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Abstract — Commercial activities in the Bay of @& (south-western Spain), together with the erosion and transport of sediments
through the Guadalete and San Pedro rivers and the natural contribution of the salt pans, suggest that this region is altered from
a radiological point of view. Alterations in radioactivity levels produced by such processes are here studied, making use of
analysis by gamma spectrometry?fRa,“°K and 1*"Cs activities in seabed sediments. After the analysis of the samples, it can

be said that the distribution ¢f®Ra follows the sea-bottom current pattern, and simply reflects the geomorphological features

of the zone. The incorporation éfK can be observed through the Guadalete river and contact with the Interior Bay, producing

a bigger concentration in stagnation zones or regions wif&reoming from salt pans is transported by currents. The increase

in the concentration of*"Cs is linked to spillages caused by ship loading and unloading operations, which bring to the natural
environment materials coming from opencast mining, so that they incorporate fallout activities of the original region.

INTRODUCTION It is almost impossible that the 400,000 persons living

: . in the five cities of the Bay of GHz can develop their
The Bay of Caiz (south-western Spain) has not bee'Jllves without any alteration of the environment, in parti-

greatly studied from an environmental or radiologicai : . .
point of view in spite of its strategic geographical situ- ular because the productive functions linked to the

ation (the Atlantic side of the Straits of Gibraltar area)marlne medium have marked the economical structure
It is possible to distinguish three zones inside what is

frequently termed the ‘Bay of @liz': the Maritime Bay,

the Terrestrial Bay and the Amphibian B&yshown in

Figure 1. The Amphibian Bay shows one of the mos

singular and original morphological aspects of the Ba 0 5km
of Caliz: the inter-tidal regions or maritime—terrestrial -
influence zones. Part of this area is still virgin (nature
salt-marshes, 4373 ha), another part has been tra
formed to salt pans (5513 ha) and a last fraction he¢
been dried (5824 ha). In 1989, the two first zones wel
declared Protected Natural Space (Bay ofdiga
Natural Park).

The Terrestrial Bay (1312 ha) can be identified witt
the Urbanised Bay, which appears like a coastal belt
the north, and in the most consolidated lands in th
south it is distributed more discontinuously. Five cite:
are situated on this Bay and constitute the metropolite 7
area or ‘Bay City’: El Puerto de Santa KarPuerto 2
Real, Caliz, San Fernando and Chiclana de la Fronter. %ﬂ

Rota
" El Puerto
< de Santa Ma ~

The Maritime Bay, at the same time, can be divide o)
into two areas: (é’,

(1) The Exterior Bay (8032 ha) which extends from the
north of Josd_eon de Carranza Bridge, which joins
Cabezuela Quay and the eastern part of the city |
Cadiz, to Rota. It is the most affected by tide, wind
and swell, and its seabed is composed of sand a
mud sediments over a pliocene rock substratum. [~ -~AMPHIBIAN BAY:

(2) The Interior Bay (1313 ha), which is situated to the ==='SALT-MARSHES
south of the Bridge. It is less affected by the erodin
elements, and its seabed is formed mainly by cla &
and silt sediments, usually not very compact an
turned into mud. This has allowed the developmer.
of an exceptional biotope. Figure 1. Study zone.
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of this zone. Human interventions can be shown througtitional exploitation of the salt pans, the recent yachting

a wide variety of possibilities: from the simple morpho-harbour and, especially, the harbour traffic together with

logical transformation to the most radical denaturalisthe sediment transport and erosion through the Guadlete

ation. river which flows into the Bay. One of the most
The major environmental impacts produced by maimportant points is the harbour traffic®, especially the

in this zone are due to the following: the building ofoil, concrete and clinker transport (2500001y

the Bridge crossing the Bay, the thermal power statioh69000 t.y* and 180000 t.}* respectively), and special

at Puntales (now not working), the fish farms, the traclays (attapulguitas-sepiolitas, 60000t)y from the
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Figure 2. Sampling stations.
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mines of El Cuervo (Gdiz-Sevilla), which can only be dredge and, after determining organic matter and moist-
found in three other places in Spain (Toledo, Madridire content, were dried at 105 for 24 h, powdered,
and Ca&eres). and passed through a 0.5 mm sieve in order to obtain
Systematic studies of the radiation levels are neceBemogeneity. The apparent densities were determined
sary as a database in case of future industrial instalnd the samples were stored in sealed polyethylene cyl-
lations, as well as to throw light on the radionuclidendrical containers of 64 mm inner diameter filled to
transport in the environment and its subsequent infl&.5 cm height. The spectrometric measurements were
ence on man. performed a month after sealing, so that secular equilib-
rium betweer???Rn and??*Ra was assured.

