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Abstract

High-resolution travel time tomography was used to explore the volcanic basement rock at the Akrotiri archaeological site,

Thera (Santorini) Island. The survey was carried out in the context of a large scale project, in which the protective roof cover of

old monuments is being replaced by a new environmentally friendly structure, which will be supported by 95 pillars drilled into

the volcanic basement rock. Man-made or natural cavities (empty or half-filled with stones), ceramics, and other materials of

archaeological interest were unveiled during the excavation of foundation shafts. The objective of this geophysical investigation

was the detection of such voids in the vicinity of the excavated shafts, so that the overhead structure can be better supported and

protected in the case of an earthquake event. The cross-hole seismic tomography technique was adopted for this purpose. A

number of synthetic examples and a calibration experiment at a shaft with a known natural cavity clearly indicated that the

tomographic inversion is capable of providing high-resolution 2-D velocity models. High S/N ratios ensured field seismic

records of high quality. A set of stability tests was run to check the consistency of the method. Travel time residuals verified the

validity of the final velocity depth sections, while model complexity trends showed a consistency between models after a certain

number of iterations. The reconstructed velocity fields were quite consistent with the expected velocity structures based on the

geologic descriptions of formations encountered during the drilling of the shafts. Impressive low-velocity structures attributed to

natural or man-made cavities were reported to the constructing group of engineers, and a remedial action plan was being

undertaken to support and improve the ground behavior.
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1. Introduction

In the past decade, seismic tomography has been

routinely used as a geophysical tool for investigating

velocity variations in different geological environ-

ments. Benefiting from ongoing developments of

down-hole seismic sources and seismometers, cross-

hole seismic tomography, in particular, is now perhaps

the best solution for creating high-resolution maps of

seismic properties representative of the geologic cross

sections between boreholes. The use of cross-hole

seismic tomography as a subsurface structural infor-

mation extraction tool has been extensively discussed

in the geophysical literature. In its early days more

than 30 years ago (Bois et al., 1971), the technique

was seen as a logical extension of concepts used in

medical tomography having the potential of yielding

high-resolution structural information. However, 30

years of testing (e.g., Dines and Lytle, 1979; Mason,

1981; Peterson et al., 1985; Bregman et al., 1989; Pratt

and Chapman, 1992; Pratt et al., 1993; Rector et al.,

1996; Washbourne et al., 1998) have proven that there

is much about the method that is different and more

difficult than medical tomography. Such complicating

differences include insufficient ray coverage, disper-

sive and anisotropic wave propagation, and multiple

arrival paths. In a layered environment, cross-hole

data are certain to contain arrivals from multiple

paths, guided wave modes, super critical reflections,

and mode conversions. From all such arrivals, the least

ambiguous source of information in cross-hole sur-

veys is direct arrivals. In recent papers (e.g., Pratt and

Goulty, 1991; Khalil et al., 1993; Lazaratos et al.,

1993; Schaack, 1995; Bube and Langan, 1995),

reflected and other arrivals have been used in conjunc-

tion with the direct arrivals to increase the resolution

and stability of the solution. In this paper, cross-hole

seismic tomography and vertical seismic profiling

(VSP) methods are used to investigate small size

structures, such as voids, unveiled during foundation

activities at an archaeological site in Greece.
2. History and problem description

The Akrotiri archaeological site (Fig. 1) is one of

the most important prehistoric settlements of the

Aegean Sea. The first habitation of the site dates
from the late Neolithic period. During the early Bronze

Age, a sizable settlement was established, which was

extended and gradually developed into one of the main

urban centers and ports of the Aegean Sea during the

middle and early Late Bronze Age. The large extent of

the settlement, the elaborate drainage system, and the

sophisticated multi-storey buildings with their magni-

ficent wall paintings, furniture, and vessels showed its

great development and prosperity. The town’s life

came to an abrupt end in the late 17th century BC

when the inhabitants were forced to abandon the city

as a result of severe earthquakes. A massive volcanic

eruption followed, which resulted in volcanic material

covering the entire island and the town itself. Ironi-

cally, this material ended up protecting and preserving

the buildings and their contents, just like in Pompeii.

Currently, the protective roof cover of the old monu-

ments at Akrotiri is being replaced by a new elaborate

and environmentally friendly structure. The new struc-

ture will be supported by 95 pillars embedded within an

equal number of excavated shafts filled with concrete.

