing the surveyedgridsandlines.The large frame‘Fig.10 and12’re-
fers to the images of Plates1and 3.‘Port A’,‘Port B’and ‘Port C’denote the grids that were scanned using the resistivity method,
and‘R1’denotes the electrical tomography line.The symbols S and L indicate the seismic lines.
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where the two acropolis of the ancient city were
located. Most of the relics of the buildings of the
ancient city have been located in the region
between the acropolis.

According to an establishment plan common
in the Archaic Cretan cities, the houses and the
market (agora) are located on the foothills of the
two acropolis, whereas the religious monuments
are located on the acropolis. A church from the
Hellenistic period was found on the western
acropolis. South of the acropolis, the region
west of the gulf is the potential location of
the Itanos port. West of the gulf, there are low-
lands crossed by a modern paved road. On the
higher hill at the southern border of the low-
lands, remnants of fortification walls are still
present indicating the establishment of Lagides
(Ptolemeoi) army in the fortification (Kalpaxis
et al., 1995). The inhabited region within the
fortification does not exceed 40 ha.

The name of the city according to Stefanos
from Byzantium comes from Itanos, the son of
Phoenix. Itanos, according to Herodotus the
Greek Historian, was one of the most important
cities in eastern Crete in the middle of seventh
century BC. It is among the first Cretan cities that
cut coin (possibly at the beginning of the fourth
century BC; Kalpaxis et al., 1995; Greco et al., 1999).

Demargne, a French archaeologist started ex-
cavations at Itanos during the summer of 1899,
which led to the detection of the ruins of later
Christian period churches and a number of sig-
nificant Hellenistic and Roman inscriptions
(Spyridakis, 1970). In 1950, French archaeologists
started a second and more systematic archaeolo-
gical project. Itanos is marked mainly from three
periods: geometric, Roman and late Christian,
but periods of original occupation and abandon-
ment are not known. A new archaeological col-
laborative campaign between the French School
of Athens and the Institute of Mediterranean
Studies was initiated in 1993. Within the context
of archaeological investigations, a geophysical
prospecting expedition was also carried out.

The seismic refraction survey

In seismic investigations, seismic waves, created
by artificial sources such as a hammer, weight-

drop or vibrator, propagate through the earth
and are refracted or reflected at interfaces, where
the seismic velocity or density changes. Geo-
phones laid on a single line, record the waves
returning to the surface after travelling different
distances through the ground. By measuring the
travel time between the break and the recording
of a seismic signal, the seismic velocity in the
subsurface and the depth of the interfaces may be
inferred. In the seismic refraction method, the
above information is deduced from the travel
time of the critically refracted seismic waves,
which continuously emit seismic energy to the
surface and correspond to first arrivals.

The seismic refraction profiles

The purpose of this seismic refraction survey was
to map the top of the basement in an effort to
define the shape and extent of Itanos port. The
target layer in the area surveyed consists of
Permian–Triassic phyllites covered by alluvial
deposits. Eight P-wave refraction profiles have
been selected (Figure 1) with a total length of
580m and geophone spacing 2m. The hammer
and the seisgun (Betsy) seismic sources, as well
as 14Hz geophones were used in the investia-
tions. Five shots were selected on most
seismic lines: one in the middle, two near shots
at the edges of the line and two far shots. Typical
seismic records for line S1 are shown in Figure 2.

A limited S-wave refraction experiment has
also been conducted along profile L1 using a
shear-wave source and 14Hz horizontal compo-
nent geophones. The seismic source consists of a
base plate and a large mass placed on top of the
plate to provide coupling with the ground. The
seismograms obtained by striking the plate on
opposite sides, are subtracted in order to remove
the P-waves (Lankston, 1990).

For the interpretation of the refraction data, a
two-step iteration method was applied (Haeni
et al., 1987). The algorithm requires an initial
depth model, which is obtained from the delay-
time method. The algorithm consists of two
steps: model-adjustment and ray tracing.

