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Abstract

Plutonium (Pu) isotope ratios can be used to differentiate between sources of Pu contamination such as nuclear weapon
production, weapon fallout as well as accidental and routine releases from nuclear installations. To obtain information on the
contamination level, speciation and sources of Pu in the Ob and Yenisey river systems (Siberia, Russia) and the adjacent Kara Sea,
water was size fractionated onboard ship and the concentrations and atom ratios of >*°Pu and ?*°Pu in obtained water fractions (i.e.
particles, colloids and low molecular mass species) were determined by accelerator mass spectrometry (AMS). Results show a clear
difference in speciation between high 2**Pu/>*’Pu atom ratio Pu derived from global weapon fallout and low 2*°Pu/?*°Pu atom ratio
Pu, presumably originating from weapons grade Pu. In particular, the **°Pu/**°Pu atom ratios (mean 0.18+0.06) for particles
(>0.45 um) could not be distinguished from global fallout Pu (0.17-0.19), whereas for low molecular mass (LMM; <8 kDa)
species the Pu ratio was much lower than for global fallout Pu in both rivers. The difference was especially well pronounced in the
Ob (mean 2*°Pu/**°Pu atom ratio 0.052+0.023), where the difference was statistically significant (paired r-test, P=0.02, n=4).
The low **°Pu/**°Pu atom ratios in filtered (<0.45 wm) water and especially in the LMM fractions were observed at stations along
the whole length of the two sampling transects, extending from the lower parts of the Ob and Yenisey Rivers and into the northern
Kara Sea. This provides evidence of long-range transport of Pu from low burn-up or non-civil sources into the Arctic Ocean. Pu
appears to be predominantly in a dissolved form (<0.45 pm) throughout the investigated area. The colloidal fraction (8 kDa—
0.45 pm) ranged within 24-78% in the river systems and 8—53% in the Kara Sea. Concentrations of 2****°Pu in filtered
(<0.45 um) water were very low, ranging from 2.6 to 40.6 mBq m™ > in the rivers, somewhat higher than in the open Kara Sea
(2.4-7.7 mBq m ) in agreement with previously reported values.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The Kara Sea receives more than one-third of the
* Corresponding author. Tel.: +47 64 96 5545; fax: +47 64 94 8359. total fresh water discharge to the Arctic Ocean, mainly
E-mail address: Ole-Christian.Lind@umb.no (O.C. Lind). via the two Siberian rivers Ob and Yenisey, Russia [1].
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The extensive watersheds of both rivers have received
radioactive contaminants from global fallout caused by
nuclear weapons tests, local and tropospheric fallout
from nuclear weapons tests at Novaya Zemlya and
Semipalatinsk, as well as accidental and routine releases
from three major nuclear facilities located in the river
catchment areas [2—6]. The nuclear facilities include
Mayak Production Association (Mayak PA), Siberian
Chemical Combine (SCC) and Krasnoyarsk Mining and
Chemical Combine (KMCIC), all of which have been
involved in the production of weapons grade Pu (Fig. 1).

The relative abundances of *’Pu and **°Pu can be
used to trace the specific Pu source because Pu isotopic
ratios can vary with reactor type, nuclear fuel burn-up
time, neutron flux and energy, and, for fallout from
nuclear detonations, weapon type and yield [7].
Weapons grade Pu is produced by leaving the nuclear
fuel in the reactor for only a short time in order to
minimize neutron activation of 2*°Pu, and is therefore
characterised by a low content of the **°Pu isotope, with
249py/%%Py atom ratios usually less than 0.07 [7.8].
Because the isotopic composition of Pu is changed only
slightly upon detonation of low yield nuclear devices,
tropospheric fallout (**’Pu/**’Pu atom ratio ~0.04) is
indistinguishable from weapons grade Pu [9], unless
additional isotope ratios such as **'Pu/**’Pu and
242py/239py are determined. In contrast, 2*°Pu/**’Pu
atom ratios from both global weapons fallout (0.17—
0.19) and spent fuel from civil reactors (0.2—0.8) are
higher [8], providing the possibility to distinguish be-

tween the different sources of Pu contamination using
mass spectrometry.

Pu released from a source can also be present in
different physico-chemical forms (e.g. low molecular
mass (LMM) species, colloids, particles), and these can
influence the mobility and potential ecosystem transfer
[10]. A variety of fractionation techniques can be used to
differentiate radionuclide species released from a source
or a mixture of sources. The combination of fraction-
ation techniques and isotope ratio determination in the
obtained fractions can provide a significant improve-
ment in the interpretation of data compared to analysis
of total samples.

