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Abstract

Two wells have been equipped in 2002, in order to provide complementary hydrological information within the fram
of the European project devoted to the Corinth Rift Laboratory. In this distensive tectonic domain, temporal series
(Neratzes well) and of piezometric fluid level (Trapeza well) have been recorded in 2002. We present here a first analy
data. As far as Trapeza is concerned, we present the first results of the calibration of the well, using the tidal and b
analyses. The strain sensitivity of the well, as well as the aquifer hydraulic conductivity, is derived from tides, wher
specific storativity of the aquifer and its confinement degree are estimated from the barometric response. These pr
results show that the aquifer has got properties that make possible the observation of coupled tectonic/hydrological p
In addition, the time series let appear some fast and permanent variations of level. We analyse these phenomena an
various assumptions, which could explain these processes. As far as Neratzes is concerned, we present the first dat
from the flowmeter. Contrary to the piezometric data, the flow measurements are not conventional. At the end of this
of measurement, we prove that we are able to record the tides effect using the flowmeter. A prospective analysis of
results will be drawn.To cite this article: V. Léonardi, P. Gavrilenko, C. R. Geoscience 336 (2004).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Mesures hydrologiques dans les puits de la région d’Aigion (golfe de Corinthe, Grèce) : résultats préliminaires. Deux
puits de forage ont été équipés en 2002 en vue d’apporter une information hydrogéologique complémentaire dans le
projet européen consacré au laboratoire du rift de Corinthe. Dans ce contexte tectonique distensif actif, des séries te
de débit (puits de Neratzes) et de niveau piézométrique (puits de Trapeza) de deux aquifères artésiens ont été e
pendant l’année 2002. Nous présentons ici une première analyse des données. En ce qui concerne Trapeza, nous
les premiers résultats de l’étalonnage du puits, issu de l’analyse des marées terrestres, en termes de sensibilité
la déformation et de conductivité hydraulique de l’aquifère. L’analyse de l’influence de la pression barométrique per
ailleurs, d’estimer le coefficient d’emmagasinement de l’aquifère ainsi que son degré de confinement. Ces résultats pré
indiquent que l’aquifère présente des propriétés qui le rendent apte à l’observation des processus tectoniques et hyd
couplés. En ce qui concerne Neratzes, nous présentons les premières données mesurées à l’aide du débitmètre. Co
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à l’issue de
registré à
aux données piézométriques, les mesures de débit ne sont pas effectuées classiquement. Nous prouvons donc,
la première année d’enregistrement, la faisabilité de l’expérience et montrons que l’effet des marées peut être en
l’aide d’un débitmètre. Une analyse prospective de l’ensemble de ces résultats préliminaires sera présentée.Pour citer cet
article : V. Léonardi, P. Gavrilenko, C. R. Geoscience 336 (2004).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Présentation générale de l’expérience

L’aire étudiée se situe dans le contexte extensi
golfe de Corinthe, actif depuis le début du Quatern
[7, Fig. 1]. L’extension y est très rapide, ce q
occasionne une sismicité importante dans le golfe
Corinthe [1].

La géométrie du bassin est contrôlée par un
semble de failles normales, présentant une structu
graben, avec une série de blocs basculés ayant fav
des dépôts sédimentaires très épais, de faciès c
nentaux et marins [6]. Ces séries détritiques se
déposées dans des compartiments abaissées par
des failles normales. Elles constituent un aquifère m
ticouche, dont la perméabilité varie en fonction de
nature et de la granulométrie des sédiments. Ces s
recouvrent des formations carbonatées, qui sont ka
fiées (Fig. 2). Ces deux systèmes aquifères, détritiq
et carbonatés, constituent les principales ressourc
eau de la région d’Aigion.

