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Figure12.-  Cumulative deposition (Bq/m2) of 137Cs in the analysed soil cores.
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Introduction
239+240Pu, 238Pu, 137Cs and 90Sr, which are highly radiotoxic artificial radionuclides, were mainly deposited worldwide in the biosphere in the 1960s as a result of global fallout following atmospheric nuclear weapon explosions and the SNAP-9A satellite accident. Additional amounts of these elements have been released at a local scale as a consequence of civil nuclear reactor accidents (as the Chernobyl accident), releases from nuclear reprocessing facilities (as Sellafield, UK; La Hague, France; Mayak PA, Russia) and nuclear weapons accidents (Palomares, Spain; Thule, Greenland).
By the determination of the total cumulative deposition of these radionuclides in soil columns and through the analysis of their corresponding ratios, information about their origin can be obtained, while analysing the associated deposition profiles, information can be gained about their behaviour in the analysed compartment. An assessment of the migration behaviour of the analysed radionuclides in the soil profiles is important in order to estimate the ecological risks arising from this type of contamination.
The values of the cumulative deposition ratios of the commented radionuclides are in general unambiguously related to the source term causing their presence in the soils, and for that reason are used as isotopic signatures of their origin.

The main objective of this work was the determination of the levels of the commented artificial radionuclides in Moroccan soils. The Medium Atlas Mountain was selected to collect the soils in order to check the possible influence of the altitude in the levels found for the analysed radionuclides  and in their migration behaviour along the soil columns.
Materials and methods

 Sites

The soil cores were collected at five different altitudes ranging from 40 m to 2000 m over sea level, in the transect from Boufkrane until Jbel Habri in the Middle Atlas (Morocco). The sites, increasing in altitude, were: sampling point S2 at 736 m,  sampling point S3 at 1181 m, sampling point S4 at 1569 m and sampling point S5 at 1901 m. 
Additionally a reference sampling point, denoted by S1, was selected approximately at sea level (44 m) , being located between the cities of SidiSlimane and Sidi-Kacem . The selected sampling points were situated in open and not disturbed areas.
Sampling

Solis cores were taken with soil coring devices in 2007, with lengths ranging from 42.5 to 67 cm depending on the penetration resistance of the soil. The coring device was a cylindrical corer with a diameter of 8.5 cm. After sampling, all the cores were sliced in 10-15 cm layers. Sample layers were dried at 80 ºC prior to be measured by low-level gamma-ray spectrometry, and aliquots of each layer were taken for Pu and Sr determinations. 
Radiometric determinations
Gamma-ray Spectrometry
137Cs levels were determined by low-level gamma-ray spectrometry using a Canberra lead-shielded n-type reverse electrode germanium (ReGe) detector, with an energy resolution of  1.8 KeV at 660 keV and a relative efficiency of 30%. The gamma-ray spectrometric system was efficiency-calibrated for the geometry selected and type of sample to be measured.
Strontium analysis
90Sr was determined by measuring this nuclide together with its daughter 90Y, once is assured that are in secular equilibrium. The radiochemical extraction procedure applied for the isolation of 90Sr from the soil aliquots is based on the one published by R. Bojanowski and D. Knapinska-Skiba (1990). The method allows isolating 90Sr from different alkaline metals and other interfering elements by performing a nitric acid digestion of the sample with continuous evaporation. The removal of calcium from the nitric acid solution obtained in the digestion is based on the difference in solubility of the calcium and strontium nitrates in concentrated nitric acid media. The removal of barium, radium and lead form the same solution is carried out by precipitating them as chromates, while others fission products and yttrium are removed by precipitating them as hydroxides, using Fe(III) as a carrier. Strontium is finally isolated from the solution by its precipitation in the carbonate form, while the chemical recovery is determined gravimetrically (stable Sr was added in the first steps of the procedure with this end). Finally, the obtained source is measured after allowing that 90Sr and 90Y reach the equilibrium. This measurement is performed with a Berthold low-background gas-flow proportional counter.

Plutonium analysis

Pu-isotopes alpha-emitters were determined by alpha-particle spectrometry using an alpha spectrometer equipped with PIPS detectors, after its extraction and isolation from aliquots of the soil layers analysed and after its electrodeposition for their proper measurement. The radiochemical procedure used for the extraction and isolation of the Pu isotopes from soil samples is based on the use of the extraction chromatography resin TEVA®. This radiochemical procedure can be found described in full detail in E. Chamizo et al. (2008), but in brief we can indicate that it is divided in three main steps:

Step 1.- The soils are ashed (in order to remove the organic matter) and afterwards wet-oxidised to place the Pu-isotopes and other elements in dissolution.

