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a b s t r a c t

The activity concentrations of 137Cs in the water column of the Saronikos Gulf and Elefsis Bay (Greece)
determined during four cruises between winter 2007 and winter 2009 are evaluated in the present
study. The activity concentrations of 137Cs ranged between 1.0 � 0.3 and 6.5 � 0.7 Bq m�3 (mean:
2.7 � 1.6 Bq m�3), depending on sampling depth and season with a tendency to background levels.
Regarding the vertical distribution of 137Cs, maximum concentrations were observed in the interface
between water and sediment during autumn and winter as a result of thermocline break-down at the
end of winter that caused surface 137Cs to sink into deeper layers. The mean surface residence time of the
Chernobyl-derived 137Cs in the Saronikos Gulf was estimated to be 15 � 4 y, whereas the effective and the
ecological half-lives of 137Cs in the study area were 6.2 � 1.5 and 7.8 � 1.9 y, respectively. Finally, the
inventories of 137Cs varied between 0.052 � 0.004 and 1.315 � 0.129 kBq m�2 (mean:
0.355 � 0.302 kBq m�2), being in the lowest level comparing to the direct atmospheric deposition after
the Chernobyl accident.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Interest in determining the levels of 137Cs mainly stems from its
usefulness as environmental tracer (e.g., Delfanti et al., 2003;
Florou et al., 2003). If environmental samples have a high
concentration of this important man-made radionuclide, deter-
mining the levels of 137Cs in seawater, soil and sediment is impor-
tant for radiation protection. Cesium-137 has been produced and
released into the environment by human nuclear activity, including
nuclear weapon testing, the operation of nuclear power plants,
research reactors, and nuclear fuel reprocessing. Nuclear accidents,
such as the Chernobyl accident, have also released large amounts of
radionuclides into the environment. Therefore, isotopic determi-
nations of natural and anthropogenic radionuclides are required for
environmental monitoring, nuclear safeguards and nuclear forensic
studies (Abdi et al., 2008).

On the other hand, several workers have proposed 137Cs as
a tracer tool of marine processes, such as resuspension of bottom
sediments and remineralization and as a chronological tracer as
well (Delfanti et al., 2003; Evangeliou et al., 2009; Florou et al.,

2012). Moreover, 137Cs is a conservative element, present in
seawater as the Csþ ion. It is transported following the water
masses and its vertical profiles in the water column are controlled
by physical processes. Thus, it is a powerful tracer for vertical
mixing, deep water formation processes and resulting basin
exchanges (Smith and Ellis, 1982; Calmet and Fernandez, 1990;
Brydsten and Jansson, 1989; Papucci and Delfanti, 1999; Delfanti
et al., 2003; Evangeliou et al., 2009).

The Saronikos Gulf is located in the Eastern Mediterranean Sea
directly connected by the Dardanelle Straits, the Sea of Marmara
and the Black Sea. As the Black Sea output is the major interregional
source of 137Cs in the Eastern Mediterranean, this area presents
great interest, since their waters could be potentially enriched in
137Cs. Therefore, the main motives of the present work were (i) to
define the vertical profiles of 137Cs in the area, to determine if they
are influenced by the Black Sea via the Northeastern Aegean
currents; (ii) to examine potential vertical processes that might
distribute it; (iii) to investigate if there is seasonality in our data
caused by weather processes; (iv) to estimate the inventories of
137Cs, in order to compare the present radiological status to the pre-
Chernobyl age and finally (v) to estimate the residence times of the
Chernobyl-derived 137Cs, as well as the ecological half-life in the
area of sampling.
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2. Study area

The present study was carried out in the west-central Aegean
Sea region (Saronikos Gulf and Elefsis Bay, Greece) (Fig. 1). The
Saronikos Gulf is a typical semi-enclosed marine environment,
which comprises two main sections, the eastern and the western
ones, separated by the Aegina Island (Fig.1). The eastern section has
relatively uniform topography, with a maximum depth of 200 m to
the southeast of Aegina Isl. to 90 m between Aegina Isl. and Vou-
liagmeni. The main body of the eastern basin has maximum depths
between 70 and 90 m (triangle between Aegina e Salamis e Vou-
liagmeni). The western part of the Saronikos is deeper (>400 m). At
the north of the Gulf lays the Elefsis Bay with maximum depth of
about 30 m. The Bay is joined to the Gulf by two narrow and
shallow inlets. The Piraeus Port, which is one of the greatest in the
Mediterranean Sea, is located about 1 km southern of the eastern
inlet.