Deux puits ont été équipés au voisinage des lo
lités de Neratzes et de Trapeza. Ils sont situés de
et d’autre des failles d’Aigion et de Hélike (Fig. 1)
captent l’eau dans les dépôts détritiques quaternai

– la crépine du puits artésien de Neratzes est si
entre 110 et 170 m de profondeur ; un débitmè
électromagnétique de précision 10−4 l s−1 et à pas
de temps de 4 min a été installé sur ce puits ;

– le puits artésien de Trapeza capte l’eau entre
et 130 m de profondeur ; une sonde de press
mesure le niveau d’eau toutes les 10 min.

2. Analyse des données

Les forages de Trapeza et Neratzes présenten
fluctuations de charge hydraulique et de débit
longues et de courtes périodes (Fig. 3) :
é
-

u

s

n

t

:

s

– les variations de longue période (de l’ordre
mois) ont des amplitudes de 20 à 60 cm : e
correspondent à la mise en charge et à la vida
de l’aquifère ;

– les fluctuations de courte période (de semi-diur
à hebdomadaires) avec des amplitudes de
10 cm pour Trapeza et de 3 à 8× 10−3 l s−1 pour
Neratzes correspondent aux variations indu
par les marées terrestres et la pression atmos
rique ;

– en plus de ces fluctuations, le puits de Trap
présente des variations brutales de pression,
décalent le niveau d’eau de 10 à 30 cm
quelques heures ; ces fluctuations ne semblen
être dues aux précipitations, ni à un pompage d
le voisinage, mais à un problème d’installatio
en effet, elles n’apparaissent plus depuis quelq
mois.

Les fluctuations de courtes périodes ont été utilis
pour étalonner le puits de Trapeza et pour esti
les propriétés hydrodynamiques de l’aquifère [4
L’analyse de la réponse aux marées terrestres (Fi
exécutée sur les six premiers mois de données, pe
en dépit de barres d’erreurs importantes, d’extraire
conductivité hydraulique de 9× 10−6 m s−1 et une
sensibilité à la déformation de l’ordre de 0,7 m po
une déformation de 10−6. Quoique les barres d’erreu
sur les ondes de marées observées soient importa
les paramètres de l’aquifère sont raisonnables. No
que la sensibilité du puits à la déformation (garante
lien entre tectonique et observation hydrologique)
relativement élevée.

En ce qui concerne l’analyse barométrique (Fig.
nous calculons, en dépit d’une grande dispersion s
détermination de l’efficacité barométrique, une val
de la diffusivité verticaleCv = 0,012(±0,01) m2 s−1

et un coefficient d’emmagasinement spécifique
6,4 × 10−7 m−1 [2,10,11]. En ce qui concerne N
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ratzes, l’analyse du signal observé montre une se
bilité à la déformation au sein du puits de l’ordre
0,05 l s−1, pour une déformation de 10−6.

3. Discussion et conclusion

À la suite de l’analyse des données du puits
Trapeza et sur la base de ses caractéristiques
nies au paragraphe précédent, l’utilisation de ce
nier comme observatoire sismo-hydrologique sem
pertinente. Nous présentons une modélisation de
fets attendus pour un séisme qui serait l’analogue
séisme d’Aigion, du 15 juin 1995,Ms = 6,2 [3].
À partir du champ de déformation associé au séis
nous avons calculé la réponse temporelle qui résu
rait de cet événement, en prenant en compte le d
de confinement calculé à partir des données baro
triques (Fig. 6). Il apparaît qu’un séisme analog
à l’événement d’Aigion serait clairement observa
dans le puits de Trapeza, aussi bien en amplit
qu’en durée du signal observable. L’intérêt, lorsq
nous disposerons de l’empreinte hydrologique d
signal tectonique, sera, d’une part, de valider l’étal
nage, mais aussi de repérer les éventuelles déviati
ce modèle de comportement. Ceci constituera une
formation complémentaire des observations effectu
dans les puits profonds du projet du Laboratoire du
de Corinthe.

1. General presentation of the experiment

Two wells have been equipped at the beginning
2002 in the Aigion area within the framework of th
Corinth Rift Laboratory project. We present here a fi
analysis of the recorded data and an assessment o
year of recording.

