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Abstract

Tomographic methods, after their successful application in medicine, have
started recently to be applied in various geological problems. In the
present work, we have developed a methodology to delineate karst within
coastal aquifers in order to locate the most appropriate sites for
constructing fresh water wells. A simultaneous iterative reconstruction
technique has been developed and was complemented with an accurate ray-
tracing method in order to obtain an accurate tomographic image of the
karst. The technique was applied to a coastal aquifer in central Greece and
revealed a low velocity zone within the limestone which was later verified
by drilling to correspond to a well developed karst within the rock mass,
discharging large quantities of fresh water into the sea.

1 Introduction

Tomographic methods after their successful application in nuclear medicine
(e.g. Cormack [4], Gullberg [10]), have started recently to be applied in
various geophysical problems. Seismic tomography has been used for a
number of applications of different kinds. Among these we may mention
mineral exploration in mines (Gustavsson et al [11]), fault detection in coal
seams (Mason [21], Bodoky et al [2]), stress monitoring in coal mines
(Kormendi et al [18]), cave detection (Vazquez et al [27]), dam investigation
(Cottin et al [6]), oil recovery projects (Macrides et al [22]) and rock
investigation in connection with disposal of nuclear fuel waste Wong et al
[28], Ivansson [15], Peterson et al [23], Gustavsson et al [11], Cosma [5], and
Hammarstom et al [12]).

The purpose of the present investigation is to apply a seismic imaging
technique employing cross-gallery data to delineate the karst between two
galleries in a limestone coastal aquifer in central Greece. .

A classic geophysical tomography problem is to reconstruct a velocity
profile for some portion of the earth that travel times agree with the
measurement. In practice, this is done by solving a large, sparse, least



94 Environmental Problems in Coastal Regions

squares problem. Traditional, least-squares problems in geophysical
tomography have been solved by row-action methods such as: the algebraic
reconstruction technique (ART) (Tanabe [25], Censor [3]). the
simultaneous iterative reconstruction technique (SIRT) of Gilbert (Gilbert
[8], Dines & Lytle [7], Ivansson [14]), the singular value decomposition
(SVD) of Golub & Reinch [9] (e.g. Kanasewich & Chiu [17], Bishop et al
[1]), the conjugate gradient (CG) algorithm of Hestenes & Stiefel [13] (e.g.
Scales [24]).

In the present research, an algorithm was developed based on the SIRT
method, (Simultaneous Iterative Reconstruction Technique). The
tomographic reconstruction algorithm was implemented by a fast and
accurate dynamic ray-tracing method for heterogeneous media based on
the works of Langan et al [20] and Lafond & Levander [19].

2. The geotomography problem

Tomography involves production of an image of a medium from data that
are line integrals of the parameter to be imaged. One of the simple
problems in geophysical tomography is the inversion of traveltimes to
obtain a subsurface velocity structure. The datum for seismic tomographic
imaging is the integral of the slowness along a specified path through the
medium.

Fig 1: Typical cross-gallery seismic tomography arrangement (modified
from Ivansson[16])

A typical simple two-dimensional source to receiver configuration
involving galleries is depicted in Fig.l. Sources S(x,y) are excited
sequentially in galleriy 1 and recorded on a string of recordeis R(x,y) in
gallery 2. Each S is recorded at each R to provide a dense sampling of the
medium between the galleries. The time spent by the seismic signal to travel
from source to receiver along the ray is

tsr “Lsr/Vsr (H

where Vs is the mean velocity along the raypath L. By using usg as the
slowness: ’
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The integral expression of eqn3 is
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Fig 2: A ray in a 2-dimensional model.

By dividing the region to be imaged into a regular grid of cells and
assigning a slowness uj in the (i,j) cell, the limit of eqn4 becomes

tys = Z Zug/ﬂ, ()
i
where AL (Fig.2) is the length of the intersection of the ray (S,R) with the
cell (i,j).
A simple form for AL is

Lsr

9 e
ALy =2 ©

where L, is the total length of a given ray and Ksg is the number of
cells crossed by the ray. Eqn5 can be written
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where his g is 1 if the ray (S,R) crosses the cell (i,j) and 0 otherwise.
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A common practice is to use smoothed values instead of uj, allowing a
certain contribution of the adjacent cells. The smoothmg relations can
facilitate the solution of the problem specially in the case of poor ray
coverage and noisy data. The following smoothing expression is adopted

i+P  j+r
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where p and r give the extend of the smoothinn and W is the weight of
the central cell. The, smoothing is weighted also by N;;, the number of
rays crossing the adjacent cells. An initial guess u%; is made for u; and
prcnagation times are computed from eqn7. The differences between the
measured and computed propagation times are found:

Atosp = tsg - togp )

It is important to note that the error in apparent slowness is estimated
for every ray by taking the average slowness for all rays crossing the
same pixel
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and the corrected slowness becomes
uy =+ Ay (11)

the whole process is reiterated with the new values following the
simultaneous iterative reconstruction technique- SIRT (Dines & Lyttle

[7D-
3. Ray bending

So far data functionals used for the inversion procedure have been
linearized by using fixed (straight) integration curves (see eqns 4&S5).
This may result in certain artifacts when the velocity structure is not
homogeneous. The algorithm which we have developed considers
realistic raypaths obeying Snell’s low. We based our calculations on the
kinematic raytracing procedure described by Langan at al [20] and the
dynamic raytracing algorithm proposed by Lafond & Levander [19].
Starting with the raytracing system derived from the the eikonal
equation
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where u(r) is the slowness at position r, L is the travel path length and
integrating the above equation twice we obtain

"=r, +n0f <L+ I IV "lr)dL*dL’ (13)

where 1o and n, are the position and direction of the ray at L=0. Defining
a constant slowness gradient G as

V,u(r)

G= ) (14)

and integrating eqnl3 approximately and keeping terms to the second
order in G we obtain
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with k=Ginoi, =Gi/ns and the index i running all over the three
coordinates.
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Fig 3: Ray bending geometry.

The direction n of the ray is obtained by differentiaing 15 with respect
to the travel path L
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and finally the travel time t(L) is obtained by integrating the product of
the slowness and the ray direction along the travel path

r(L):Lnu[ld-ngé"“(G?—kI)] (17)
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A simplified geometry of the raytracing is depicted in Fig.3. Following
Lafond and Levander [19], for each cell we set the left hand side of
eqnl$ to a position on one of the cell, boundaries and L is derived using
Newon's method. Eqns 16 and 17 are used to compute the new ray
direction and travel time and the process continues with the updated
quantities for the next cell. Bicubic splines are used to interpolate
between interfaces and Snell's law is used to assess the change of
direction. A computer algorithm in turbo Pascal was written for the in-
situ tomographic analysis of the collected data via a microcomputer
(Tselentis and Piliuras [26]).

4. The field data

Data were collected at the Aluminum of Greece S.A. factory plant at
Antikira (central Greece). The purpose of the field investigation was to
delineate the geometry of the karst in the coastal limestone mass which
consisted the only potential aquifer of the region. Since the rock mass of
the limestone rock is relatively homogeneous and impermeable, the
groundwater flow patterns are dominated by the major fracture zones
and the karst. One major karstic zone was crossed during the
construction of a gallery and resulted in considerable production rates.
In order to delineate the geometry of the karst it was decided to perform
a detailed tomographic investigation of the rock mass.

The first stage of the research initiated by contacting a detailed
underground topographic mapping of the geometry of the galleries.
Fig.4, depicts the geometry of the galleries and the source-receiver
arrangement used. Data were collected using an ABEM Terraloc 24
channel signal enhancement digital seismograph. The seismic signals
were generated by impacting with a hammer steel piles driven and
cemented into the rock mass. First arrival times of seismograms were
hand picked on a high-resolution graphics terminal. When more than
one seismograms were available for the same source-receiver pair,-the
first arrival picks were averaged to give a single value. Twenty four
geophones (digital grade wide band, natural frequency 10Hz, Sensor-
Geosource) were locked along the sides of one gallery with cement at a
spacing of 25 cm (Fig.5). Since the galleries were half filled with water,
continuous pumping was necessary and was terminated only during
recording times in order to improve signal to noise ratio.

Fig 4: Geometry of the galleries and source-receiver arrangement.

The seismic measurements were performed at two levels, i.e. 0.2m and
| m above the base of the galleries. Fig.6a,b depicts the results of the
tomographic analysis at the two levels respectively. It is evident that the
karst has been crossed by the first tomographic section while it is absent
in the second section 1 m up, suggesting that its direction is from below
upwards. Its position is towards the northwestern part of the section and
this is in agreement with the results obtained from the exploratory
drilling.

Fig 5: Results from the tomographic analysis. (a) Upper section, the
light area is due to side reflections and does not correspond to karst.
(b)Lower section, the karst is located towards the NW part.



Conclusions

In the present paper we developed a simultaneous iterative
reconstruction technique complemented with an accurate ray-tracing
method and we applied it for the seismic tomographic investigation of a
karst in central Greece. The analysis of the collected data showed the
geometry of the karst and pointed out the potential of seismic
tomographic techniques. in the solution of complicated geological
problems.
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