Depth sections were constructed from the mo-
dified delay-time inversion method. For line SI,
the top layer exhibits a P-wave velocity of
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448m s�1. The second layer shows a P-wave
velocity of 1741m s�1 and corresponds to water
saturated clayey soil (Figure 3a). The deeper
layer shows an increased P-wave velocity of
2664m s�1. This layer is attributed to the phyl-
lites (basement) or to its eroded cover (Table 1).
Depth sections were additionally constructed
from the P- and S-wave refraction experiments
for line L1 (Figure 4). On these sections, the
depths of the refractors correlate well. Shear-
wave velocities indicate that the first layer is
attributed to unsaturated soils and the second
layer to saturated ones (Table 2).

The seismic data for line SII (Figure 3b)
were additionally interpreted using the general-
ized reciprocal method (Palmer, 1981). Velo-
city analysis indicated lateral velocity variations
(Figure 5) for layers 2 and 3. The depths to the
second interface from the modified delay-time
method (Figure 3b) and the Generalized Recipro-
cal Method (GRM) (Figure 5) are similar for
distances ranging from 30 to 60m. At these
distances the P-wave velocity of the second layer,
deduced fromGRM (Figure 5), is the same as that

obtained from the modified delay-time (Figure
3b). To the east, the modified delay method
overestimates this velocity, resulting in increased
depths to the second interface. It is also worth
mentioning the complexity of the second inter-
face to the west as it is described by both inter-
pretation methods.

Seismic wave propagation simulations were
carried out in order to examine the reliability of
the velocity and depth models deduced from the
seismic refraction survey. Thus, taking into con-
sideration the results of the P-wave refraction of
seismic line SII, synthetic seismic data were cre-
ated using a finite-difference method, which is
based on the seismicwave equation (Vafidis et al.,
1992). The first breaks on the field and synthetic
seismograms were subsequently compared. The
relative error exhibits values greater than 10% in
two areas for first arrivals corresponding to head
waves from the shallow interface (Figure 6). For
the deeper interface, namely the top of the base-
ment, this simulation shows that the refraction
method calculated acceptable depths and velo-
cities.

Figure 2. Typicalrecordedseismic tracesfor lineS1corresponding to faroffset shots (aande), nearoffset shots (bandd) andmid-
dle shot (c).The symbol! indicates receiver location and the symbol 21912

�
the shot point andshot number.
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Figure 3. Travel-time curves and depth sections from refraction experiments for lines SI (a) and SII (b): o, first layer; �, second
layer;þ, third layer.
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Table1. Velocityand thickness foreach layerdeduced fromseismic refraction data

First layer, Secondlayer, Third layer, Fourth layer,

dry sand: wet clayey soil: erodedphyllites: phyllites:

velocity (ms
�1
)/ velocity (ms

�1
)/ velocity (ms

�1
)/ velocity (ms

�1
)

Survey line mean thickness (m) mean thickness (m) mean thickness (m)

SI 448/1.5 1741/8.0 2664
SII 230/1.0 1745/7.0 3068
S1 284/1.0 1537/6.0 2576
S2 311/1.0 1452/7.0 2829
S3 242/1.0 1845/6.0 3233
S4 345/1.0 2541/5.0 3234
S5 398/2.0 2076/6.0 3615
SVI 278/1.0 2841/15.0 3400
S(�1) 770/4.0 1969/5.0 3849
S(�2) 924/4.0 1812/5.0 3706
L1 382/1.2 1728/7.2 2785

Figure 4. Depth sections from (a) P- and (b) S-wave refraction experiments for line L1.

Table 2. Distributionof shear-wavevelocity,Poisson’s ratio and Youngmodulus

Layer

1 2 3

Rock type Dry sand Wet clayey soil Phyllites
Thickness (m) 1.19 (average) 7.24 (average) �
Density (g cm

�3
) 1.6 2.3 2.65

Vp (ms
�1
) 382 1728 2785

Vs (ms
�1
) 154 395 695

Poisson’s ratio 0.403 0.472 0.467
Youngmodulus (MPa) 106.5 1056.5 3755.6
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Plate1. Three-dimensionalelevationmodelof basement indicating Itanosport.The elevationsrange from 6mabovesea-level to
16-16m) below sea-level.