The Saronikos Gulf is one of the most pollutedmarine regions in
Greece as a large amount of industrial and urban sewages end up to
its coasts, sometimes without even having been submitted to prior
treatment (Zacharias and Fakiris, 2005). Urban sewage of the city of
Athens was discharged untreated in the Saronikos Gulf for many
years and that was the major reason for its pollution. Only a few
years ago a treatment plant was constructed to protect the Sar-
onikos Gulf (Wastewater Treatment Plant of Psitalia, WWTP),
located on a small island near the Piraeus harbour and the Keratsini

Bay. An approximate 800.000 m3 d�1 of treated waste is discharged
(Zeri et al., 2009) at approximately 62m depth. Significant amounts
of nutrients also outfall directly into the Elefsis Bay as, along the
bay, more than 30 industries are located (oil refineries, steel mills,
shipyards, etc.) (Voutsinou-Taliadouri, 1981). In the main Saronikos
Gulf the effect of WWTP outflow is evident, as a plume of nutrient-
rich water extends about 20 km south of the Salamis Island
(Friligos, 1982). Fishery activities are also important in the Gulf,
mainly in the central and its southern side.

In the southern part of the Saronikos Gulf, under the influence of
north winds, circulation is cyclonic during both winter and
summer. Two cyclonic currents exist: a larger cyclone in the eastern
basin, and a smaller one in the southern of the Gulf. Under the
influence of northwestern winds, an anticyclone appears in the
surface waters in the southeast, whereas a cyclone develops in the
northern and western parts. In deeper waters, the cyclone
progressively disappears and the anticyclone prevails
(Krasakopoulou and Karageorgis, 2005). Stratification develops
during early spring, maximizes during late summer and breaks
down in winter (Laskaratos, 1984). Regarding fresh water, in addi-
tion to the WWTP, the Gulf receives low rainfall inputs (Therianos,
1974) and some inputs from small rivers and ephemeral streams
(Kifissos and Ilissos) (Fig. 1).

The water in the Elefsis Bay is 2e3 �C colder than the Saronikos
Gulf during winter and the hydraulic flux of the seawater lies from
western to the eastern side. Stratification starts duringMarch and is

Fig. 1. The sampling location and the selected sampling stations (Saronikos Gulf and Elefsis Bay, Greece).
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completely developed during August with a thermocline observed
at about 15 m depth. During winter water column is fully homog-
enous as a result of wind driven currents. Salinity near the coastal
regions of the Elefsis Bay is lower due to brackish wastes and
subwater springs that outflow to the Bay (Scoullos and Riley, 1978).

3. Materials and methods

Samples from 7 stations (S.1eS.7) were collected (Fig. 1) with
final depths between 30 and 220m (2 of them in the Elefsis Bay and
5 in the Saronikos Gulf) during 4 cruises in winter 2007, summer
2008, autumn 2008 and winter 2009. During the winter 2007
cruise, a technical problem occurred and samples from stations S.3,
S.5 and S.7 only were collected. The method used for 137Cs deter-
mination has been described in detail by Roos et al. (1994) and
Evangeliou et al. (2009). Temperature and salinity were determined
by an in-situ CTD, model YSI 53.

3.1. Sampling of particulate and dissolved 137Cs

Three high volume in-situ pumps (one manufactured by Chal-
lenger Oceanic Systems and Services, UK and two by McLane Labo-
ratories, USA)were deployed at every selected depth of the stations.
Seawaterwas directly pumped through amanifold consisting of one
disc pre-filter and two Cu2[Fe(CN)6]-impregnated cartridges (see:
3.2) connected in series and finally through an impeller-based
flowmeter to record the volume of the water filtered. Sample
volumes of 500e1000 L were processed at flow rates of
0.3e1.0m3h�1. The accuracyof theflowmeterwas�2%, operating in
a range of 22.7e2730 L h�1 (Simpson, 1997; McLane, 2004).