Step 2.- After filtration, the dissolved sample is passed through a previously conditioned extraction chromatography resin TEVA®, from where after several elutions (in order to remove interfering elements) the Pu-isotopes are stripped in a very purified solution, and 

Step 3.- The Pu-isotopes are finally electrodeposited from the purified solution (once this solution is conditioned) onto stainless steel planchets. 
In the case of the soil collected in the highest sampling point, it was necessary to use an alternative radiochemical procedure, based on the use of ion-exchange columns, in order to obtain high chemical recoveries. The high content in iron in the layers of this soil affects the proper running of the TEVA® resins. This alternative radiochemical procedure can be found described in full detail in I. Vioque et al. (2002)
Results and Discussion
Caesium
In Table 1 are compiled the 137Cs activity concentration (Bq/kg) determined in the different layers of the collected soils. When the activity concentration was below the limit of the technique, this limit is shown. Through a general analysis of these results, the following facts can be highlighted:
	Altitude
	Soil core
	137Cs (Bq/Kg)
	LLD (Bq/Kg)
	137Cs (Bq/m2)

	44m
	S1A (0-15cm)
	4.4 ± 0.3
	
	484 ± 33

	
	S1B (15-25cm)
	3.3 ± 0.3
	
	363 ± 33

	
	S1C (25-35cm)
	1.7 ± 0.2
	
	187 ± 22

	
	S1D (35-50cm)
	0.6 ± 0.1
	
	66 ± 11

	736m
	S2A (0-10cm)
	6.7 ± 0.4
	
	1080 ± 60

	
	S2B (10-20cm)
	2.7 ± 0.4
	
	282 ± 36

	
	S2C (20-30cm)
	2.00 ± 0.03
	
	264 ± 4

	1181m
	S3A (0-9cm)
	13.7 ±0.7
	
	1531 ± 75

	
	S3B (9-18cm)
	2.8 ± 0.3
	
	336 ± 35

	
	S3C (18-27cm)
	
	0.9
	

	1569m
	S4A (0-10cm)
	21.32 ± 0.8
	
	1981 ± 76

	
	S4B (10-20cm)
	
	1.12
	

	
	S4C (20-30cm)
	
	0.99
	

	1901m
	S5A (0-10cm)
	27.9 ± 0.8
	
	2567 ± 74

	
	S5B (10-20cm)
	1.25 ± 0.22
	
	159 ± 28

	
	S5C (20-30cm)
	0.96 ± 0.18
	0.8
	130 ± 24

	
	S5D (30-40cm)
	
	1.7
	

	
	S5E (40-50cm)
	
	0.98
	

	
	S5F (50-60cm)
	
	0.98
	

	
	S5G (60-67cm)
	
	0.74
	


Table 1.- 137Cs activity concentration (Bq/kg) and 137Cs deposition values  (Bq/m2) in the different layers of the analysed cores.

a)The post depositional migration of 137Cs in the soil columns is lower when the altitude of the sampling point is higher. While in the soil core collected near sea level (soil core S1) the 137Cs penetrated until 50 cm, in the soils collected at higher altitudes, the 137Cs is concentrated mainly in the superficial layer. i.e. in the first 10 cm. This fact should be correlated with variations in the elemental composition, organic mater content and granulometric characteristics of the soils analysed.
It is possible also to deduce a clear correlation between the cumulative 137Cs deposition in the analysed soil cores and the altitude of the corresponding sampling point (at higher altitude, higher deposition levels of 137Cs). This correlation can be observed clearly in Figure 1 were we have represented the cumulative deposition (Bq/m2) of 137Cs in each soil core. This correlation has also been found in similar studies developed in Europe, and can be explained for the existence of a clear correlation between altitude and the mean annual precipitation. When the altitude of the sampling point increase, the mean annual precipitation also increases, and is well known that the deposition levels of the artificial radionuclides with origin in the atmospheric fallout are directly related with the level of annual precipitation (Bunzl, K. and Kracke, W 1988).
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Figure12.-  Cumulative deposition (Bq/m2) of 137Cs in the analysed soil cores.

b)The cumulative deposition values obtained in the analysed soils  are in the range of  the values found in unperturbed soils collected at similar latitudes and only affected by global deposition of 137Cs with origin in the atmospheric nuclear weapon tests,  
Plutonium

In Table 2 are compiled the Pu-isotopes alpha emitters activity concentration (Bq/kg) and the cumulative deposition (Bq/m2) results determined in the different layers of the collected soils. In this case it is not possible to observe a clear correlation between the Pu cumulative depositions and the altitude of the sampling point, probably due the low activity levels found and the relatively high uncertainty of the measurements. Nevertheless, it s possible observe that the plutonium isotopes are mainly concentrated in the superficial layers of the soil cores, being suffered a very low post-depositional migration over the soil columns. This last fact was expected because it is well documented the very high reactive character of plutonium in soils (K.Bunzl and W.Kracke .1988). 
The cumulative deposition levels obtained in the different soil cores are, on the hand, in the range of expected values if the origin of the plutonium isotopes is the weapon test fallout. This origin was also confirmed by; a) the determination of the isotopic ratio 238Pu/239+240Pu. The average value of this ratio in all the samples analysed, (0.054 ± 0.011), is in good agreement with the expected value if the origin of the plutonium isotopes is the weapon test fallout taking into account the high uncertainties of the results obtained due the low levels of the activity measured, and b) the determination of the integrated 239+240Pu/137Cs isotopic ratio in the different soil cores. The value of this ratio for the different soils is in average 0.063 ± 0.005,  in good agreement with the expected value in undisturbed soils affected only by the global atmospheric deposition of these elements with origin in the weapon tests (A. Aarkrog, 1992).
	Altitude
	Soil core
	239+240Pu (Bq/Kg)
	238Pu (Bq/Kg)
	239+240Pu (Bq/m2)
	238Pu 