1.1. Structural setting and hydrogeology of the
Aigion area

The studied area is located in the Gulf of Corin
which has been an active rift since the Earlier Q
ternary [7]. The extension is particularly active (
1 to 1.5 cmyr−1) with an important seismic activ
ity [1]. The normal faults control the geometry of th
sedimentary basins organized in grabens with ti
blocks. This structure in grabens induces thick Q
-

à

e

ternary sedimentary deposits, with a continental
marine facies ([6, Fig. 1]).

These detrital sequences, settled in compartm
lowered by the normal faults, constitute a multilay
aquifer, with a variable permeability according to t
nature and grain-size distribution of the sedimen
They overlie a karstic aquifer, which is fractur
and tilted by the system of normal faults, and wh
outcrops southward between the altitudes of 1
to 2000 m. These two aquifer systems (detrital a
karstic) are the main water resources in the Aig
area.

1.2. Well data acquisition

The survey boreholes of Neratzes and Trape
located in the blocks limited by the faults of Aigio
and Helike, catch water from the Quaternary detr
deposits (Figs. 1 and 2):

– Neratzes: this artesian well catches water betw
depths of 110 and 170 m; the equipment is
electromagnetic outflow-meter with a sensitiv
of 10−4 l s−1, and a step of measurement time
4 min;

– Trapeza: this artesian well catches water betw
depths of 90 and 130 m, and a pressure se
measures water level every 10 min; the top w
of the aquifer is formed by 40 m of impermeab
marls; the Trapeza well does not reach the lim
stone, but field studies and water chemistry pr
that the boundary of karstic aquifer is close to
Trapeza aquifer (Fig. 2).

These equipments were installed at the beginn
of 2002. Corrosion due to aggressive local water
partially damaged the installation during the seco
part of the year, so that only 6 months of records
currently available. These problems have been so
at the beginning of 2003.

2. Preliminary processing of data

2.1. Preliminary remarks

The analysis of hydraulic pressure and outfl
from the Trapeza and Neratzes wells allowed us
identify two kinds of variations (Fig. 3):
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Fig. 1. Structural setting of the Aigion area (modified from [6]).

Fig. 1. Contexte structural de la région d’Aigion (modifié d’après [6]).
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– long-term variations (of the order of the mont
with amplitudes of 20 to 60 cm for Trapeza; th
are related to groundwater recharge and to
emptying of the aquifers;

– short-term variations (semi-diurnal to weekly
with amplitudes of 3 to 10 cm for Trapeza and
3 to 8× 10−3 l s−1 for Neratzes; these variation
seem to be induced by the atmospheric pres
variations and by the tidal deformations, as
will see later.

In addition to these variations, we observe f
changes of water level in the Trapeza well. The wa
level increase or decrease can reach 30 cm, with a
constant of a few hours (see the ‘zoom’ in Fig.
These variations have been induced by a problem
installation and by the corrosive power of water.

Since a few months, the well is closed by a plas
system, which cannot be corroded by the water
these variations did not appear anymore.

2.2. Analysis of the data of Trapeza well

The observed variations of water level in wells
sult from a set of physical processes that affect
aquifer. These naturally caused processes allow
ally, when hydrological tests have not been perform
to fix the values for the hydrodynamic and poro-elas
parameters of the aquifer. We present here a pre
inary analysis of the variations observed within t
Trapeza well, which covers six months of monitorin
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Fig. 2. Geological cross-section of the Trapeza area.

Fig. 2. Coupe géologique du site de Trapeza.
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2.2.1. Analysis of the earth tides
This type of analysis has been developed in

past [4,8]. Usually, one observes mainly the diur
and semi-diurnal waves inside the well. This effec
shown in Fig. 3, where the amplitude of the spectr
of the Trapeza signal has been reported. One obse
clearly diurnal (around 1 cycle/day) and semi-diur
(around 2 cycles/day) tidal waves in this figure. Af
removing the low-frequency variations in the sign
in order to extract the tidal effect, a visual inspecti
indicates that the tidal signal seems to remain sta
with time for the six months of analysis. The aqui
is strained by the tides and this allows the fluid
flow in the well. This is what we observe here. Th
flow process depends on the properties of the po
medium. According to [5], the observed signal in t
Fourier domain can be written as follows:

(1)W(ω) = h(ω)Γ (ω)

whereW is the water level recorded in the well,h
corresponds to the pressure fluctuations (expre
in terms of water-level variations) inside the aqui
due to the tides effect,Γ (ω) is a function in the
complex plane, which depends on Kelvin functio
of order 0 and 1, which depend themselves on
hydrodynamics properties of the medium and on
geometric characteristics of the well. In addition, t
pore-pressure variation in the aquifer can be relate
s

the deformationε0 through the expression:

P = −BKu ε0

whereB is the Skempton coefficient andKu is the
undrained bulk modulus [9]. As a consequence,
analysis is based on a comparison between the
signal and the signal observed in the well. On
practical side, we match the signal with a line
series of sine and cosine waves whose frequencie
those of the principal diurnal and semi-diurnal tid
waves and a least-square regression is performe
order to determine the linear coefficients of the ser
Fig. 4 shows the amplitude ratio and the phase
for diurnal waves (Q1, O1) and semi-diurnal one
(N2, M2) of respective frequencies (0.893, 0.929) a
(1.896, 1.032) cycles per day. Since theQ1 and the
N2 waves are not far above the noise level, th
calculated characteristics must be taken cautiou
However, these values seem to be consistent with th
derived forO1 andM2. This is why we kept them
in our analysis. The tide signal is obtained from t
theoretical signal that has been calculated using
program ETGTAB coded by Wenzel [12]. The erro
displayed in Fig. 4 correspond to the errors on
determination of the characteristics of the harmo
waves. Let us notice that since the duration of
signal is not sufficient (six months), the error b
is very large. The best fits of the amplitude ra
and of the phase lag of the diurnal and semi-diur
waves allow us to extract a hydraulic conductiv
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Fig. 3. Water-level and outflow changes in the studied wells and amplitude spectrum of the Trapeza signal.

Fig. 3. Variations de niveau d’eau et de débit dans les puits étudiés et spectre d’amplitude du signal de Trapeza.
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s observées.
Fig. 4. Trapeza Calibration using tidal waves: amplitude ratio and phase lag between the theoretical waves and the observed o

Fig. 4. Trapeza : calibrage utilisant les ondes de marée. Rapports d’amplitude et déphasage entre les ondes théoriques et les onde
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k = 9× 10−6 m s−1 and a strain sensitivity aroun
0.7 m for a strain of 10−6. Let us notice that the strai
sensitivity of the well is rather elevated.

2.2.2. Barometric analysis
The barometric efficiency is defined as the ra

between the pressures observed in the well and
barometric pressure. The variations of the barome
pressure cover a much larger band of frequencies
tides waves and usually depend on the frequency.
dependence is due to the vertical fluid flow to the wa
table and provides information on how the aquifer
confined. The frequency dependence of the barom
efficiency can be expressed as [10]:

(2)Eb(ω)= αψ(ω)

whereα = 1 − B(1+νu)
3·(1−νu)

(νu is the undrained Poisso
coefficient) andψ(ω) is the complex function tha
depends on the vertical diffusivityCv (to be deter-
mined) and on the depth of the point of measurem
compared to the depth-water table (known). The ba
metric efficiency is calculated in the Fourier doma
using the procedure described in [11], following t
recommendations of [2]. Excepted at tidal frequenc
we can write:

(3)Eb(ω)= BW(ω)/BB(ω)
where the notationXY(ω) corresponds to the cros
spectrum between signalsX(t) andY (t). In our case,
B(t) andW(t) are respectively the barometric pre
sure (divided byρg) and the water level. The barome
ric efficiency is calculated following (1), by dividin
the signal in several blocks of similar length. As t
available signal was rather short, two blocks of 20
of hourly data have been used. As a consequence
results are strongly dispersed. A fit of the barome
efficiency using Eq. (2) allows us to determine the
rametersα andCv. The results are reported in Fig.
The best fit is obtained forCv = 0.012(±0.01)m2 s−1

and α = 0.46(±0.12). The specific storativity may
be calculated from the value ofα using the relation-
ship Ss = ρfgφ/Kf/Eb, whereφ is the porosity and
Kf is the bulk modulus of the fluid. We obtainSs =
6.4× 10−7 m−1.