METHODOLOGY
Gamma analysis

Sampling and pretreatment Gamma spectrometry provides a fast and simple

Initial research has been focused on the Exterior Bayethod to measure dispersion and concentration of
bordered on the @7.8W Meridian at the west, the natural and anthropogenic radionuclides in the environ-
36°30N Parallel at the south and the coast. In thisnent. Although the radiochemical procedures are more
region, 17 square nautical miles approximately, tw@recise, they are too specific and require a longer time.
important features can be found: the Guadalete and S&he multi-elemental and non-destructive character of
Pedro mouths, and the maximum industrial activitythe gamma spectrometry makes it more useful in most
whose influence in the environment was stuéfiet! environmental problems.

In 1995, a sampling campaign was carried out, and For the present study?®Ra,*°K and *"Cs have been
seabed sediments were collected in 18 stations wherengasured. The last two of these were measured directly
special anthropogenic influence was assumed (diirough their respective emissions at 1460.8 and
locations and three samples in every location: one at t1661.66 keV, while??®Ra was measured through the
point of maximum contamination and the other two upemissions of the daughterd:Bi (609.3 keV, 46%) and
stream and down-stream of this point) and in nine mor&“Pb (351.99 keV, 37.1%). In no sample w&¥Bi
stations, distributed in the study region, used for refedetected, whose emission at 351.1 keV (12.2%) could
ence and whose locations can be seen in Figure 2. interfere with the one ir?*Ph. The 186 keV line of

The seabed sediments were taken with a Van VeéffRa was not used due to interferences with the

185.7 keV line of>*U.
The measurements were performed with an integral pre-
226Rg amplifier Canberra GC2020-7500SL p-type coaxial HPGe
, detector system. The useful energy range of this detector
is from 50 keV to above 10 MeV. The Peak/Compton
ratio is 46 for the 1332 keVf°Co photon. The relative
efficiency to a 3inx 3in Nal(Tl) detector is 20% and
resolutions at 122 and 1332 keV of 1.1 and 2 keV, respect-
ively, are given.

The spectrometer is shielded by a 10cm cubic
geometry box of low-background lead (smelted more than
500 years ago), with an inner 1 mm @dL mm Cu layer,
and is connected to a standard set-up: Canberra Model
2020 Amplifier and a PC-based 8 K multichannel ana-
lyser. It is situated in a laboratory where temperature and
humidity are maintained constant using an Airwell SLM
7/9 air-conditioning system. The laboratory temperature
and humidity are (22 2)°C and (60t 5)% respectively,
and are checked with a maximum-minimum thermometer
and a psychrometer.

The samples were always measured in the same
geometry, with the bottom of the cylindrical container at
3mm from the detector window. The efficiency, with
summing corrections, was determiffe) obtaining a
function depending on the apparent density of the sedi-
ment and the energy of the emission with an uncertainty
of 10% for a confidence level of 95%. The background
was measured using an empty polyethylene container in
Figure 3. Histograms with the measured activities. the same measuring conditions as the rest of the samples.
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RESULTS AND DISCUSSION equal to (8.5t 3.5) Bg.kg?', a value consistent with
those found in other places in the wdfld where the

22 137 40 iti
The **Ra, *¥ICs and*XK activities, as well as the sual range found in soils is 2.96-141 Bgkglthough

minimum detectable activity are shown in Table 1. Th ere are regions with a high radioactive background

first 18 stations correspond to points where a speci @ ©
anthropogenic influence is believed to exist, and the Ia‘é‘thzrseu:’eacliues of 1012 and 2100 Bq.kg® have been

9 correspond to reference stations. These same activit/® 0 L :
are shown in the histograms of Figure 3. _ he %K activity h|stog_ra_ms are much more interest-