The foundation shafts (1.2 m in diameter and approxi-

mately 8 m in depth) penetrate through the existing

prehistoric settlement as found today, an underlying

layer of old ruin material of variable thickness, and

ultimately terminate in the pyroclastic volcanic base-

ment rock (Fig. 2). The top of the pyroclastic formation

is found at depths varying between 2 and 15 m below

the ground surface. During the shaft excavation, man-

made cavities were discovered within the pyroclastic

formation. Some of these cavities were empty while

others contained stones, ceramics, and other materials.

Although the unveiled cavities are of great importance

to archaeologists, they nevertheless pose a technical

challenge to civil engineers because they raise ques-

tions about the stability of the new roof cover.

The Department of Geophysics of the University of

Athens was commissioned by the Archaeological

Society of Athens to carry out an extended geophysical

survey at Akrotiri to investigate the problem of cav-

ities. From the beginning, it became obvious that con-

ventional surface geophysical methods could not be

used to address the problem for two reasons: (a) the

masking effect caused by the highly attenuative loose

layer of older ruins made the detection of voids or

other geometrical subsurface features laying under-

neath rather unlikely; and (b) due to the archaeological

nature of the site surface, activities are strictly prohib-



Fig. 1. Thera Island with the location of the investigated area (map of Greece taken from http://www.culture.gr, Map of Thera taken from http://

www.greecetravel.com/aegean/map_of_santorini_island.htm).
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ited. Fortunately, the existence of the excavated

shafts offered an excellent opportunity to apply

cross-hole seismic techniques for solving the pro-

blem. Using such techniques offers two distinct

advantages. First, the seismic attenuation issue asso-

ciated with propagation through the near-surface
Fig. 2. Cross-section sketch of A
layer is bypassed. Second, the high-frequency band-

width of the seismic source is preserved during

propagation in the inter-shaft area of interest, thus

providing an opportunity for obtaining high-resolu-

tion images. The seismic cross-hole and VSP experi-

ments presented in this paper were designed and
krotiri archaeological site.

http://www.culture.gr
http://www.greecetravel.com/aegean/map_of_santorini_island.htm
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carried out in order to detect possible bedrock cav-

ities and in turn improve the stability of the new roof

structure in the case of an earthquake.
3. Seismic tomography using the algebraic

reconstruction technique (ART)

As with any geophysical problem, a forward mod-

eling algorithm, an inversion algorithm, and a para-

meterized description of the medium need to be

considered for use with cross-hole seismic travel

time data. In this particular case, the region, bordered

by the two boreholes, is divided into rectangular cells

or pixels. The velocity of each cell is assumed to be

constant and unknown.

In smooth models with low-velocity contrasts, the

assumption of straight rays dramatically reduces the

computational effort, when compared to a full ray-

bending inversion, because the problem becomes lin-

ear. However, for large velocity contrasts, the straight

ray approximation gives unacceptable results because

it introduces a considerable amount of smoothing to

the resulting velocity tomogram. This ray dependence

on the slowness field makes the problem highly non-

linear. The problem can be linearized by considering a

small perturbation of the slowness about a reference

slowness field. As a rule of thumb, velocity contrasts

of up to 15% are handled within tolerance by straight

ray inversion (Hatton et al., 1986).

A considerable number of modeling and inversion

schemes can be found in the literature (McMechan,

1983; Smith, 1984; Peterson et al., 1985). In compar-

ison to matrix inversion methods and other iterative

techniques (simultaneous iterative reconstruction tech-

nique, SIRT; conjugate gradient, CG), the algebraic

reconstruction technique (ART) possess several advan-

tages and was the inversion scheme adopted in this

project. The specific inversion technique was chosen

since it is one of the two iterative methods (the other

one being SIRT) used by the tomographic software,

CAT3D (Vesnaver et al., 1999). ART is, in general,

faster, particularly when handling large data sets, com-

pared to direct matrix inversion since the latter solves

all equations simultaneously and requires a large

amount of computer memory to store the ray equation

sparse matrix elements. Moreover, ART treats each

equation separately in a more efficient way; constraints
can be easily incorporated to accommodate any prior

knowledge of the medium and is computationally fas-

ter than any other iterative scheme (Smith, 1984).

The algebraic reconstruction technique (ART) is

trying to approach the observed data while iteratively

adjusting in small steps the values of the parameters.

Starting by guessing a solution to all of the parameters,

the travel time of the first ray is calculated. For each

ray, the difference between the calculated time and the

observed time is regarded as the error, and it is dis-

tributed equally along the ray path. The update equa-

tion that provides the improved solution is:

Dpij ¼
DtilijX
j

l2ij
: ð1Þ

If we consider ti to be the first-arrival travel time for

the ith ray connecting a seismic source and receiver,

and let lij be the distance traveled across the jth cell by

the ith ray, and pj be the slowness of the jth cell, then

Dti is the change in ti due to the cumulative effect of

all changes Dpij in the parameters along the ray pij.