The in-situ pumps separated dissolved and suspended particu-
late phases via filtration through a pre-cleaned, pre-combusted
Whatman GF/A disc filter (pore size of 0.6 mm, diameter of
142 mm). It has been found that these filters are easy to handle and
they have a high loading capacity and a very low radionuclide blank
(Mann et al., 1984; Livingston and Cochran, 1987).

3.2. Impregnation of Cu2[Fe(CN)6] cartridges

Cotton wound cartridge filters (25 cm long and 1 mm pore size)
were used for impregnation. Impregnation was obtained by circu-
lating water solutions of K4[Fe(CN)6] (5 g in 1 L of distilled water)
and Cu(NO3)2 (5 g in 0.5 L of distilled water) in a closed loop,
employing a small pump and the filter to be impregnated. The
filters collected the redish-brown Cu2[Fe(CN)6] precipitate formed.
When the circulating solution was clear, the impregnated filters
were removed from the loop, they were dried in an oven at
60e80 �C for 24 h and packed for sampling (Roos et al., 1994;
Evangeliou et al., 2009).

3.3. Caesium-137 treatment and analysis

After sampling, the filters were transferred to the laboratory.
The disc filters were air dried, rinsed with distilled water to remove
the residual salts and directly measured by gamma spectrometry
after transfer to a measurement pot (radius 7.1 cm; and height
1.0 cm). The cartridges were dried and ashed in ovens at 350 �C. The
remaining ash was transferred into special measurement pots
(radius 3.4 cm; and height 2.0 cm), sealed and measured with
gamma e spectrometry.

Themeasurements were carried out in a gammae spectrometry
system comprised of a high-purity Germanium detector (Canberra
Coaxial HpGe Detector System) with a relative efficiency of 90% and
resolution of 2.1 keV (at 1.33 MeV photopeak of 60Co). The HpGe
detector is connected to a multi-channel analyser and the whole

system is controlled using specialized software (Canberra Genie,
2000). The duration of each measurement was at least 7 � 104 s,
usually overnight and the gamma line used for activity calculations
of 137Cs was 661.6 keV.

The energy calibration was performed using standard active
sources of 22Na, 54Mn, 57Co, 60Co, 109Cd, 133Ba, 137Cs and 241Am
covering an energy range up to 2000 keV (0.25 keV/ch). The
detector’s efficiency was calculated (in connectionwith the energy)
using a standard active source of 226Ra (240 Bq) under the same
geometry as the measurement pot. In the present study, the
geometries used were of small volume (radius 7.1 cm; and height
1.0 cm e radius 3.4 cm; and height 2.0 cm) and the efficiency
calibration was performed using the same geometries; thus the
self-absorption was assumed to be negligible. For justification, self-
absorption was checked using Monte Carlo efficiency transfer, code
DETEFF and it was found to be insignificant. The quality assurance
of the measurements is checked periodically by participating in
proficiency tests (e.g., within 2010 our laboratory has participated
in two tests, IAEA-CRP1471-01 proficiency test and an EC inter-
laboratory comparison JRC-IRMM).

Once the seawater sample was filtered, it was passed sequen-
tially through 2 cartridge filters that have been impregnated with
Cu2[Fe(CN)6] (see: 3.2). The collection efficiency for each sample
was calculated from the pair of Cu2[Fe(CN)6] cartridges by the
Eq. (1):

Að137CsÞ ¼ A1

E
¼ A1

1� A2

A1

(1)

where A1 and A2 are the 137Cs activities of the first and second
Cu2[Fe(CN)6] cartridge, respectively and E is the collection effi-
ciency (Roos et al., 1994).