Plate 2(a). Geoelectric sectionsdeduced fromelectrical tomography for lines B0.
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Plate 2(b). R1.Line B0 and seismic line S1coincide, the formerextending longer to thewest.

Plate 3. Soil resistancemap forgrids Port A and Port C and soil conductivitymap forgrid Port B superimposed on the basement
reliefmap.Red colouronelectricalmaps corresponds to high resistance.

Copyright # 2003 John Wiley & Sons, Ltd. Archaeol. Prospect. 10, (2003)



Figure 5. Velocityanalysis (up) anddepth section (down) computedwith the GRM technique for line SII.

Figure 6. Relativeerror (up) betweenthesyntheticand field first arrivals for five shots.Thesynthetic datacorrespond to thedepth
section (down) from the refraction experiment for line SII.
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The seismic reflection experiment

In the seismic reflection method, the seismic
waves are reflected at discontinuities in the
ground, i.e. horizons at which the seismic or
acoustic impedance changes. The reflected waves
are usually received by a string of geophones on
the surface. The seismic refraction method re-
quires that the seismic velocity increases with
each successively deeper layer. In contrast, the
seismic reflection technique involves no prior
assumptions about seismic velocity.

A high-resolution reflection survey has been
conducted along the line SI (Figure 1) using the
Betsy as the seismic source, with 100Hz receivers
and a 24-channel engineering seismograph
(EG&G Geometrics 2401). First, a noise test was
performed in order to distinguish signal from
noise and to select the optimum source–receiver
offsets for the near and far geophones. The geo-
phone spacing was set initially to 2m and the
offset range was 4–98m. The geophone spacing
was then set to 0.5m and the offset range was 4–
100m.

Taking into consideration the results from the
noise test, the sampling interval of the seismic
reflection experiment was set to 0.1ms, resulting
in 102ms record length. The geometry was off-
end with a 7m minimum offset and 0.5m geo-
phone spacing. The fold of the reflection survey
was 600% and the total length of the seismic
reflection line was 80m.

In the reflection survey, the roll-along techni-
que was utilized. The shot interval was set to 1m,
the spacing of Common Depth Points (CDP) was
0.25m and the number of shots 73. The geometry
parameters were selected in order to map the
shallow reflectors at depths less than 30–35m.
Figure 7 displays common shot gather records
prior (on the right) and after (on the left) filtering
with a deconvolution operator. Reflected waves
are observed at channels 16–24 between 30 and
35ms.

Processing of the reflection data, performed
with Promax-2D, included transformation from
SEG-2 to SEG-Y format, geometry setting of
the experiment, trace muting, Automatic Gain
Control (AGC), deconvolution, F-K filtering,

Figure 7. Common shot gather recordsprior (on the right) andafter (on the left) filteringwith a deconvolution operator.Reflected
wavesare observedat channels16^24 between 30 and 35ms.

Copyright # 2003 John Wiley & Sons, Ltd. Archaeol. Prospect. 10, 163–173 (2003)
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velocity analysis, Normal Moveout (NMO) and
stacking. The ground roll and the airwaves
were attenuated by frequency-wavenumber
(F-K) filtering. This coherent noise was domi-
nant, at times greater than 40ms. Band-pass
filtering partially eliminated the airwaves. The
F-K filtering improved the signal-to-noise ratio of
the traces by eliminating both ground roll and
airwaves.

Two reflectors are present on the stacked
section (Figure 8). Reflector 1 (two-way time
21–28ms and depth 12–19m) corresponds to
the top of the basement. The quality of the
reflected waves from a deeper interface (reflector
2) is degraded (two-way time 30–40ms). Never-
theless, reflectors 1 and 2 exhibit similar relief.

Reflector 2 may be attributed to the top of
undisturbed phyllites.