The updating scheme of Eq. (1) makes some intui-

tive sense. If the denominator is considered as a

measure of the square of the total ray length Li,

then Dti/Li is the total slowness error. The remaining

factor lij/Li is the proportion of the ray in a particular

pixel. The product of these two factors gives the

slowness error proportionally assigned to the pixel.

ART attempts to honor the observed data while

iteratively altering in small steps the values of the

parameters. This process continues until all equations

have been solved once. The procedure returns to the

first equation and the set of equations is sequentially

solved again. The whole process is repeated until the

parameters are not varying significantly, or the time

residuals drop under an assigned threshold.
4. Geological setting and field experiments

The survey was carried out at the archaeological

excavation area of Akrotiri located on the southern tip

of Santorini Island (Louis and Makropoulos, 2001).

Santorini is an active volcano in the South Aegean

Sea about 120 km north of Crete and belongs to the

Cycladic islands (Fig. 1). The oldest volcanic rocks

are found on the Akrotiri peninsula and the Christiana



Fig. 3. Ground plan map of the archaeological area with the locations of the excavated wells (J&P Hellas et al., Constructing Group of

Engineers, 2001).
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islands. These rocks are composed of dacitic lavas

that updomed the sea floor and produced various

flows and pyroclastic deposits but have been strongly

altered by hydrothermal activity. The updomed areas

are still well visible at the Akrotiri peninsula. From

marine fossils embedded in the tuffs, a minimum age

of 2 million years has been determined for the Akrotiri

peninsula. At the localities of Balos (bRed BeachQ),
Kokkinopetra, Mavropetra, and Mavrocachidi, basal-

tic to andesitic strombolian scoria cones that flank the

Akrotiri volcanoes are exposed. The shafts in the

excavation area were drilled into the volcanic base-

ment rocks (pyroclastic formation) that consist of

volcanic breccias up to volcanic tuffs, comprising of

cemented stones and/or lava balls (diameter up to 50

cm). Fig. 3 shows the ground plan map of the inves-

tigated area with 70 total locations where cross-hole

VSP seismic experiments took place. Six among the

70 cases were selected to be involved in this study

since they are the most important from the archaeo-

logical point of view.

The field data sets analyzed include cross-hole

experiments between shafts F43A–F43, F56–F57,

F54–F55, and F49–F45A, and a VSP experiment in

shaft F22. Two of them (F43A–F43 and F22) were

carefully chosen as representatives for further statis-

tical and error analyses (Louis, 2001). The first and

second shafts in each pair served as the transmitting
Fig. 4. Receiver string inside
and receiving shafts, respectively. Shaft F22 served as

the transmitting shaft for the VSP experiment. A steel

casing ring of 1 m height was used to support the head

of the shaft from falling rocks from the loose weath-

ered pyroclastic material. A string of twelve 14 Hz

vertical geophones was lowered in each receiving

shaft (Fig. 4) with the geophones placed oblique to

vertical at a spacing of 0.5 m. The same spacing was

used as the vertical inter-distance between seismic

sources for all the cross-hole experiments.

In the VSP experiment conducted in shaft F22,

geophones with spacings varying between 0.3 and

0.5 m were spread on the ground surface along a

straight line ending at the head of the shaft. Ten

grams of dynamite charges triggered with seismic

caps was used as seismic source fired at 0.5 m vertical

increments from the bottom to the top of the transmit-

ting shafts, leading to a total number of 12 shots.

Dynamite, as a high-frequency impulsive source,

was proven to be the appropriate source producing

clear onsets in the highly attenuating environment of

volcanic dust.

Seismic signals were recorded by a Strata View

R48 recording system of EG&G with a sampling rate

of 0.125 ms. In most of the cross-hole experiments

(shafts F56–F57, F54–F55, and F49–F45A), 13 shots

were fired except from the case of the F43A–F43

investigation in which 15 shots were fired. Trans-
the excavated shafts.
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mitted signals were recorded from 11 geophones in all

cases (the first channel was not working) and their

respective P-wave travel times were measured. High

S/N ratios ensured field seismic records of high qual-

ity and first arrival times were handpicked from the

raw data sets with an accuracy better than 0.25Fms.