2.2.3. Analysis of the pluviometry
With regard to the measured variations of prec

tation in the two closest stations (located near the
and in the mountains), there are two seasons of
cipitations, in March and December. As we need m
than one year of water-level measurement to iden
the time lag between precipitation and water lev
we can only estimate the time of seepage of pre
itation to the aquifer: it is probably of the order
several months. Once the analysis will have been
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Fig. 5. Barometric efficiency versus frequency. The black d
correspond to the calculated points. The solid line is the theore
fit.

Fig. 5. Efficacité barométrique en fonction de la fréquence.
points noirs correspondent aux points calculés. La ligne cont
est la courbe théorique ajustée.

formed, we will be able to define the flow conditio
in the aquifer by calculating a transfer function, taki
into account the recharge associated with precip
tions and the response observed in the well. This
allow us to remove the long period variations in t
signal and to define the possible anomalies that m
affect the signal.

2.3. Analysis of the Neratzes well

The tidal effect that we have observed in t
Neratzes well seems to indicate that the measurem
with the outflow-meter will provide a suitable tool
the future.

The outflow data of the Neratzes well are ve
disrupted due to installation problems that appea
during the first year of recording. Although these pro
t

lems are solved now, a detailed analysis is not
possible. Nevertheless, the data indicate that this
of unconventional measurements is valid. The am
tude spectrum calculated for the first three month
signal shows distinct tidal waves. The analysis of
observed signal gives a sensitivity of the well close
0.04 l s−1 for a strain of 10−6.

3. Discussion and conclusion

In order to test the ability of the Trapeza well to
used as a ‘seismo-hydrological’ observatory, start
from its characteristics defined in the previous sect
we present here a modelling of the effects which
expected for an earthquake which would be analog
to the Aigion event of 15 June 1995 (Ms = 6.2). In
that purpose, we use the fault model published in
and we calculate the resulting coseismic deforma
field. The results are shown in Fig. 6. It appears t
the expected deformation should be around 4× 10−7,
which is likely to yield a coseismic water level drop
around 0.4 m (the well is situated in the dilated are
The water level goes back to zero according to
equationW(t) = Ws · erf(z/(4 · Cv · t)0.5), whereCv
is the vertical diffusivity,Ws is the coseismic water
level change and erf is the error function. Fig. 6 sho
the time constant that is associated with the diffus
process toward the water table. It appears that an e
analogous to the Aigion earthquake should be cle
observed, as well as in amplitude and in duration.
us keep in mind however that the hydromechan
model is based on a poro-elastic description of
coupling, and that the fluid is supposed to circulate
a homogeneous medium. The deviations to this t
of behaviour will provide complementary informatio
to that given by the deep boreholes drilled in t
framework of the Corinth Rift Laboratory project. Th
development of a larger network of observation we
would constitute an important element for tracking
heterogeneity of fluid flow in the Corinth area.

Finally we have to emphasize that the calibrat
is a very preliminary one. We have seen that ano
alous events affected the signal during the time
recordings on which the calibration was done. Ev
though it introduces some noise that makes the c
bration analysis less reliable, it does not seem to h
an effect on the calibration itself. Recent recordin
in the Trapeza well (where the perturbations have
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Fig. 6. Strain field corresponding to an earthquake analogous to theMs = 6.2 Aigion earthquake and expected water-level change.

Fig. 6. Champ de déformation correspondant à un séisme analogue au séisme d’Aigion (Ms = 6,2) et variation du niveau d’eau attendue.
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appeared) seem to confirm the preliminary calibrat
presented here.
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