The collection efficiencies (E) of the cartridges were checked for
all analyses presented and a mean value of 90 � 3% was found.
Previous studies have shown that collection efficiencies below 50%
usually result in overestimations of 137Cs activities (Roos et al.,
1994). However, in the present study the efficiencies of the
cartridge filters were kept at 90%. The uncertainties for 137Cs
activities in the first and the second filter (A1, A2) were 1s values
derived from counting statistics (typical counting statistic error was
approximately 8%). The final uncertainties of activity concentra-
tions of 137Cs were estimated by propagation. The activity
concentrations of 137Cs presented in the study have been corrected
for decay to the date of sampling. It should be noted that 137Cs in
particulate form was below the detection limit (0.1 Bq m�3) and
thus it is not included in the results.

4. Results and discussion

4.1. Winter 2007

The activity concentrations of 137Cs together with a set of
physicochemical parameters of the Saronikos Gulf during winter
2007 are plotted against the depth in Fig. 2. Due to technical
problems samples from 3 stations only were collected (stations S.3,
S.5 and S.7). The winter 2007 values were amongst the lowest
determined from all campaigns (from 1.4� 0.3 to 3.2� 0.4 Bq m�3)
similar to those of the pre-Chernobyl age (1.5 Bq m�3, Florou et al.,
2010). Although seawater of the Saronikos Gulf is purified by
Aegean Sea within few months (Hopkins and Coachman, 1975), no
impact from the North Aegean Sea was recorded. Moreover, land
impact was found insignificant in this area since the only fresh
water inputs were the WWTP of Psitalia outflows and 2 ephemeral
streams (Kifissos and Ilissos) and moreover this is evident by the
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prevailing surface salinity values (Fig. 2). A temporary stratification
was found in S.3, due to the low saline e low density discharges
from theWWTP of Psitalia at 65m depth. At stations S.5 and S.7 the
water column was well mixed due to weather processes. The
profiles of 137Cs showed higher activity concentrations in the
surface layers decreasing with the depth. The slight increase of
137Cs just above the sediment at S.5 is attributed to the desorption
of caesium from sediments. Evangeliou et al., 2010, 2011 observed
enhanced resuspension in the same region of the Saronikos Gulf
based on suspended particles and particle-reactive species
measurements. Since, S.5 station is located next to the ship
anchorage area of the Piraeus Port (one of the greatest in the
Mediterranean), the bottom layer is enriched by resuspended
sediments, caused by the vessel anchors; Thus, a part of 137Cs is
likely desorbed from particles and remains dissolved in seawater,
due to its conservative nature.

4.2. Summer 2008

Salinity, density and temperature together with activity
concentrations of 137Cs during summer 2008 cruise are illustrated
in Fig. 3. Surveying the obtained physicochemical properties of
seawater, one can observe that there is intense stratification, due to
the warm summer period, with characteristic thermoclines and
haloclines occurring in every station. Thermoclines and haloclines
were found at 15 m in the shallowest stations (S.1, S.2 and S.3), at
35 m in S.5 and S.6 and at 50 m in the deepest ones (S.4 and S.7).

Activity concentrations of 137Cs varied between 1.0 � 0.3 and
4.8� 0.5 Bqm�3 (Fig. 3). For each station 137Cs wasmaximum in the
surface layer decreasing with the depth. Undoubtedly, this is
a result of the elevated temperatures occurring during summer that
caused strong evaporation of the surface layer and intense strati-
fication. Thus, dissolved substances (such as 137Cs) are restricted to
surfacewaters and become enriched. In fact, the strong evaporation
in the surface waters is evident by the elevated surface salinity data
observed during the summer sampling campaign. A slight increase
of 137Cs in the bottom layer of S.4 and S.7 could be attributed to
potential desorption of 137Cs from the suspended particles that
occupy the interface between seawater and sediment. In some

cases, the deployment of the in-situ pumps may have caused
resuspension of sediments and this is an additional reason of 137Cs
remineralization in the bottom layers. However, since the particu-
late fraction of 137Cs was found to be negligible in these stations, no
apparent resuspension could be recorded and thus, we assume that
the increase of 137Cs was just a localized event.

4.3. Autumn 2008

Profiles curves of salinity, temperature and density of the
seawater in autumn 2008 are shown in Fig. 4. The water column of
the stations S.1 and S.2, located in the Elefsis Bay was more or less
homogenous due to the shallow depths that characterize the area.
A slight decrease of salinity at S.3 near 15 m indicates the impact of
theWWTP outfalls, despite the break-down of the thermocline that
should be obvious in the area. At stations S.4eS.7 of the Saronikos
Gulf the situation is clearer. The thermocline observed during
summer has already started breaking down and the denser waters
occupied the deeper layers (increase of density) as a result of the
physical mixing.