Typical common shot gathers examples from cross-

hole and VSP data sets are shown in Fig. 5.
5. Demonstration of the solution technique

The inversion method was tested by using a

synthetic data set in order to demonstrate that the

reconstruction capability of the algorithm is efficient

and the convergence to the correct solution can be

achieved after a certain number of iterations. The

checkerboard test (Leveque et al., 1993) was applied

for this purpose. In this procedure, a box-car velo-

city function is used to generate the velocity varia-

tions in the synthetic model. The amplitude of the

box-car function depends on the velocity contrast

expected in the investigated area. For specific
Fig. 5. Typical seismic records from cross-hole F
source/receiver geometry, the model response is cal-

culated. First arrival travel times were generated

using a two-point ray tracing scheme that is part

of the tomographic software CAT3D, and the travel

time data were contaminated with uniform random

noise (~ 3%), with zero mean and amplitude Fb,

where b is a value chosen based on the ratio of

maximum–minimum observed travel times. The

inverse problem was then solved using the ART

method while regarding the computed synthetic

times as the observed data. Linear and non-linear

schemes were tested, and the percentage of the

reconstructed initial model was considered as the

recovering capability of this solution technique.

Two checkerboard tests were performed for the two

acquisition geometries adopted in the experiments. A

total number of 300 square pixels were used for each

case, while the variation of the velocity function was

assigned from the literature. The cell size used both in

the numerical simulations and the real experiments

was approximately 0.5 m. Since the objective of the

tomographic survey was to detect and locate cavities

in the pyroclastic basement rock, a velocity contrast of
43A–F43 (a) and VSP experiment F22 (b).
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350/850 m/s was chosen to represent the velocity in

the air and the average velocity of the pyroclastic

formation. A seismic velocity of 500 m/s served as

the initial homogeneous model to carry out the inver-

sion (Fig. 6a). The checkerboard model was con-

structed in such a way as to test if velocity

anomalies with dimensions of 2–3 m can be recon-

structed. After a certain number of iterations, it was

evident that the starting velocity model was not of

such importance since it could be varied between 400

and 800 m/s with no major effect on the final solution.

The relative invariance of the final solution to the

initial guess has been encountered previously by the

authors when utilizing ART methods with high-qual-

ity data sets. Since ART is a row action method and
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Fig. 6. True model (a), reconstructed velocity tomograms for the cross-hole

their corresponding local relative error maps (d and e).
each equation is solved separately, the starting model

is mainly perturbed from the early ray paths—equa-

tions. This is the reason why the most accurate travel

times were incorporated at the beginning of the inver-

sion process.

The resulting velocity tomogram obtained from

linear inversion using the straight ray approximation

(Fig. 6b) is acceptable since the true model is satisfac-

torily reconstructed. The main distortion and ambigu-

ity in the solution occur at the edges of the tomogram

where the ray coverage is extremely poor or even

absent. However, since the ray curvature should not

be ignored, a two-point ray tracing algorithm was

applied and the non-linear iterative scheme was imple-

mented. In this case, the number of iterations and the
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starting velocity model were kept the same as before

without any velocity constraints during the inversion.

The solution tomogram is shown in Fig. 6c.

By comparing Fig. 6b and c, it appears that the

non-linear procedure gives better results. The geome-

trical shapes and values of the model parameters are

defined more precisely. The reconstruction percentage
Distance (m)

-14

-12

-10

-8

-6

-4

-2

D
ep

th
 (

m
)

-14

-12

-10

-8

-6

-4

-2

D
ep

th
 (

m
)

-14

-12

-10

-8

-6

-4

-2

D
ep

th
 (

m
)

2 4 6 8 10 12

2 4 6 8 10 12

2 4 6 8 10 12

Distance (m)

-14

-12

-10

-8

-6

-4

-2

D
ep

th
 (

m
)

Distance (m)

-14

-12

-10

-8

-6

-4

-2

D
ep

th
 (

m
)

-4

-2

(a)

(b) (c)

(d) (e)

Fig. 7. True model (a), reconstructed velocity tomograms for the VSP chec

corresponding local relative error maps (d and e).
error e was calculated for both inversion schemes by

using the formula:

e ¼ Vifinal � Viinitial

Vaverage

where Vi initial
is the ith pixel’s velocity in the starting

model, Vifinal
is the ith pixel’s velocity after the final
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iteration, and Vaverage is the average value of the input

velocity model (600 m/s). The maximum divergence

between recovered and true models in both recon-

structions is less than 7%, indicating in this way the

accuracy of the inversion scheme. Furthermore, the

local relative error LRE was computed and plotted for

each pixel (Fig. 6d and e):

LRE ¼ Vitrue � Vifinal

Vtrue

where Vi true
is the ith pixel’s true velocity. The whole

procedure was repeated for the VSP experiment and a

new checkerboard test was constructed with the same

characteristics as in the cross-hole case.

