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Abstract

Accelerator mass spectrometry (AMS) has been used to determine Pu activity concentrations and
24OPu/239Pu isotope ratios in sediments from the Kara Sea and radioactive waste dumping sites at
Novaya Zemlya. Measured m 2 4 0 p u activities ranged from 0.06 - 9.8 Bq/kg dry weight, 2*°Pu/239Pu
atom ratios ranged from 0.13 to 0.28, and 238Pu/239>240Pu activity ratios from 0.02 to 0.6. Perturbations
from global fallout isotope ratios were evident at three sites: the Yenisey Estuary and Abrosimov
Fjords where 24OPu/239Pu ratios were lower (0.13-0.14); and Stepovogo Fjord sediments where ratios
were higher (up to 0.28) than fallout ratios. Based on procedural blanks, detection limits for AMS were
below 1 fg Pu and the method showed good precision for isotope ratio measurements, minimal matrix,
interference and memory effects. For high level samples, comparison between alpha spectrometry and
AMS gave good agreement for measurement of m 2 4 0 p u activity concentrations.

1. INTRODUCTION

The total input of plutonium to the Arctic is dominated by global fallout from weapons testing
[1-3]. However, additional plutonium sources include dumping of radioactive waste [4], marine and
terrestrial transport from reprocessing plants [5], Novaya Zemlya weapons tests [6], and accidents such
as the B52 bomber crash at Thule and the sunken nuclear submarine Komsomolets [Table 1]. Regional
sources can often result in localised contamination and perturbations from global fallout levels. This is
exemplified by the high Pu concentrations documented at Thule [12,13], the Chernaya Bay [6], the
Kara Gate [2] and radioactive waste dumping sites at Novaya Zemlya [9,14].

Different sources often exhibit characteristic Pu isotope ratios. Hence, these ratios can be used to
identify the origin of contamination, calculate inventories, or follow the migration of contaminated
sediments and waters. Joint Norwegian Russian Collaborations (JNRC) demonstrated that the general
level of radionuclides at Novaya Zemlya dumping sites was similar to the Kara Sea. However, at
certain sites, enhanced levels of 137Cs, 60Co, ^Sr and 239-24Opu in sediments indicated that leakage from
dumped objects had occurred [9,14]. Although some 238Pu/239|240Pu data are available on the JRNC
samples [9,15], no investigation of the 24OPu/239Pu ratios had been carried out. With this in mind, the
objective of the present study was to obtain further information on the Pu-isotopic signature in these
sediments and to gain better insight into the source of the excess plutonium. Plutonium-240/239 ratios
were determined using accelerator mass spectrometry, which has proved to be a useful and reliable
method for analysis of Pu-isotopes.

2. EXPERIMENTAL METHODS

2.1. Sample preparation

Samples for AMS measurement represent a total of six sites: the Open Kara Sea; the Kara Gate
(SW of the Kara Gate, South of Chernaya Bay); the Abrosimov and Stepovogo Fjords at Novaya
Zemlya; and the mouths of the Ob and Yenisey Estuaries [Table 2]. Kara Sea and Novaya Zemlya
sediment samples were collected during joint Norwegian-Russian expeditions to dumping sites during
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1992, 1993 and 1994 [2,9,14]. The two surface sediment samples from the Ob and Yenisey Estuaries
were collected during the Norwegian-Russian Karex expedition in 1994; the 1996 La Hague effluent
sample (Joint Norwegian-French Collaborations) was included for comparative purposes.

Dried, ground and homogenised aliquots sediments (5-10 g) were ashed and/or digested with
aqua regia, filtered and the extract taken to dryness. Pu-isotopes were separated by anion exchange
chromatography using M2Pu as a yield monitor. A few samples were also prepared by leaching
electrodepoisted Pu-isotopes from stainless steel planchettes used for alpha spectrometry. After
addition of Fe-nitrate, the samples were ashed to give final preparates for AMS measurement as Fe2O3

(2 mg Fe), with 242Pu:Fe iron atom ratios of between 10"IC and 10"9 by design. All sample preparation
was carried out in clean, low-level or trace element analytical laboratories.