Activity concentrations of 137Cs in the area during autumn 2008
fluctuated between 2.0 � 0.4 and 6.5 � 0.7 Bq m�3 (Fig. 4),
depending on the depth and the sampling station. It is noteworthy
that maxima were observed in the bottom of all stations excluding
S.3 and S.6. This is attributed to the following mechanisms: (i) as
thermocline subsides, the denser waters submerge in deeper layers
drifting all conservative substances (including 137Cs) that are
accumulated near thermoclines (physical mixing); (ii) considering
that autumn is a fish-productive period most of the stations of
central and southern Saronikos Gulf accept influences from sedi-
ment mixing due to trawling activities (personal observations
during sampling). The area is appropriate for trawling, due to the
shallow depths that comprises in connection to the large extent of
the gulf (2600 km2).

4.4. Winter 2009

Regarding winter 2009, salinity, temperature and density
profiles showed that the water column was completely

Fig. 2. Vertical profiles of salinity, temperature, density and 137Cs activity concentration in 3 of the 7 stations of the Saronikos Gulf during winter 2007.

N. Evangeliou, H. Florou / Journal of Environmental Radioactivity 113 (2012) 87e9790



Author's personal copy

Fig. 3. Vertical profiles of salinity, temperature, density and 137Cs activity concentration in the selected 7 stations of the Saronikos Gulf during summer 2008.
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Fig. 4. Vertical profiles of salinity, temperature, density and 137Cs activity concentration in the selected 7 stations of the Saronikos Gulf during autumn 2008.

N
.Evangeliou,H

.Florou
/
Journal

of
Environm

ental
Radioactivity

113
(2012)

87
e
97

92



Author's personal copy

homogenous in the stations of Saronikos Gulf, due to the advective
and diffusive processes that were predominant in the area during
winter due to the intense weather processes (Fig. 5). Even station
S.3 was found well mixed despite fresh water discharges from the
WWTP of Psitalia.

An interesting point here is the fact that no land impact could be
observed during that period, although several authors have
reported that surface 137Cs concentration might be affected by soil
erosion andwashout processes by a factor up to 1.5 (e.g., Evangeliou
et al., 2009; Florou, 1992). An additional evidence of the lack of
these processes is the fact that 137Cs profiles showed no variation
with the depth, although one would expect maxima at the surface
during winter in this enclosed marine system (see: Evangeliou
et al., 2009). 137Cs activity concentrations fluctuated in winter

2009 between 1.5� 0.2 and 3.4� 0.4 Bqm�3 (Fig. 5), andmoreover,
they are correlated with salinity and density (Rw 0.7) as a result of
the minimal land impact. The maximum activity concentrations of
137Cs in the bottom ofmost of the stations could be attributed to the
continuous physical mixing after thermocline break-down. Another
reason could be the enhanced particle resuspension reported in the
area (Evangeliou et al., 2011) that might result to desorption of
137Cs. However, this statement needs further investigation since no
particulate 137Cs was detected.

The activity concentrations of 137Cs presented in the study are
considered to be in the lowest level of those reported previously. For
example, Florou et al. (2010) reported 137Cs concentrations in the
Saronikos Gulf determined after Chernobyl (and decay corrected to
the present) ranging between 5.3 and 14.6 Bq m�3 (mean:
8.7 Bq m�3). They also reported that the present level of 137Cs in the
Greek seas, if the accident had not happened, would have been
1.5Bqm�3. Considering that thevalues presentedhere are 2e3 times
lower than those reportedpreviously, one cannote that 137Cs activity
concentrations tend to the background levels in the Gulf.