The 22%Ra activity has a constant value at stations §'9 @S they allow us to distinguish clearly the anthropog-
to 18, with some exceptions in Cabezuela (stations 4,&iC influence in the region. In fact, radionuclide con-
and 6) due to the dredging made in the zone sonféntrations at stations 1 to 18, with the qnly exceptions
months before samples were taken. Therefore, it can Bbthe Cabezuela stations, already mentioned, are much
said that the concentration 8Ra is constant all over higher than in the reference stations. This observation
the coast. suggests that the reference stations reflect the geo-

None of the reference stations showed a substantf@orphological features in the zone whilst the first 18
variation in the concentration of this radionuclide, withStations reflect the effect of intense harbour activity
the only exception being station 23, where an importaf€oncretes, clinkers, attapulguitas-sepiolitas, special
increase can be observed. The explanation can be foufldys and petrol products) as well as the deposits from
in the morphology of the seabed, as the station is ovéite Guadalete river, which crosses the ‘La Tapa’ salt
a mud island, in contrast to the rest of the referendeans, the most important in the region and other influ-
stations, where the seabed consists of §anthe fine ences of the salt pans in the south, through the currents.
mud particles favour the fixing of the radionuclide to The value of*K activity at the reference stations can
the sediment. be considered uniform and equal to (2060) Bg.kg™,

The ??®Ra activity can be considered constant anghcreasing up to 470 Bq.kg at the rest of the stations

Table 1. Activities and minimum detectable activities.

Station Activity (Bqg.kg?) MDA (Bg.kg)™
number
226|Qa 137CS 40K 226|Qa 137CS 40K
1 104+ 1.4 4.9+ 0.7 440+ 50 1.09 0.55 10.50
2 9.3+1.3 4.1+ 0.6 380+ 40 1.03 0.51 9.39
3 9.2+1.3 4.6+0.6 330+ 40 0.94 0.46 10.39
4 7.0£1.0 1.9+0.3 290+ 30 0.86 0.43 8.12
5 5.6+0.8 0.87+0.19 190+ 20 0.74 0.37 7.38
6 6.4+ 0.9 1.14+0.23 240+ 30 0.82 0.41 7.61
7 8.8+1.2 1.7+0.3 340+ 40 0.92 0.46 8.70
8 8.4+1.2 1.7+0.3 320+ 40 0.94 0.47 8.97
9 9.7+1.4 3.1+ 0.5 370+ 40 111 0.55 10.66
10 10.0+1.4 4.2+ 0.6 440+ 50 1.01 0.51 9.42
11 8.9+ 1.2 3.8+0.5 400+ 50 0.90 0.46 8.33
12 8.2+1.2 4.3+0.6 420+ 50 0.94 0.46 8.61
13 10.2+1.4 4.4+ 0.6 470+ 50 1.08 0.57 10.51
14 8.4+ 1.2 29+04 360+ 40 0.89 0.44 8.19
15 8.8+ 1.2 3.5+0.5 390+ 40 0.90 0.45 8.33
16 8.8+ 1.2 3.0+04 400+ 50 0.90 0.46 8.60
17 8.8+ 1.2 45+ 0.6 420+ 50 0.90 0.46 8.22
18 6.1+ 0.9 0.50+0.14 190+ 20 0.71 0.35 6.59
19 78+1.1 0.49+0.16 200+ 20 0.89 0.44 8.75
20 6.0+ 0.8 1.16+0.22 250+ 30 0.80 0.41 7.91
21 5.1+ 0.8 0.73+0.18 200+ 20 0.89 0.43 8,90
22 5.0+ 0.8 * 200+ 20 0.82 0.40 7.97
23 16.0+ 2.0 * 150+ 20 0.86 0.45 8.19
24 8.3+1.1 * 200+ 20 0.86 0.44 8.48
25 10.0£ 1.3 * 170+ 20 0.85 0.43 8.31
26 9.4+1.2 * 170+ 20 0.78 0.40 7.55
27 11.7+15 0.48+0.16 190+ 20 0.93 0.47 9.11

