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a b s t r a c t

Samples from a marine sediment core from the Irish Sea (54.416 N, 3.563 W) were analyzed for the
isotopic composition of uranium, plutonium and americium by a combination of radiometric methods
and AMS. The radiochemical procedure consisted of a Pu separation step by anion exchange, subsequent
U separation by extraction chromatography using UTEVA� and finally Am separation with TRU� Resin.

Additionally to radiometric determination of these isotopes by alpha spectrometry, the separated
samples were also used for the determination of 236U/238U and plutonium isotope ratios by Accelerator
Mass Spectrometry (AMS) at the VERA facility.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Anthropogenic uranium and transuranium elements like
plutonium and americium can be found in the nature because of
nuclear weapons testing (e.g. Mururoa, Semipalatinsk), nuclear
reactor accidents (Chernobyl), discharges of radioactive waste
(Sellafield, La Hague, Mayak) and accidents with nuclear devices,
e.g. Palomares and Thule (Salbu, 2001). This work will emphasize
on sediment samples near the Sellafield reprocessing facility
(formerly Windscale) which is located in Cumbria (UK) along the
Irish Sea. In the 1950s this facility was used for the production of
weapons-grade Pu. Since the 1960s U and Pu are reprocessed from
spent fuel in Sellafield (Ketterer and Szechenyi, 2008). Over the past
40 years radionuclides have been discharged from the nuclear fuel
reprocessing plant, under the authorization of the government, into
the sea and atmosphere (Hu et al., 2010). The magnitude and
radionuclide composition of the discharged materials have varied
in time depending on factors like the type of the fuel, its burn-up,
the nature and duration of storage prior to reprocessing and
method of reprocessing (Guéguéniat et al., 1996; Cook et al., 1997).
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The discharge history of Pu and Am is well documented by
Gray et al. (1995) and shows that an estimated total activity of
609 TBq 239Pu, 22 PBq 241Pu and 542 TBq 241Amwere discharged to
the Irish Sea during the period 1952e1992. The peak discharge for
these transuranium elements occurred in the mid-to-late 1970s.
Afterwards the amount of discharged radionuclides decreased 2 to
3 orders of magnitude due to changes mentioned above. At the
beginning, the Sellafield operation was focused on the UK weapons
programwhich was associated to low burn-up and therefore a low
240Pu/239Pu isotopic ratio. After the late 1960s the major effluent
composition was produced from power reactor fuels which had
a higher burn-up. According to Kershaw et al. (1995) the isotopic
ratio of 240Pu/239Pu varied from around 0.05 in the 1960s to 0.25 in
1990s which indicates this effect.

236U is produced in nuclear reactors mainly by thermal neutron
capture on 235U. A contribution from alpha-decay of 240Pu is
negligible because of its long half-life of 23 Ma and low concen-
trations in Irish Sea water and sediment (Lee et al., 2008). Due to
the reprocessing of spent Magnox fuel rods the BNFL site started at
the end of 1950s to discharge tonnes of uranium in an unknown
chemical and physical form into the NE Irish Sea. Hamilton
and Stevens (1985) have found a 236U activity of 10�6 Bq/g
(109 atoms/g) in sediment samples from the Esk estuary. In 2001, it
could be specified by Hamilton (2001) that since 1969 BNFL has
discharged about 80 t of reprocessed depleted uranium, coming
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Table 1
Comparison of 238Pu/239(40)Pu results. The measurement uncertainties are given in
�1s.

Sample no. Perna et al. (2005) This work

238Pu/239(40)Pu 238Pu/239(40)Pu

St60, 0e2 cm 0.246 � 0.011 0.248 � 0.006
St60, 10e12 cm 0.241 � 0.009 0.231 � 0.007
St60, 22e24 cm 0.215 � 0.009 0.216 � 0.007
St60, 46e48 cm 0.187 � 0.005 0.192 � 0.006
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from reprocessing waste in uranium cooling ponds and other
sources (e.g. Albright & Wilson plant and the BNFL uranium fabri-
cation plant at Springfield). No enhanced uranium concentration in
sediments of the NE Irish Sea and estuaries were found; the values
are rather typical for sands and silts. Marsden et al. (2001) analyzed
a sediment core from the Esk estuary, West Cumbria (UK), located
about 5 km south of the marine effluent discharge from BNFL
Sellafield for its 236U/238U isotopic ratio via Accelerator Mass
Spectrometry (AMS). The obtained values were in the range of 10�5