4.5. Seasonal variation

The seasonal variation of activity concentrations of 137Cs in the 7
sampling stations are illustrated in Fig. 6a and b for the surface and
the bottom layer, respectively. In the surface layer (Fig. 6a) higher
concentrations were observed during summer and autumn, as
a result of thermocline formation in combination with the strong
evaporating processes occurring during the warm periods. More-
over, the mobility of the stratified waters is much lower inhibiting
mixing (Scoullos et al., 2004) and vertical advection and diffusion
are negligible in enclosed systems (Muir et al., 2005), as well. In the
bottom layer of the stations (Fig. 6b), the highest 137Cs activity
concentrations were found during autumn. This is a result of the
vertical mixing after the collapse of thermoclines (discussed
previously in detail). Another reason of these elevated values could
be the trawling activities that are intense during autumn and cause
sediment mixing resulting in 137Cs desorption from suspended
particles and thus enrichment of 137Cs. However, this approach
needs more scrutiny.

4.6. Estimated residence times of the Chernobyl-derived 137Cs

In general, the concentrations of 137Cs in the surface appear to
decrease exponentially with time. 137Cs concentration in surface

seawater is a function of the removal rate from the surface and
deposition rate by atmospheric fallout. Therefore, it is necessary to
consider a non-steady state model which includes a term for
deposition rate by atmospheric fallout. However, in this study we
can assume steady state conditions excluding the term for the
fallout deposition. Kritidis (1989) reported that the deposition of
137Cs in Greece one month after Chernobyl appeared to be two
orders of magnitude, or more, lower than the maximum deposition
just after the accident, and also that it was fractional (below
detection limit) one year after. Moreover, as no washout and/or
erosional land inputs were observed, no additional term was
needed. Thus, the temporal variations of these concentrations in
surface water can be described by a steady state flux model (e.g.,
Hirose et al., 1992):

where A is the activity concentration of a given radionuclide
(Bq m�3) at time t (years), A0 the initial activity concentration, lecol
is the ecological decay constant of 137Cs from the surface seawater
(years�1), and ldec is the radioactive decay constant of 137Cs
(0.023 years�1), is the negligible term for atmospheric depo-
sition and B is the integration constant. It should be noted that the
sum of the ecological (lecol) and the radioactive decay constants
(ldec) gives the effective decay constant (leff):

leff ¼ lecol þ ldec (3)

The removal of a given radionuclide from the surface seawater
with processes others than radioactive decay (e.g., scavenging, etc.)
depends on the radioelement chemistry and the involvement of
radionuclides in biogeochemical processes occurring in the sea. The
concentrations of 137Cs in a given sea region are designated by the
horizontal and vertical movements of water masses in the sea,
particle formation processes, and radioactive decay. 137Cs is mainly
present in soluble form and its concentrations peak in subsurface or
surface water, and decrease with the depth (Hirose and Aoyama,
2003; Florou et al., 2003; Florou and Kritidis, 1994; Evangeliou
et al., 2009; Papucci and Delfanti, 1999 at al.).

The effective decay constant of 137Cs (leff) from the surface can
be calculated from the slope of the decrease of 137Cs concentrations
with time (Yamada and Nagaya, 1998). For that reason time series
data from the area of Saronikos Gulf reported by Florou et al. (2010)
were used. The respective data of 137Cs concentrations with time, as
well as the least squared exponential curve fitting (R ¼ 0.95) are
shown in Fig. 7. From the function of the exponential fitting in Fig. 7
and Eq. (3) arose the effective (leff) and the ecological decay
constants of 137Cs (lecol) in the area of Saronikos Gulf, which were
0.112� 0.026 y�1 (leff) and 0.089� 0.021 y�1 (lecol), respectively. By
using these constants and Eq. (2), the residence times of Chernobyl-
derived 137Cs in the surface were estimated, setting as initial
activity concentrations of 137Cs, the surface values obtained in the
present study and as final, the background one, if the accident of
Chernobyl had not happened (1.5 Bq m�3, Florou et al., 2010).