2.2. Accelerator Mass Spectrometry

AMS measurements were carried out using the 14UD tandem accelerator at the Australian
National University, Canberra; full details of the analytical technique have been reported elsewhere
[16]. The Fe2C<3 samples were mixed with Al powder, pressed into AI holders and mounted on a
sample wheel. PuO" ions from the negative ion source were injected into the 14UD accelerator and
accelerated to 4.3 MeV. At this energy, electrons were stripped from the ions in a low pressure gas to
dissociate the molecular ions and produce multiply-charged positive Pu-ions. After further acceleration,
APu6+ ions were selected by an analysing magnet and counted individually using a longitudinal-field
ionisation detector. This detector has an energy resolution of about 3 % for 30 MeV Pu ions, which is
sufficient to resolve Pu6+ ions from other ions of the same magnetic rigidity but lower charge states.
The three Pu-isotopes (mass 242, 240 and 239) were counted sequentially using repeat cycles for each
sample. The accelerator and beam transport system were optimised using a mixed thorium oxide/iron
oxide sample, and inflection magnet and terminal voltage settings for each of the plutonium isotopes
extrapolated from the 232Th values. Mass calibration was carried out against a certified Pu-isotope ratio
reference standard (UK Certified Reference Material No: Pu 5/92138).

TABLE 1: ESTIMATES OF HISTORICAL AND POTENTIAL SOURCES OF PLUTONIUM TO ARCTIC
AREAS. TOTAL RELEASES AND ESTIMATED INPUTS TO THE ARCTIC; BRACKETS INDICATE
SOURCES EFFECTIVELY ISOLATED FROM THE ENVIRONMENT.

Year 239+240Pu 239+240Pu Comment
Total (TBq) Arctic (TBq)

Distant Sources
Global weapons
[13,7]

Sellafield [3,5,8]

fallout 1945-1964 12 000 100-400

1952-1995 610 2-20

Run-off from land-based 1949-
nuclear installations [1,2,9]

Chernobyl [1,2,10] 1986

Local and Regional Sources
Novaya Zemlya - above 1955-1962
ground weapons tests [1,2,7]
Underwater tests [6] 1955-1961

Underground tests [1] 1963-1989
Dumped waste and nuclear 1961-1984
reactors [3,11]
Komsomolets (Bear Isl.) [11] 1989

Thule (Greenland) [1,12] 1968

2+ ?

60-90 < 1

2000-85003 5-10
"close in"

? - kilotonne yield

(730a)

(9)

(20)

8-15 TBq total
~1 TBq after clean up

Arctic input represents direct
deposition to oceans plus river run-
off from land.
Present sources include
remobilization from contaminated
Irish sea sediments.
Reported discharge from Mayak to
the Techa (1949-51). Other sources
include Tomsk-7 and Krasnoyarsk.
More than 90 % Pu deposited with
fuel particles close to the NPP

Total 87 tests, including the 58 Mt
H-bomb 3rd October 1961
Up to 15 kBq/kg in Chernaya Bay
sediments.
Total 343 tests. Some releases.
Majority of actinides still isolated
within spent reactor nuclear fuel
and weapons (Komsomolets).

US B-52 bomber carrying four Pu-
nuclear weapons.

a - Calculated from estimated Cs-137 releases; assumed Pu-239+240/Cs ratio = 0.013 (global fallout at time of deposition)
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3. RESULTS AND DISCUSSION

3.1. Analytical performance

Results of plutonium measurements are given in Table 2. The high sensitivity of AMS enabled
determination of 239Pu and 240Pu in all samples. Procedural blanks gave count rates of less than 3
counts per hour for the anion exchange samples. Since a sample containing 2 mg Fe can be counted for
at least one hour, this corresponds to an absolute detection limit [17] of less than 1 fg Pu. For the
isotope count times of the present run (max 15 mins), the effective detection limit was 4 fg Pu, or about
10 juBq 239Pu per sample. These limits compare favourably with other low-level Pu mass spectrometric
methods such as high sensitivity ICP-MS [18] and thermal ionisation mass spectrometry (TIMS) [19].
239+240pu a c t j v j t j e s m ^ s a m p i e s Were calculated from the measured 239/242 and 240/242 atom ratios,
using half-lives of 24,110 yr for 239Pu; 6563 yr for 238Pu, and 3.75 x 105 yr for 242Pu [20]. For the
leached planchettes, 239+24opu activities from accelerator mass spectrometry showed excellent
correlation with alpha spectrometry results (AMS = 0.9925*ALPHA; R2 = 0.999, n=5). The 242/239
isotope ratio precision of the CRM was 0.7 % (relative standard deviation, n=5), which was in good
agreement with that expected from Poisson counting statistics, 0.6 %.