to 10�6, highly above the estimated natural background of 10�14

(Zhao et al., 1997).
This work will focus on the determination of 236U, plutonium

and americium isotopes in Irish Sea sediment samples. A sediment
core of 48 cm length was collected in 1993 from the Irish Sea at
54.416 latitude and �3.563 longitude during a cruise of the
research vessel Gauss, Federal Maritime and Hydrographic Agency,
Germany, and was divided in 2 cm layers. Samples from the three
surface layers down to a depth of 6 cm were taken for analysis and
additionally several samples with elevated 241Am concentrations
between 10 cm and 40 cm depth as well as one sample from the
46e48 cm layer (Hrnecek et al., 2002). These samples were chosen
for the AMS measurement. Furthermore the procedure was
validated by using an IAEA standard (IAEA-368, Pacific Ocean
Sediment); the respective U, Pu and Am fractions were measured
via alpha spectrometry.

2. Materials and methods

2.1. Experimental

All reagents were prepared using deionized Milli-Q (18 MU cm)
water (Millipore, USA). 65% Suprapure HNO3 was purified by sub-
boiling distillation. To prevent cross-contamination (with natural
U) during the chemical treatment, all laboratory equipment was
cleaned with 10% HNO3 at least for one day and washed three times
with Milli-Q water, subsequently dried in a laminar flow bench and
stored in clean zip bags. 30% HCl, 30% H2O2, 40% HF and 25% NH3
were of Suprapure grade.

The samples (1 g) were ashed in an electric muffle furnace at
420 �C for 24 h. The weighed ashes were dissolved in 20 ml 8 M
HNO3. Several ash samples were prepared directly for the AMS
measurement. The chemical separation of the respective nuclides
followed the procedure given by Eichrom Technology Inc. (2005)
for U, and for Pu and Am by Hrnecek and Feichtinger (2005) and
Moreno et al. (1997). The sample treatment was modified to our
needs and is described briefly. The chemical procedure consisted of
a Pu separation step from U and Am by anion exchange (Dowex
1 � 8, 100e200 mesh, Dow Chemical Co.) in 8 M HNO3 after
oxidation state adjustment to Pu(IV). The U was separated from Am
by using UTEVA� Resin (Eichrom Technologies, LLC) and Am was
purified via extraction chromatography using TRU� Resin (Eichrom
Technologies, LLC). The U chloride and Pu nitrate separated
from the sediment samples were measured in the oxide form
(details see Section 2.3) by AMS to get information about the
isotope ratios 236U/238U and 240Pu/239Pu, respectively. Furthermore
the 241Am/243Am ratio was measured in four samples for the
comparison between alpha spectrometry and AMS. The yield-
monitor-free Pu fractions were controlled for possible 242Pu
interference in the sediment samples.

Selected ash samples given in Table 1 and one reference sample
(IAEA-368, Pacific Ocean Sediment) were measured after addition
of tracers 243Am (SRM 4332D), 242Pu (SRM 4334H) and 232U (SRM
4324B), respectively, in order to check the validity of our results by
alpha spectrometry. The radiochemical procedure was the same as
described before but for the determination of 238U, 238Pu, 239(40)Pu
and 241Am by alpha spectrometry thin sources were prepared by
microprecipitation with NdF3 (Hindman, 1983).

2.2. Alpha spectrometry

Alpha measurements were performed with an OCTÊTETM PC
(EG&G Ortec) with ULTRA ion implanted silicon detectors with an
active area of 450 mm2. For efficiency calibrations an 241Am source
(GT223, AEA Technology) was used. Measurements were evaluated
using MAESTRO for Windows software (EG&G Ortec).