Even though numerical simulations utilizing

checkerboard patterns are, in general, very unforgiv-

ing concerning the reconstruction of the original

model, in this case, the majority of the inverted mod-

els was, to a certain extent, satisfactory recovered,

mostly as a result of the appropriate choice of cell

size given the restricted aperture, ray coverage, and

noise added on data.

Fig. 7a, b, and c, respectively, display the initial

velocity model and the inversion results both for

linear and non-linear procedures along with their

respective local relative error maps (Fig. 7d and e).

Comparing the final reconstructed images between the

cross-hole and the VSP synthetic examples for the

linear and the non-linear cases, it is obvious that better

recovery of the model is achieved using cross-hole

data (maximum reconstruction errors b5%). The

poorer model restoration (maximum errors b7%)

obtained in the VSP synthetic examples is due to

the limited angular ray coverage in these models.

However, even in this case, due to the large amount

of ray paths involved, the solution is not uncon-

strained and a good-enough representation of the

initial model is obtained. The consequence of noise

in the data is mostly evident in the linear experiments

since error-free travel times accomplished slightly

better reconstructions.
6. Application of first arrival travel time

tomography

High S/N ratios ensured field seismic records of

very good quality. Spectral analysis over a time win-
dow around the direct arrivals indicated a dominant

frequency of 300 Hz with even higher frequencies, up

to 500 Hz, present in the cross-hole experiments.

Model parameterization was the same as the one

adopted in the checkerboard tests, leading to a total

number of 300 square pixels for each model. A homo-

geneous velocity field of 850 m/s, representing an

average velocity for pyroclastic formations taken

from the bibliography (150–1500 m/s; Koloski et

al., 1989), was chosen as an initial guess to start the

inversion.

Raw velocity models were firstly obtained by

utilizing linear inversion schemes, which in turn

were used as initial guess for nonlinear inversion

processing to obtain the final velocity models.

Although it can be computed very easily, the mea-

sure of ray density is considered rather a poor indi-

cator of the local reliability because it does not

distinguish linearly dependent from independent

rays. Singular value decomposition and null space

energy indicators are used today along with ray

density to estimate the reliability of the solution

(Bohm and Vesnaver, 1999). However, this analysis

was not numerically feasible in this project and thus

was not applied. Inspection of the model perturba-

tions during the inverse procedure showed in both

experiments that stability on the solution occurred

after the 15th iteration.
7. Quantifying performance

A crucial step in the inversion procedure is the

determination of the amount of error associated with

the solution. A major source of ambiguities in the

estimates of the velocity field (Bohm and Vesnaver,

1999) is the inadequate acquisition geometry for illu-

minating the desired target. In addition, the forward

ray tracing problem is not solved exactly and the

resulting approximations can introduce errors. More-

over, the use of arrival times rather than complete

waveforms, and the simulation of real geologic struc-

tures by a simplified blocky earth model, while they

speed up inversion, nevertheless are approximations

of the forward modeling procedure.

The major goal when performing an inversion is to

minimize an objective function, which usually con-

sists of a roughness or complexity-weighted term, and
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the data residuals part. Philips and Fehler (1991)

define the solution roughness as the sum of the

squares of horizontal and vertical second differences

of the model slowness values taken throughout the

solution. In contrast, many authors use a regularizing

function F(m), which measures the departure of a

sought-after model m from a particular reference

model mref, that is:

F mð Þ ¼ m� mref : ð2Þ

Since the tomographic solution was tested and

found almost independent of the initial model, the

above regularizing function (Eq. (2)) was used as a

statistical tool to observe the numerical oscillations in

the model’s slowness values between iterations.
34

36

)

8. Data errors and model complexity

A number of tests were performed on the two

representative data sets to provide a quantitative

assessment of errors in the inverted data. The first

was the travel time residuals or data misfit, indicating

how well the observed travel time data are predicted

by the solution velocity models. Furthermore, for

every one of the experiments, the RMS data residual

was calculated:

RMS data residual ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
i¼1

toi � tcið Þ2
! vuut

where ti
o and ti

c stand for observed and calculated

(synthetic) travel times, and N represents the number

of travel time data (Table 1).

Following this procedure, synthetic travel times

computed for the final velocity models were plotted

against the observed travel time data. Figs. 8 and 9
Table 1

RMS error of travel time data

Shaft number Data RMS

F43A–F43 1.25

F22 0.79

F57–F56 0.82

F55–F54 0.59

F45A–F49 0.34
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Fig. 9. Comparison plot of observed and computed travel times for

the VSP experiment F22.
show typical examples of plots of the observed and

modeled travel times for the first common shot gather

for both types of experiments.