The residence times of the Chernobyl-derived 137Cs at the surface
of the Saronikos Gulf are summarized inTable 1 fluctuating between
7� 2 and 21�4 y (mean: 15� 4 y) depending on the station and the
sampling season. These residence times were consistent with those
reported in the relevant literature. For example, Hirose et al. (1992)
have estimated the residence time of 137Cs in surface seawater to
be 9.1 y in oligotrophic regions of the North Pacific, Yamada and
Nagaya (1998) reported residence times of 137Cs to be 22 y in the

(2)
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Fig. 5. Vertical profiles of salinity, temperature, density and 137Cs activity concentration in the selected 7 stations of the Saronikos Gulf during winter 2009.
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Sea of Japan. Maximum residence times were calculated in summer
and autumn, as a result of the immobility of 137Cs, due to the
formation of thermocline that accumulated dissolved 137Cs up to its
zone. Finally, the effective and the ecological half-lives of 137Cs in the
area of study were calculated. The ecological half-life in the sea
denotes the time of a given radionuclide to half via all marine
processes except from physical decay, whereas the effective half-life
via all marine processes including physical decay. They can be given
by the following equations:

teff ¼ ln 2
leff

¼ ln 2
lecol þ ldec

(4)

and

tecol ¼ ln 2
lecol

(5)

Using the aforementioned equations the effective half-life of
137Cs in Saronikos Gulf was estimated to be 6.2 � 1.5 y, whereas the
ecological one 7.8 � 1.9 y. This ecological half-life of 137Cs is in the
same level with those reported for the Northeastern Aegean Sea by
Florou et al. (2001) (8.2 y) and for the Black Sea by Egorov et al.
(1999) (6 y).

4.7. Inventories of 137Cs

In order to evaluate the accumulation of anthropogenic 137Cs in
the marine environment in terms of the impact sources and path-
ways, the total inventory was calculated assuming that 137Cs enters
the marine environment through the surface layer and distributes
via marine and weather processes. The inventory of 137Cs in the
water column per unit area was calculated by integrating the
interpolated radionuclide concentrations vertically from the sea
surface to the bottom (Ito et al., 2005). The calculated inventories
are summarized in Table 2.

Inventories of 137Cs varied between 0.052 � 0.004 and
1.315 � 0.129 kBq m�2 (mean: 0.355 � 0.302 kBq m�2). These
depositional values are in the lowest level compared to the repor-
ted Chernobyl fallout deposition in the area; Kritidis and Florou
(1990) reported that the total radiocesium (137Cs þ 134Cs) deposi-
tion in Saronikos Gulf was 2e5 kBq m�2 with two thirds corre-
sponding to 137Cs deposition. In order to compare the deposition
after Chernobyl to the estimated inventory of 137Cs, the initial
deposition just after the Chernobyl accident (2/3 of 2e5 kBq m�2

for 137Cs) was converted to the present (May 1st 2009) by
applying the effective half-life of 137Cs obtained in the study. The
respective results showed deposition of 0.098e0.251 kBq m�2,
which is similar to the inventory calculated in the Saronikos Gulf
(mean: 0.355 � 0.302 kBq m�2). Some discrepancies between
predicted and observed inventories can be attributed to the fact
that the effective half-life used in the study is valid only for the
surface inventories (it is based in surface data) However, since the
inventories of 137Cs with the sampling season (Fig. 6c) remained
invariable at almost all stations (except S.4), the statement of the
absense of processes that enrich the water column of the area of
sampling in 137Cs (e.g., weather and/or washout erosion processes)
is reinforced (see: 4.4).

Fig. 7. Time series data of surface 137Cs in the Saronikos Gulf reported by Florou et al.
(2010). The solid exponential curve indicates the slope from a least square fitting.
Correlation coefficient R ¼ 0.95.

Fig. 6. Seasonal variation of 137Cs in the surface (a) and bottom layer (b) of the stations
in the Saronikos Gulf; seasonal trends of the inventories of 137Cs in the stations of the
Saronikos Gulf (c).
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5. Conclusions

In the present study the activity concentrations of 137Cs in the
water column of a relatively shallow Mediterranean embayment
are evaluated. The significant findings of the present paper can be
summarized as follows:

(a) The activity concentrations of 137Cs in the Saronikos Gulf and
Elefsis Bay during 4 different seasons varied between 1.0 � 0.3
and 6.5 � 0.7 Bq m�3 (mean: 2.7 � 1.6 Bq m�3), depending on
the sampling depth. The values presented here are 2e3 times
lower than those reported previously in the same area and
corrected for decay to the present, showing that there are
several processes that might define the distribution of 137Cs
(e.g., resuspension, remineralisation, erosion etc.); hence, 137Cs
activity concentrations tend to background levels.