2.3. Accelerator mass spectrometry

After alpha spectrometry, the filters carrying the respective
radionuclides were reprocessed for the AMS measurements
according to Srncik et al. (2008) with slight modifications. The
filters were dissolved in HNO3/H2O2 and evaporated for three times
with the same reagents as before. The residue was fumed with
conc. HCl (3�), taken up in 2ml conc. HCl and transferred to a 50ml
vial. The beaker was washed with 7 ml deionized water and this
solution was also added to the vial. Finally 1 ml Fe solution con-
taining 1 mg Fe/ml was added. By adding 25% NH3 the actinides
were co-precipitated with Fe(OH)3 at pH 9. As the Pu fractions
separated directly for the AMS measurement were in the nitrate
form, the samples were dissolved in conc. HCl and fumed three
timeswith the same reagent. The U and Am fractionwere already in
the chloride form; these were dissolved in 2 ml conc. HCl and then
the procedure for U, Pu and Am was as described before. After
centrifuging, the Fe(OH)3 precipitate was dried at 100 �C for 2 h and
then combusted at 800 �C in small Quartz tubes. The resulting oxide
samples were pressed into aluminum sample holders suitable for
the ion source of VERA. The VERA setup as used for actinide
measurements is described in Vockenhuber et al. (2003) and Steier
et al. (2010). Similar to most AMS facilities, it is based on sputtering
of negative sample ions UO� and PuO�, a first mass separation, and
acceleration to 3 MV. Gas stripping to U5þ and Pu5þ is used to break
up molecular isobars (mainly 235UOH� for 236U and 238UOH� for
239Pu), and after a second acceleration to 18 MeV and another mass
analysis the ion species of interest is identified in a Time-of-Flight
(TOF) and energy detector. By these means, AMS achieves the best
abundance sensitivity and the lowest detection limits for long-lived
actinides (Fifield, 2008). VERA is especially optimized for this
application. The ionization yield in the ion source (ca. 1%), the
stripping yield to the 5þ charge state (5%) and the TOF detector
efficiency (ca. 20%) combine to a total detection efficiency of 10�4, if
only one isotope is measured. The measurement of several isotopes
on one sample requires switching, which reduces the efficiency on
each single species. Due to variations in the total efficiency, only
isotopic ratios can be measured precisely. For uranium, 236U/238U is
used. The UO� current is a rough measure for the uranium
concentration in the sputter sample. Under typical ion source
conditions, 1 mg of U per mg Fe results typically in 20 pA of ion
current, but this number may vary by a factor of three between
samples. The samples last for several hours under these conditions.



Table 2
Results of the 242Pu activity [mBq/g] and the isotopic ratio 242Pu/239Pu in sediment
samples without tracer. The measurement uncertainties are given in �1s.

Sample no. 242Pu [mBq/g] 242Pu/239Pu

St60, 0e2 cm 0.58 � 0.05 0.0047 � 0.0003
St60, 10e12 cm 1.05 � 0.12 0.0064 � 0.0007
St60, 22e24 cm 2.41 � 0.13 0.0055 � 0.0002
St60, 46e48 cm 1.38 � 0.18 0.0054 � 0.0007

M. Srncik et al. / Journal of Environmental Radioactivity 102 (2011) 331e335 333
The U5þ beam current is measured with a Faraday cup, whereas
236U5þ is counted in the TOF detector. To correct the detector
efficiency, the isotopic ratios are calibrated using our in-house
standard “Vienna-KkU” (Steier et al., 2008). No such calibration is
necessary at the present level of precision, where all isotopes are
measured in the TOF detector. Whereas typical environmental
samples yield count rates of a few counts per second or less, the
concentration of radionuclides in the Irish Sea sediment samples is
much higher. Therefore, we reduced the sputter rate in the ion
source strongly to maintain acceptable (a few kHz) detector count
rates. Only a small part of the samples was consumed under such
conditions. The measurement precision was not limited by count-
ing statistics, but by variations of the total efficiency, which is
determined from the reproducibility of repeated measurements on
the same sample, and by the variation of the ratios measured on
different samples of the standard material Vienna-KkU.