The low average deviations (b0.3 ms) ensure very

good fits between observed and modeled travel time

curves. A common convergence criterion in an inver-

sion procedure is when the misfit value reaches the

picking error. The tomographic process in all experi-

ments was terminated once the RMS error was not

varied significantly. Figs. 10 and 11 show plots of the

mean absolute errors calculated for both experiments

during the iterative procedure. For the cross-hole case

(Fig. 10), it is obvious that the mean misfit drops

quickly during the first five iterations, reaching

asymptotically the value of 0.1 ms right after the

10th iteration, which is considerably below the effec-

tive picking error (0.25 ms).

In the VSP case, the mean absolute value (Fig.

11) rapidly drops after the first iteration, stabilizing

around 0.6 ms for the remaining iterations. The
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Fig. 10. Typical plot of mean absolute travel time for the cross-hole
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higher residual value in this layout indicates that the

unknown parameters are not significantly con-

strained due to the quite limited angular coverage

of rays.

Apart from the travel time residuals, a second test

of error assessment was performed concerning the

model complexity function, mcf:

mcf ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
Vi � Vi0ð Þ2

N

s

where Vi is the velocity value of the ith pixel, Vi0
is

the average velocity of the initial model, and N is the

number of pixels composing the model. Starting with

an initial velocity model and after a number of

iterations, the complexity function should increase

asymptotically to a plateau representing the misfit

of a best-fitted model. Following this procedure, the

complexity functions for the same selected experi-

ments used previously in conjunction with the data

residual RMS error were computed. Figs. 12 and 13
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Fig. 11. Typical plot of mean absolute travel time for the VSP

experiment F22.
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r

show the complexity graphs for both acquisition

layouts, where the oscillation of the model para-

meters in the cross-shaft case (Fig. 13) stabilizes

after seven iterations, indicating in a way that the

model subspace is confined. In the VSP experiment

(Fig. 12), the oscillations in model perturbations

drop significantly after about 11 iterations. In both

tomographic procedures, a steady trend is achieved

in the last three to four iterations, indicating in some

way the uniqueness of the solution.

Finally ray density maps (Figs. 14–16) were

constructed to provide an impression of the relia-

bility of the final velocity tomograms. As expected,

the ray coverage in the cross-hole layouts is less

intense at the top and bottom areas of the models—

a fact that explains the poorer reconstructions of

these parts in the numerical experiments. The dif-

ferent acquisition geometry in the VSP data set

presents a greater number of ray crossings per
r



Distance (m)

-6

-5

-4

-3

-2

-1

D
ep

th
 (

m
)

1 2 3 4 5 6 7 8 9 10 11

1 2 3 4 5 6 7 8 9 10 11 12

Distance (m)

-6

-5

-4

-3

-2

-1

D
ep

th
 (

m
)

0
2
4
6
8
10
12
14
16
18
20
22
24
26
28
30
32
34

R
ay

 H
its

 p
er

 c
el

l

(a)

(b)

Fig. 14. Ray density maps for the cross-hole experiments F55–F54 (a) and F45A–F49 (b).
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pixel, however, with limited angular coverage. The

criteria of travel time misfit and stability between

solution updates were used to understand and char-

acterize the performance of the method. Results

showed high-accuracy synthetic times, and consis-

tent solution tomograms of least complexity verified

by the geological mapping.
9. Results and interpretation

9.1. VSP experiment between shaft F22 and ground

surface

The efficiency of the proposed seismic technique

to resolve small size features in subsurface was

checked by carrying out a calibration experiment

at the site of shaft F22. A known natural cavity,

unveiled during the excavation of shaft F22, was

used to be the target to be detected with the seismic
tomography technique. The image of the recon-

structed velocity field shown in Fig. 17a can be

divided into three main velocity zones: (1) the low-

velocity (b 500 m/s) zone, A, at the top, attributed

to the volcanic tephra layer, which was produced by

the volcanic eruption and covered the entire island

and the prehistoric settlement itself. The layer was

removed during the systematic excavations by Pro-

fessor Marinatos in 1967, and zone A is, today, a

visible remainder of that layer; (2) zone B consist-

ing of medium- to high-velocity (600–1000 m/s)

structures, which is attributed to a layer of ruins

of older age underlying the existing prehistoric set-

tlement. That layer was verified during the shafts

excavations; and (3) the lower zone, C, consisting

of low- to high-velocity structures, which is attrib-

uted to the pyroclastic formation basement rock.