The seismic refraction and reflection results for
line SI (Figures 3a and 8) are then compared. The
depth to reflector 1 was obtained by converting
the two-way travel time to depth using the
average velocity of 1400m s�1 for the overlying
layers. Reflector 1 and refractor 2 exhibit similar
depths (14–19m) at horizontal distances less than
70m (Figure 9). Thus, the seismic reflection ex-
periment verifies the refraction survey results,
attributing refractor 2 and reflector 1 to the top of
the bedrock along the seismic line SI.

The discrepancy between reflector 1 and re-
fractor 2 at horizontal distances greater than 70m
on seismic line SI is possibly attributable to

Figure 8. Stacked seismic section along line SI.

Figure 9. Comparisonof seismic andelectrical tomography results for line SI.
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lateral velocity variation (Figure 9). According to
the velocity analysis performed on the reflection
events, the seismic velocity in the overlying
recent deposits decreases to the east (less than
20%). This lateral velocity variation relates to
depths ranging from 12 to 16m for reflector 1 at
the eastern portion of the seismic line com-
pared with the smaller depths to the refractor 2
(10–14m).

Comparison of seismic
and resistivity results

Seismic, geological and topography data were
utilized for the creation of a top-to-the-bedrock
image (Plate 1). This image indicates that the
ancient port, covered by colluvium, is located
south of the acropolis. Its distance to the west
from the present seashore is approximately
100m. It covers an area of approximately
9000m2.

Additional remarks can be made from the
comparison of the seismic and resistivity results.
The resistivity data originate from resistivity
sounding and mapping, conductivity mapping
and electrical tomography.

A resistivity sounding (Schlumberger array,
AB/2¼ 20m) along the western portion of seis-
mic line SII indicates three layers. The second is
less resistive (11�m) and consists of wet collu-
vium. This layer exhibits similar thickness (7m)
with the second one (wet colluvium) on the
seismic depth section (Figure 5). The third layer
(88�m) is attributed to phyllites.

The electrical tomography experiment along
the line B0 was conducted with the dipole–dipole
electrode configuration (electrode spacing 5m).
Line B0 and seismic line S1 coincide, the former
extends longer to the west. The layer with resis-
tivity ranging from 40 to 80�m on the electrical
tomography image (Plate 2a) corresponds to wet
eroded phyllites. Near the seashore, the image is
distorted by the presence of saline water. The top
of the basement map, deduced from seismics and
the 40-�m contour line on the electrical tomo-
graphy image (Figure 9), exhibit similar features.
In particular, both the refractor 2 and the 40-�m
contour line indicate a pit at horizontal distances
30 to 35m. Additionally, another pit is observed

at horizontal distances 45 to 55m. The latter
feature is also present on the resistivity image
(Plate 2b) from the electrical tomography line R1,
which intersects the seismic line SI at horizontal
distance 50m (100m on the line R1).

Soil resistance mapping was carried out
on selected grids (Port A, Port B and Port C,
Figure 1) utilizing the twin probe array, station
spacing of 1m and electrode spacing of 2m. Also,
quadrature (conductivity) data have been col-
lected with the EM-31 Geonics instrument using
the same station spacing. The quadrature data
were transformed to resistivity and together with
soil resistance data were superimposed on the
basement relief map (Plate 3). High resistance
anthropogenic anomalies on the geophysical
maps correspond to small depths (green colour)
to the top of the basement.

Conclusion

This seismic survey indicates that the ancient
port was restricted to the rectangular region
surrounded by the sea, two acropolis to the north
and a hill to the south. The three-dimensional
image of the basement relief correlates well with
the results from other geophysical surveys such
as soil resistance mapping, electromagnetic map-
ping and electrical tomography. Further geophy-
sical work is required at the zone south and east
of the seismic lines S1 and SI in order to image
better the port entrance. Shear-wave refraction
experiments on selected lines were useful for
water table verification, being at depths ranging
from 1 to 2m. The top of the basement image
obtained by the seismic refraction survey was
also verified by the seismic reflection experiment
along line SI. A limited number of shallow bore-
holes could be useful in verifying the geophysi-
cal results.
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