3. Results and discussion

For the IAEA-368 sample the obtained values are (8.5 � 0.5)
Bq/kg 238Pu and (33.4 � 1.1) Bq/kg 239(40)Pu. These values are in
good agreement with the recommended value of (7.6e8.9) Bq/kg
and (29.0e34.0) Bq/kg for 238Pu and 239(40)Pu, respectively. The
activity of 241Am is (1.4 � 0.1) Bq/kg which is also within the
confidence interval of (1.2e1.5) Bq/kg. The obtained values for 234U
and 238U are (34 � 1) Bq/kg and (30 � 1) Bq/kg, respectively. These
are in agreement with the reference values of (21.5e44.8) Bq/kg
234U and (25.0e33.0) Bq/kg 238U. The excellent agreement with this
standard indicates the accuracy of our procedure.

The obtained 238Pu/239(40)Pu activity ratios from the four
selected samples for the alpha spectrometry measurement were
compared with a former work published by Perna et al. (2005)
(Table 1); 238Pu was decay corrected to 1st December 1993. The
samples are in good agreement within the 1s uncertainty.

The depth profile of the 240Pu/239Pu isotopic ratios for the
samples selected for the AMS measurement along the core is
shown in Fig. 1. The obtained values for the Pu isotopic ratio are in
the range of 0.20e0.33 which indicate a high burn-up of 239Pu. Due
to these results the core depth is too short to show the influence of
reprocessing of weapons-grade Pu (low burn-up) from the early
1960s. A contribution from global fallout can be excluded due to the
measured 238Pu/239(40)Pu activity ratios (Table 1). The value for this
origin is 0.024� 0.004 (Hardy et al., 1973) and the obtained activity
ratios are 0.246 at the surface and 0.187 in the deepest investigated
Irish Sea sed
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Fig. 1. Vertical distribution of 240Pu/239Pu (D). The
layer which is in agreement with the data from Aston et al. (1985)
for Irish Sea intertidal sediments.

A correlation between the radionuclide concentration in the
sediment layer and the corresponding quantity of the discharged
radionuclide per year is generally difficult to assess as cores are
often disturbed by redistribution of the adsorbed actinides, e.g. by
tidal currents (Kershaw et al., 1990). Also bioturbative mixing of the
sediment after deposition complicates the interpretation of, e.g. the
Pu transport time or the sedimentation rate (Aston et al., 1985). In
the Cumbrian near-shorewaters of the Irish Sea Pu is usually bound
to suspended particulate material and mixed by tidal activity. Pu
remains available for re-suspension in this area for more than six
years following discharge (McKay andWalker, 1990). In general one
can expect an “average integral ratio” on the discharges in the core.

In the four sediment layers from Table 1 also the activity of 242Pu
was determined by investigating analogue samples without adding
a tracer (St60: 0e2 cm, 10e12 cm, 22e24 cm, 46e48 cm). By using
the activity of the tracer which was determined by alpha spec-
trometry and the obtained isotopic ratios 242Pu/239Pu by AMS from
the samples (with and without tracer), the 242Pu activity for the
yield-monitor-free samples could be calculated. In Table 2 the
obtained activities of 242Pu and the 242Pu/239Pu isotopic ratios are
listed. The typical 242Pu/239Pu isotopic composition for Magnox fuel
with 5e6 GWd/tU is 0.0159 (Bairiot, 2008). Our results are 60e70%
lower which indicates a shorter irradiation time.

238U is relatively soluble and behaves conservatively in seawater.
Additional sources ofU in this region can come fromdischarges from
the Sellafield plant and a phosphate plant (Marchon) atWhitehaven
(Kershaw et al., 1990). Depleted uranium from BNFL was found in
sediment samples from the Esk byHamilton and Stevens (1985). The
extent of the depletion depends on the burn-up of the fuel and is
assumed to be around 2000 days. According to Hamilton and
Stevens (1985) the Magnox fuel will contain 580 ppm 236U/gU
which gives an isotopic ratio 236U/238U of 5.84�10�4. In Table 3 the
isotopic ratios of 236U/238U along the core are shown. The values are
iment core - St60
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Table 3
236U/238U results of sediment sample from the Irish Sea. The
measurement uncertainties are given in �1s.