The geologic record (Alexiadou and Fourniotis-Pav-

latos, 2001) for shaft F22 reports a zone of com-

pacted volcanic tuff with stones (Fig. 17b) between
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1 and 2.2 m depth, a less compacted zone of the

same material between 2.2 and 3.1 m depth, a

tephra layer with a natural void of 1.2 m aperture

between 3.1 and 4.3 m depth, and a zone of com-

pacted tuff below 4.3 m depth. It should be men-

tioned here that the smearing of the high-velocity

structures inside zones B and C along the main ray

direction is probably due the limited angular ray

coverage of the VSP layout.

In the zone of interest C, we can distinguish: (1) a

high-velocity structure next to the top of the shaft,

which is in very good correlation with the reported

zone of tuff with stones (Fig. 17c); (2) a low-velocity

(b 400 m/s) structure LV (Fig. 17a) located exactly in

the same position with the reported natural cavity

(Fig. 17b and c); and (3) a medium-velocity structure

observed below LV, which is also in very good agree-

ment with the reported zone of compacted tuff with

stones.
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Fig. 15. Ray density maps for the cross-hole experiments F57–F56

(a) and F43A–F43 (b).
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Fig. 16. Ray density map for the VSP experiment F22.
The calibration experiment indicated that the

adopted seismic method is capable of resolving

small size structures in depth.

9.2. Cross-hole experiments

9.2.1. Cross-hole experiment between shafts F56 and

F57

The reconstructed velocity field of the imaged area

(Fig. 18) is quite complex. Two low-velocity (LV1,

LV2) and high-velocity (HV1, HV2) structures dom-

inate a medium-velocity (500–800 m/s) environment.

The geologic record (Alexiadou and Fourniotis-Pav-

latos, 2001) for shaft F57 notes the dominance of

tephra with volcanic stone intercalations. The zone

between depths 1.1 and 3.4 m in shaft F57 is reported

to consist of more compact materials with lower

rippability.



Fig. 17. Image of the reconstructed velocity field (a) with the geologic record for shaft F22 (b) and the cavity (c) unveiled during the shaft

excavation (photo provided by Alexiadou and Fourniotis-Pavlatos, 2001).
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It is definite that the high-velocity structure HV1

(Fig. 18) is very well correlated to this zone. Accord-

ing to the calibration test discussed in shaft F22, the

low-velocity zones LV1 and LV2 are more likely to

imply the existence of air-filled or semi-filled cavities

situated close to the walls of the shafts.

9.2.2. Cross-hole experiment between shafts F55 and

F54

The reconstructed velocity field is shown in Fig.

19. Low-velocity (b400 m/s) and high-velocity

(N1000 m/s) structures dominate in a medium of

velocities varying from 500 to 1000 m/s. The geo-

logic record (Alexiadou and Fourniotis-Pavlatos,

2001) for shaft F55 reports a zone of medium to
low rippability grades E2–E1, consisting of volcanic

tuff with breccia and consolidated stones between

1.1 and 3.2 m depth; an underlying zone of higher

rippability grade E3, consisting of loose volcanic

tuff between 3.2 and 4.8 m depth, which is in a

very good correlation with the low-velocity structure

LV1 (Fig. 19); and a deeper zone of low rippability

grade E1, consisting of very compact volcanic mate-

rials of sizable stones and volcanic bombs, being in

very good agreement with the high-velocity zone

HV2.

A zone of medium to low rippability grade E2–E1,

between 2.7 and 5.5 m depth, consisting of volcanic

tuff with breccia and volcanic bombs is also reported

for shaft F54, which is in a very good correlation with



Fig. 18. Cross-hole velocity field between shafts F57 and F56.
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the high-velocity zone HV3. Zones HV1 and HV3

seem to form a connected elongated zone observed in

the upper part of the imaged area.

A cavity with aperture 1.1 m from the head of

shaft F54, unveiled during the foundation works of

the shaft, prevented the spread of geophones up to

this depth with a consequent lack of imaging of

area A (Fig. 19). The low-velocity zone LV2

implies the continuation of this cavity toward the

imaged area.
9.2.3. Cross-hole experiment between shafts F49 and

F45A

The image of the reconstructed velocity field (Fig.

20) is characterized by intermediate velocity values

(1000 m/s). An impressive low-velocity structure, LV

is observed next to the middle part of shaft F49. The

geologic record (Alexiadou and Fourniotis-Pavlatos,

2001) for shaft F49 reports a low rippability zone of

compacted volcanic tuff with stones up to 2.3 m

depth, a medium rippability zone of volcanic tuff



Fig. 19. Cross-hole velocity field between shafts F55 and F54.
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with altered volcanic bombs between 2.3 and 2.7 m

depth, a medium to high rippability zone E3–E2 of

loose volcanic tuff between 2.7 and 4.6 m depth, and

a zone of compacted volcanic tuff below 4.7 m

depth.