(Bq/ m2)

	44m
	S1A (0-15cm)
	0.49 ± 0.03
	0.060 ± 0.01
	54 ± 3
	6.6 ± 1.1

	
	S1B (15-25cm)
	0.25 ± 0.03
	0.017 ± 0.007
	28 ± 3
	1.9 ± 0.8

	736m
	S2A (0-10cm)
	0.92 ± 0.07
	0.02 ± 0.01
	149 ± 11
	3.2 ± 1.6

	
	S2B (10-20cm)
	0.24 ± 0.02
	0.011 ± 0.004
	25 ± 2
	1.2 ± 0.4

	1181m
	S3A (0-9cm)
	0.57 ±0.05
	0.03 ± 0.01
	63 ± 6
	3.3 ± 1.1

	
	S3B (9-18cm)
	0.5 ± 0.03
	-
	60 ± 4
	-

	1569m
	S4A (0-10cm)
	0.67 ± 0.07
	0.04 ± 0.01
	60 ± 6
	3.6 ± 0.9

	
	S4B (10-20cm)
	0.10 ± 0.01
	-
	8 ± 1
	-

	1901m
	S5A (0-10cm)
	0.86 ± 0.06
	0.02 ± 0.01
	79 ± 6
	1.5 ± 0.5

	
	S5B (10-20cm)
	0.12 ± 0.02
	-
	15 ± 3
	-


Table 2.-  Pu-isotopes activity concentration (Bq/kg) and Pu-isotopes deposition values  (Bq/m2) in the different layers of the analysed cores.

 Strontium

In two of the soils cores, the soil core S1 collected at the lowest sampling point and the soil core S5 collected at the highest one, the 90Sr activity concentration profiles were determined. In Table 3 are compiled the obtained results. As it can be observed, the profiles obtained for 90Sr are quite different to the obtained ones for 137Cs and Pu-isotopes, because for 90Sr exits a higher post-depositional migration over the soil columns. These 90Sr profiles are not unexpected, because it is well known that Sr is a conservative element, with a very low affinity to inorganic material and with a high tendency to be present in dissolution in the interstitial water present in soils (G. Manjón, et al. 1997). 

	Altitude
	Soil core
	90Sr (Bq/kg)
	90Sr (Bq/m2)

	44m
	S1A (0-15cm)
	2.22 ± 0.03
	224 ± 10

	
	S1B (15-25cm)
	1.74 ± 0.08
	191 ± 9

	
	S1C (25-35cm)
	0.97 ± 0.04
	107 ± 4

	
	S1D (35-50cm)
	0.84 ± 0.05
	92 ± 6

	1901m
	S5A (0-10cm)
	20.4 ± 0.8
	1875 ± 75

	
	S5B (10-20cm)
	17.9 ± 0.7
	378 ± 19

	
	S5C (20-30cm)
	2.97 ± 0.15
	149 ± 14

	
	S5D (30-40cm)
	0.63 ± 0.04
	107 ± 7

	
	S5E (40-50cm)
	0.23 ± 0.02
	22 ± 2


Table 3.- 90Sr  activity concentration (Bq/kg) and 90Sr deposition values  (Bq/m2)
 in the different layers of the analysed cores.

Although the obtained results are limited, it is possible to observe also an increment in the cumulative deposition levels of 90Sr with altitude, which can be explained in the same way that was explained for 137Cs, i.e, by an  increment of  the mean annual precipitation with the altitude of the sampling point.
Additionally, the determination of the cumulative deposition ratio 90Sr/137Cs in the analysed soils (in average 0.73±0.05) confirms the origin of both radionuclides. This average value is in the range of expected values if the origin of the radionuclides is the weapon test fallout (H. Dahlgaard, 1994).

Conclusions

Activity concentration profiles of 90Sr, 137Cs, 239+240Pu and 238Pu have been determined in several soil cores collected in the Middle Atlas (Morocco), at altitudes ranging from 40m to 2000m over sea level. The obtained results allow observing a clear positive correlation between the cumulative deposition of 137Cs and 90Sr in the soil cores and the altitude of the sampling point. On the other hand, the cumulative deposition values obtained for the radionuclides analysed are in the range of values that can be expected if the soils were only affected by global deposition of these elements with origin in the nuclear weapon tests. This origin was also confirmed by the determination of the integrated 238Pu/239+240Pu, 90Sr/137Cs, 239+240Pu/137Cs activity ratios.

Finally, the comparison of the obtained profiles, indicates that the 90Sr is the analysed radionuclide which suffers a higher post-depositional migration over the soil columns, related to the conservative character of this element, while on the opposite (and due to its high reactivity) the Pu-isotopes are very little affected by post-depositional effects.
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