(b) The stratification occurred during summer caused immobility
of the surface 137Cs (and other dissolved substances); jointly
with the strong evaporation of the surface waters in the same
period finally increased the concentrations of 137Cs.

(c) Regarding the vertical distribution of 137Cs, maximum concen-
trations were observed in the bottom layer during autumn and
winter as a result of thermocline collapse in conjunction with
the vertical mixing at the end of the warm seasons.

(d) The inventories of 137Cs fluctuated between 0.052 � 0.004 and
1.315 � 0.129 kBq m�2 (mean: 0.355 � 0.302 kBq m�2). The
absence of seasonal trends in the inventories denote the lack of
the land impact in the area that could deposit surface 137Cs. An
additional evidence was the fact that 137Cs was found well
correlated (R w 0.7) with salinity and density during winter.

(e) An attempt to validate the deposition of 137Cs reported after the
Chernobyl accident was carried out after applying the effective
half-life obtained in the present study. The results of were
similar to the inventories calculated in the Saronikos Gulf
showing the validity of the reported deposition.

(f) The mean residence time of the Chernobyl-derived 137Cs at the
surface of the Saronikos Gulf was estimated to be 15 � 4 y,
whereas the effective and ecological half-lives of 137Cs were
6.2 � 1.5 and 7.8 � 1.9 y, respectively, which are in the same
level than the reported ones in the Northeastern Aegean and
the Black Sea. Thus, a complete depollution of the area (in
terms of 137Cs) from the Chernobyl accident is expected to be
achieved after almost 15 years.
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Table 2
Estimated inventories of 137Cs (kBq m�2 � erra) in the sampling stations of the Saronikos Gulf during the 4 sampling seasons.

Co-ordinates Total depth (m) Winter 2007 Summer 2008 Autumn 2008 Winter 2009

S.1 N38 00.579 30 e 0.052 � 0.004 0.155 � 0.014 0.092 � 0.008
E23 32.285

S.2 N37 58.083 30 e 0.055 � 0.004 0.144 � 0.014 0.103 � 0.014
E23 26.100

S.3 N37 55.108 70 0.104 � 0.018 0.166 � 0.014 0.257 � 0.025 0.166 � 0.018
E23 35.294

S.4 N37 53.455 220 e 0.608 � 0.069 1.315 � 0.129 0.658 � 0.060
E23 09.335

S.5 N37 51.287 95 0.216 � 0.019 0.309 � 0.021 0.352 � 0.031 0.262 � 0.025
E23 33.372

S.6 N37 39.124 110 e 0.297 � 0.026 0.332 � 0.032 0.231 � 0.021
E23 27.136

S.7 N37 42.232 220 0.491 � 0.039 0.684 � 0.069 0.757 � 0.069 0.736 � 0.074
E23 38.625

a The final uncertainties were estimated by propagation.

Table 1
Estimated residence times of 137Cs (years � erra) in the surface of the stations. 2 terms were used; physical half-life and removal rate via marine processes.

Co-ordinates Total depth (m) Winter 2007 Summer 2008 Autumn 2008 Winter 2009

S.1 N38 00.579 30 e 10 � 2 17 � 3 15 � 3
E23 32.285

S.2 N37 58.083 30 e 12 � 3 17 � 4 16 � 3
E23 26.100

S.3 N37 55.108 70 12 � 2 20 � 4 19 � 4 12 � 2
E23 35.294

S.4 N37 53.455 220 e 9 � 3 19 � 4 13 � 3
E23 09.335

S.5 N37 51.287 95 17 � 4 19 � 4 14 � 3 14 � 3
E23 33.372

S.6 N37 39.124 110 e 7 � 2 19 � 3 14 � 3
E23 27.136

S.7 N37 42.232 220 16 � 4 21 � 4 15 � 3 18 � 4
E23 38.625

a The final uncertainties were estimated by propagation.
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