Sample no. 236U/238U

St60, 0e2 cm (2.41 � 0.20) � 10�5

St60, 2e4 cm (1.53 � 0.11) � 10�5

St60, 4e6 cm (1.35 � 0.11) � 10�5

St60, 10e12 cm (2.25 � 0.23) � 10�5

St60, 14e16 cm (4.15 � 0.35) � 10�5

St60, 18e20 cm (4.36 � 0.26) � 10�5

St60, 22e24 cm (3.82 � 0.23) � 10�5

St60, 34e36 cm (3.29 � 0.40) � 10�5

St60, 38e40 cm (3.45 � 0.37) � 10�5

St60, 46e48 cm (2.96 � 0.41) � 10�5
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in the range from (1.35e4.36)� 10�5 and they are clearly above the
natural background. An increase of the ratio till 20 cm depth can be
noticed which reflects an increase of 236U. The values are similar to
the sediment samples from Esk estuary (Marsden et al., 2001). By
comparing the distribution of the 236U/238U isotopic ratios it can be
noticed that both values show a similar increase down to about
18 cm depth. Afterwards the values decrease rapidly in the Esk
estuary samples to a ratio of 9.2 � 10�6; here the ratio decreases
slightly to about 3� 10�5. A possible reason for the difference could
be a different sediment composition since the samples are not
collected from the same location. According to Kershaw and Young
(1988) the additional anthropogenic contribution of 238U from
Sellafield andMarchon is 8e15%. Assuming that the isotopic ratio of
theMagnox fuel is in the rangeof 10�4 (Hamilton and Stevens,1985),
we see a contribution of about 10% along the core.

The four Irish Sea samples prepared for the alpha spectrometry
measurement were spiked with 243Am and therefore a first
comparison with the AMS measurements (Table 4) was possible.
The obtained activity ratios of 241Am/243Am by alpha spectrometry
were transferred to the isotopic ratio. The Am samples were com-
busted in the muffle furnace at 800 �C in small Quartz tubes
(height: 2 cm, ø: 1 cm) instead of porcelain crucibles (height: 4 cm,
ø top: 3 cm, ø bottom: 2 cm). With the first samples it was noticed
that after the combustion the iron oxide was found at the opening
and the Quartz lid. As it was impossible to remove the samples from
there, the tubes and the lids were washed with hot conc. HCl, the
solutions were collected and the iron hydroxide precipitation was
repeated. The affected samples were St60 (0e2 cm) and St60
(10e12 cm). In Table 4 the Am results from alpha spectrometry and
AMS are presented and they are consistent within 1s, except the
St60 (0e2 cm) sample which is consistent within 2s. The mean
ratio of AMS/Alpha was 1.105 � 0.014. As 241Am has a relatively
short half-life alpha spectrometry is adequate and compared to
mass spectrometry techniques the most sensitive method (Vajda
and Kim, 2010). We have shown that AMS is in principle appli-
cable for the determination of Am radionuclides but at the moment
due to the high cost of an AMS facility not suitable for routine
measurements.
Table 4
Comparison of the isotopic ratio 241Am/243Am by alpha spectrometry and AMS. The
measurement uncertainties are given in �1s.

Sample no. Alpha spectrometry AMS

241Am/243Am 241Am/243Am

St60, 0e2 cm 0.080 � 0.002 0.110 � 0.017
St60, 10e12 cm 0.087 � 0.002 0.078 � 0.012
St60, 22e24 cm 0.237 � 0.006 0.249 � 0.037
St60, 46e48 cm 0.101 � 0.003 0.111 � 0.017
4. Conclusion

This work was focused on the determination of 236U/238U and
240Pu/239Pu in layers of an Irish Sea sediment core. The 236U/238U
isotopic ratios measured by AMS are far above the natural back-
ground, showing the applicability of this ratio to trace sources of
irradiated U in the environment. The average 240Pu/239Pu isotopic
ratio is 0.23 � 0.04 which indicates a high burn-up of 239Pu and
therefore is not weapons-grade Pu. Due to this result the samples
showa time scale from the late 1960s till 1990s. The respective U and
Pu isotopic ratios show a maximum at the same layer. Additionally,
for the first time the isotopic ratio 241Am/243Am was measured via
AMS and compared with alpha spectrometry measurements. The
agreement between the two methods was satisfying.
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