3.2. Plutonium isotope ratios in Kara Sea and Novaya Zemlya samples

For Northern areas, literature data on plutonium isotope ratios in global fallout range from 0.176
to 0.190 for 24OPu/239Pu [21,22] and from 0.02 to 0.04 for 238Pu/2*>+240pu [2345,23]. Looking at the
Kara Sea and Novaya Zemlya samples, it is clear that most samples showed similar ratios to the
published global fallout levels [Table 2; Fig. 1]. However, perturbations from fallout ratios were seen
at a number of sites, most notably the Abrosimov Fjord and Yenisey Estuary where 24OPu/239Pu atom
ratios were between 0.13 and 0.14, and Stepovogo Fjord where 24OPu/239Pu ratios of up to 0.28 were
observed. High 238Pu/239+240Pu ratios were also seen in some Stepovogo and Abrosimov sediments.

As already pointed out, source term information can be derived from data on plutonium isotope
ratios; and these ratios are known to vary with factors like nuclear fuel burn-up, reactor type and
operating history, neutron flux and weapon yield. In light of the number of different Pu sources to the
Kara Sea [Table 2], and the variations between sources and sites, the following discussion of results
has been divided into two parts. The first part covers sites and sources with low 24OPu/239Pu ratios (as
compared to global fallout), the second part sites and sources with high 24OPu/239Pu ratios.

3.2.1. Low-burnup, low-yield Pu sources: Ob, Yenisey, Kara Gate and Abrosimov Fjord

Weapons-grade Pu is characterised by low 24oPu/239Pu ratios, usually with a 24OPu content no
greater than 5 % [24]. The Ob and Yenisey Rivers both have a number of weapons-grade Pu sources in
their catchment areas, including the Russian plutonium production and reprocessing plants at Mayak,
Tomsk-7, and Krasnoyarsk, and the Semipalantinsk nuclear weapons testing site in Kazakstan.
However, most of these installations are situated more than 2000 km from the estuary. The present
study indicated an influence from a low 24OPu/239Pu source in the Yenisey Estuary and, although
representing only one sample, the observed isotope ratio showed good agreement with published data
[25,26]. Measurement of Pu isotope ratios Ob surface sediments gave no evidence for significant non-
global fallout sources. This is in line with other reported observations [25,26]; although, low
24OPu/239Pu ratios have been identified in sub-surface Ob sediment samples [27].

Joint Norwegian Russian Investigations identified enhanced Pu concentrations and high Pu/Cs
ratios (relative to global fallout) in sediment samples from SW of the Kara Gate [2]. A probable source
of Pu at this site is the underwater nuclear weapons tests carried out in Southern Novaya Zemlya.
Sediments from the nearby Chernaya Bay are known to be highly contaminated (up to 15 kBq/kg), and
a 24OPu/239Pu atom ratio of 0.030 has been reported, indicating low yield tests [6]. Previous analysis of
the Kara Gate samples showed that ^Pu/ 2 3 9* 2 4^ ratios were similar to global fallout [2]. The present
study showed a 24OPu/239Pu atom ratio of 0.16±0.03, from which it can be calculated that up to 40 % of
the Pu could originate from a source having a 24OPu/239Pu ratio of 0.03. The high uncertainty reflects
poor counting statistics for this particular sample; other samples from the profile are under analysis.
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Plutonium sources to the Abrosimov Fjord include dumped radioactive waste containers, reactor
compartments both with and without spent nuclear fuel (three submarine pressurised water reactors,
PWR), and close in fallout from Novaya Zemlya tests. Of these sources, estimates of Pu-isotope ratios
are available only for the reactor compartments, and these are based on computer calculations using
available information on the reactor type, fuel composition and burn-up [reviewed in ref. 3]. All
reactors dumped at Novaya Zemlya had suffered some form of accident, hence fuel burn-up times were
relatively low [11], while the relatively high 235U enrichment used in marine PWRs (7-20 %) enhances
production of actinides [28]. Recent calculations put the ratios in Abrosimov reactors at 0.13 (atom
ratio) for ^ u / 2 3 ^ and 0.45 (activity ratio) for 238Pu/239+240Pu [3]. Enhanced Pu concentrations were
seen at only one site in Abrosimov: close to radioactive waste containers, and the Pu-isotope ratios at
this site were rather constant [Figure 2]. Subtracting global fallout gives a calculated 24OPu/239Pu ratio
in the 'contaminating source' of between 0.07 and 0.12; while the corresponding 238Pu/239+240pu ratio
would be greater than 0.4. The low 24OPu/239Pu ratios suggest a non-civil source, while the high
23SPu/239+240Pu ratio should exclude waste from Pu weapons production. Analysis of sediments
collected from other sites, showed no significant deviation in Pu-isotope ratios.