*Asterisks indicate that the activity is below the minimum detectable level.
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because of the influence of the salt pans, which are rigtations is negligible, and in most of them is below the
in 4%K. This is inside the world range (100—minimum detectable activity.
700) Bg.kg*19, and below the value in ‘high radioac- As was said before, in every place linked to harbour
tive background zones’, up to 1362 Bg-kdn Kerala, activities, three stations were considered: one at the
India®. point of maximum contamination due to ship loading
With regard to'*"Cs, and considering that in the Bayand unloading operations (stations 1, 4, 7, 10, 13 and
of Cadiz there are neither nuclear power plants nor othé7), and the other two up-stream and down-stream of
direct sources, its concentration is only due to the fallowtach point. Thé®"Cs histogram reveals that in the first
directly over the zone or over regions further away anstations relative activity maxima can be found, con-
brought in various ways to this zone. firming that the increases in tHé&’Cs concentration are
The activity histogram also shows an accumulatiodirectly linked to the spillages due to ship loading and
of this radionuclide in the stations linked to the harbouunloading operations. As most of these materials are
activities, with some exceptions explained later. On theements and clays, coming from opencast mining, they
other hand, the concentration FCs in the reference have incorporated thé&*'Cs activity corresponding to
the fallout in their original regions.
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Figure 4. %?°Ra activity isolines map. The sea-bottom current pattern (ebb tide) has be superimposed.
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The stations located in El Puerto de Santa Marikar to the values found in the middle of the Bay of
register the maximur®®’Cs activity because of the har- Cadiz. For comparison, on the western coast of the Irish
bour traffic together with the contribution of the mouthSea, activities of two orders of magnitude greater than
of the Guadalete river which deposits the fallout cominghe ones found in Spain have been measured.
from all its route. The minimum activities at stations It is possible to do a more detailed study of the distri-
4 to 9 correspond to the aforementioned dredging dfution of radionuclides in the zone, building a map of
Cabezuela Quay and to the reduced traffic of materiadgtivity isolines based on the grid of stations used. An
at Cadiz Quay. interpolation method allows us to calculate activity

In both hemispheres th€’Cs concentrations due tovalues in a regularly distributed grid, to represent the
fallout are maximum at medium latitudes and minimuntorresponding activity fields.
at the equator and the poles. In seabed sediments comThis process has been done employing the Krigging
ing from all the Spanish Mediterranean Platform, activiinterpolation method and the results are shown in
ties of (0.5¢ 0.3) Bg.kg*®® have been measured, simi-Figures 4, 5 and 6, where the sea-bottom current pattern
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Figure 5. 4%K activity isolines map. The sea-bottom current pattern (ebb tide) has been superimposed.
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has been superimpos@d this knowledge will be very Guadalete river is much more important than the one
important in interpreting some of the results found ifrom the San Pedro river. These results are in line with
this study. the fact thaf?®Ra is a natural radionuclide coming from
As can be seen from Figure 4 tR&Ra distribution 23®U and with a long residence time in the region, so
in the zone is governed by the marine dynamics, rephat it has been incorporated in the sediments due to
resented through the orientation of the sea-bottom cwlow and gradual erosion and transport.
rents, as these currents coincide with the gradients of Although it is not the aim of this study, it can be
the radionuclide activity field. The map also shows themphasized that the distribution of long residence time
maximum activity round station 23, for which an expla+radionuclides in seabed sediments could constitute an
nation has already been given. In addition, both thiedirect method of estimating the granulometry of the
activity values and the relative orientation of isolinezone. So, for a given compostion, equal density of
and currents make clear that the contribution from thactivity isolines is a consequence of a similar grain
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Figure 6. **"Cs activity isolines map. The sea-bottom current pattern (ebb tide) has been superimposed.
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The maps of activity isolines fof*"Cs and*®K have ing to Puntales, are subject more directly to the sea-
some analogies, as in both cases two access canalstastom currents, and this can explain the minimum
the Guadalete river, at the north-east, and the contaalues for*°K and **"Cs activities. In both cases, the
with the Interior Bay, at the south. With regard to theminimum activities detected in the centre of the Bay
4K activity, the result was predictable, as both canalseflect the non-indigenous character of both radio-
bring materials coming from the salt pans and thereforeuclides in the region.
rich in “°K. It can be observed that, as a consequence
of the currents, a stagnation zone is found in the ea
of the Bay where an increase in the radionuclides cor’?gCKl\lOWLEDGEMENTS
centration as well as in the salinity are found. Also in The authors extend very special thanks to Miss E.
Ribera, Poniente and @& Quays the detected activity Moreno for help in translating the paper. This work has
increases because the harbour structures operated lieen supported by the Il Plan Andaluz de Investigacio
walls opposite to currents, so that the deposits to thaf the Junta de Andalac(Spain) and the FEDER pro-
windward are favoured. Stations 18 and 19, correspondramme (E.U.).
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