The high-velocity structure observed next to the

head of shaft F49 (Fig. 20) seems to be in a good

correlation with the highly compacted zone of volca-

nic tuff with stones. However, since the ray-path

coverage in this part of the imaged area is very

poor, the high-velocity structure is considered rather

as an artifact. The medium to high rippability zone

between 2.7 and 4.6 m depth is consequently inter-

preted that, behind structure LV, a sizable cavity exists

next to the wall of shaft F49.
9.2.4. Cross-hole experiment between shafts F43 and

F43A

The image of the reconstructed velocity field

(Fig. 21) is quite complex. Medium seismic velo-

cities (600–1000 m/s), indicative of the pyroclastic

formation basement, dominate the imaged area. Pro-

minent low-velocity (LV1, LV2) and high-velocity

(HV1, HV2, HV3) structures are observed in the

imaged area. The geologic record (Alexiadou and

Fourniotis-Pavlatos, 2001) for shaft F43A reports a

cavity between depths 1 and 3.5 m, unveiled during

the shaft excavation. A zone of ruins of older age is

also reported between depths 3.5 and 4.5 m, which

give a very good explanation for the lower part of

the high-velocity structure HV1 (Fig. 21) imaged



Fig. 20. Cross-hole velocity field between shafts F45A and F49.
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exactly in the same position. The upper part of

structure HV1 is easily explained by the existence

of a screen barrier of older-age ruins reported to

build the back wall of the cavity. The low-velocity

structure LV2 resembles structure LV1 both in

shape and seismic velocity. We believe that LV2

is attributed to a hidden cavity situated close to the

wall of the shaft. The geologic report (Alexiadou

and Fourniotis-Pavlatos, 2001) for shaft F43A

reports a low rippability zone of compacted volca-

nic tuff with breccia and volcanic bombs between

6.3 and 8.5 m depth. This zone explains very well

the high-velocity feature HV3 observed at the same

position.
10. Discussion and conclusions

An accurate high-resolution seismic inversion

technique was used to explore the pyroclastic for-

mation basement at the Akrotiri archaeological site

of Thera Island. The survey was carried out in the

context of a large-scale project in which the old

protective roof cover of the monuments is being

replaced by a new, elaborate, environmentally

friendly structure, which will be supported by 95

pillars embedded in an equal number of foundation

shafts drilled into the formation basement. The tar-

get of the geophysical investigation was the detec-

tion of man-made or natural cavities, the presence



Fig. 21. Cross-hole velocity field between shafts F43A and F43.
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of which was discovered during the excavation of

the shafts.

Seismic cross-hole and VSP experiments were

performed to detect the voids because their presence

might affect the structure stability of the structure

during an earthquake. A number of synthetic exam-

ples and a calibration experiment at a shaft with a

known natural cavity clearly indicated that the tomo-

graphic inversion is capable of providing highly

resolved 2-D velocity models from an adequate num-

ber of travel time data. Within the resolution limits

of the method, all of these tests produced good

results. Acquisition geometry measurements were
very accurate and high-quality seismic records were

obtained.

The seismic tomogram for the VSP experiment that

served as a calibration test revealed the existence of

three layers of interest: the top zone A, which is the

remainder of the tephra layer that was removed during

the systematic excavations; the middle zone B of ruins

of older age verified during the excavations of the

foundation shafts; and the lower zone C attributed to

the pyroclastic formation basement.

The corresponding cross-hole tomographic sec-

tions reveal the same layer sequence, with seismic

velocities varying from 600 to 1000 m/s, and are of
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interest from an archaeological point of view. The

reconstructed velocity fields were quite consistent

with the expected velocities and the structures of

interest based on geologic logs recorded during the

excavation of the shafts.

A set of stability tests was run to check the con-

sistency of the inversion method. The sequence of

checks began with a visual evaluation of the velocity

anomalies and the amplitude of oscillation between

models from successive iterations. Using such inspec-

tions as a convergence check is highly subjective and,

for that reason, a set of statistical measures was used

to determine the reliability of the models.

Travel time residuals verified the validity of the

final velocity depth sections, while model complexity

trends showed a consistency between models after a

certain number of iterations. This consistency indi-

cated that the relative high and low variations in

velocity were, in most of the cases, genuinely repre-

sentative of the arrival time data sets and not some

artifacts of the numerical scheme.
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