3.2.2. High burn up, high yield sources: Stepovogo Fjord.

Potential plutonium sources to Stepovogo are similar to those at Abrosimov, although in this
case the dumped waste includes two liquid metal reactor compartments within a scuttled nuclear
submarine (90 % 235U enrichment and burn-up of 0.88 GWd). The low burn-up and high 235U
enrichment is reflected in the calculated isotope ratios: 0.0055 for 24OPu/239Pu and 0.12 for
238pu/239,240pu ]. The longer nuclear fuel is left in a reactor, the higher the ratios of both

2 3 8 2 3 9 2 4 0
andg g

238Pu relative to 239Pu. Thus, 238pu/239'240pu activity ratios civil reactor or reprocessing sources are about
an order of magnitude greater than global fallout, and have proved useful in monitoring the migration
of Sellafield-derived Pu [5]. However, Pu-isotope ratios in high burn-up civil reactors can differ from
those in naval reactors. This is well illustrated by the Pu-isotope ratios measured here in Cap La Hague
effluent, and previously published data for the Sellafield reprocessing plant and Chernobyl reactor
[Table 2].

TABLE E. AMS AND ALPHA-SPECTROMETRY MEASUREMENTS [2,9] OF PU ISOTOPE
RATIOS IN KARA SEA AND NOVAYA ZEMLYA SEDIMENTS, AND COMPARISON WITH
PUBLISHED VALUES FOR VARIOUS SOURCES.
Site

Sediments
Open Kara
Kara Gate
Abrosimov Fjord

Stepovogo Fjord
Ob Estuary
Yenisey Estuary
Sources

Site

Surface sediment (n=3)
Surface sediment
Close to containers (n=3)
Inner Fjord
Outer Fjord

Inner Fjord (n=3)
Surface sediment
Surface sediment

Global Fallout - Northern Hemisphere [21-24]
Reprocessing Plants

Sellafield

Cap la Hague
Chernaya Bay [6]
Thule [13]
Mayak

Surface sediment
Sediment profile [29]
Effluent - this study

Upper Techa [30]
EURT [20, 30]

Chernobyl - fuel particles [10,24]
a - Includes additional samples to those than

239+240pu

(Bq/k

0.06-
2.2 +
2.3-'
0.98-
0.31-
0.62-
0.72-
1.09-

:gDW)

•1.41
0.1
\2
1-0.05
t-0.02
• 9 . 8

t-0.06
i-0.04

24«pu /239pu

(atom ratio)

0.16-0.20
0.16 ± 0.03
0.132 ± 0.006
0.177 ±0.018
0.20+ 0.02
0.17-0.28
0.192 ± 0.019
0.142 ± 0.018

0.175-0.19

0.22
0.05 - 0.25
0.34 ± 0.03
0.030
0.033 - 0.055
0.013 - 0.024
0.026 - 0.028
0.45 - 0.52

analysed for 240/239 Pu ratios; n.a.

238puy239+24!>pu

(activity ratio)

0.023 - 0.04 la

0.02 - 0.04a

0.5 ± 0.1
0.025
0.030

0.045 -0.18
n.a.
n.a.

0.025 - 0.04

0.19

0.36

0.015 - 0.025
0.005 - 0.018
0.011 ±0.02
0.48

- Not analysed
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Samples from the inner part of the Stepovogo Fjord (close to dumped containers) showed high
ratios for both 34OPu/a39Pu and 238Pu/m240Pu, respectively, 0.17-0.28 and 0.04-0.18. This combination
indicates Pu originating from high-burn up, civil sources, however, the inhomogenity of the ratios
suggest more than one source [Table II; Fig. 1].

4. CONCLUSIONS

Although based on relatively few samples, this pilot study has shown that deviations from global
fallout 24OPu/239Pu ratios can be identified in sediments collected from dumping sites at Novaya
Zemlya. It appears that an influence from low burn-up or non-civil sources is apparent in the Yenisey
Estuary and Abrosimov Fjord; while the ratios seen in contaminated sediments in Stepovogo Fjord are
concurrent with high burn-up, civil sources. The data support further investigation of the samples, and
future AMS studies will be carried out to obtain more information on the distribution of Pu-ratios
within specific sites data on other Pu isotopes and actinides.

The generally low levels of radionuclides in Arctic sediments, often combined with limited
sample sizes, necessitate reliable low-level techniques for determination of Pu-isotopes. Accelerator
mass spectrometry has proved to be a powerful method for measuring low-level Pu activity
concentrations and Pu-isotope ratios. Absolute detection limits of a few fg Pu can compete with both
TIMS, high sensitivity ICP-MS, and certainly alpha spectrometry, while showing less interference,
memory and matrix effects as compared to routine ICP-MS techniques. Although the method is unable
to match TIMS for precision on isotope ratio measurements, it does have the advantage of a somewhat
faster sample throughput (30-60 per day) and significantly lower cost.
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