In view of the potential long-range river transport of
radionuclides to the Arctic Ocean from landbased sour-
ces within the catchments of the Ob and Yenisey rivers
[11], this study was undertaken to improve the current
knowledge on the provenance, quantity and behaviour
of Pu contamination in the area. The objectives were to
determine the >*’Pu and **’Pu concentrations in the Ob
and Yenisey rivers and the adjacent Kara Sea, to quan-
tify the amount of the particulate, colloidal and LMM Pu
species in the study area, and to use **’Pu/**’Pu atom
ratios to identify sources contributing to the Pu conta-
mination. Samples were collected during the «SIRRO
2001» expedition [12,13], and filtration (<0.45 um) and
tangential flow ultrafiltration (<8 kDa) were performed
onboard ship shortly after sampling. Subsequently, the
concentrations and atom ratios of *°Pu and **°Pu in
samples and obtained fractions (particles, colloids and
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Fig. 1. Study area. Geographical position of the study area with the three major nuclear installations indicated (left). Sampling stations in the Ob and
Yenisey rivers and the adjacent Kara Sea are indicated with station numbers (right).
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LMM species) were determined by accelerator mass
spectrometry (AMS).

2. Background to the investigation
2.1. Study area

Together, the Siberian rivers Ob and Yenisey repre-
sent a major fresh water input to the Arctic Ocean. The
Yenisey is Siberia’s largest river and among the ten
largest rivers of the world, with an annual discharge of
620 km? yrf1 [14,15], drainage area of 2.58 x 10° km?,
length of 3844 km and the delta extends over 800 km
[16,17]. The Ob is Siberia’s third largest river in terms
of annual discharge (429 km?® yr ') and the longest
Arctic river (6370 km including the Ob Bay) with the
largest catchment area (2.99 x 10° km?) [14—16]. The
delta is nearly 100 km long with about 50 islands. The
Kara Sea is a marginal shelf sea of the Arctic Ocean
receiving all discharges from both rivers and its riverine
surface waters are underlain by highly saline deep
waters with a pycnocline separating the two water
masses [18,19]. Water with salinity >30 psu enters the
estuaries as salt intrusions, forming a very stable salt
wedge in the Yenisey, which penetrates at least as far
south as 71°24’N (just south of St. 16; Fig. 1). The salt
intrusion into the Ob is less pronounced, reaching south
to 72°N, and is more mixed with the overlying surface
water [18]. The riverine Yenisey water flows towards
the northeast along the coast and finally enters the
Laptev Sea through the Vilkitsky Strait [20]. On the way
to 75°N the Yenisey derived water loses about 50% of
its total suspended matter (TSM) [21]. The River Ob
discharges mainly to the north, and from the river mouth
to 75°N, TSM is reduced by about 50%, largely because
of conservative mixing of marine surface water [21].

Most of the sedimentation in the two estuaries is
associated with a reduction in flow as the Ob widens
into the Ob Bay and the Yenisey into the southern Kara
Sea. Flocculation and coagulation of colloidal and sus-
pended matter in the area of fresh and salt water mixing
add to sedimentation in the estuaries [22].

2.2. Sources of Pu contamination

Several sources may contribute to the contamination of
Pu in the Ob and Yenisey river systems in addition to
global fallout, including the nuclear installations at Mayak,
Tomsk and Krasnoyarsk as well as local and tropospheric
fallout from nuclear weapons testing. Tropospheric sour-
ces include close in fallout from Novaya Zemlya and the
river transport of Pu (e.g. from Semipalatinsk).

The Mayak PA which, in the 1970s, comprised seven
nuclear reactors and two reprocessing plants, was
established in 1948 in order to produce Pu for the
Soviet nuclear weapons programme [23]. The complex
is situated in the southern Urals within the catchment of
the Techa river, which is a tributary to the Iset—Tobol—
Irtysh—Ob river system, about 2800 km from the Kara
Sea. Since 1949, both routine discharges and accidental
releases of radioactive waste have led to severe
contamination of Mayak and surrounding areas. It is
estimated that about 100 PBq of radioactive liquid waste
including about 2 TBq of alpha emitters was released
directly to the River Techa during 1949—1951 [24].
Based on recent investigations, the Pu inventory in the
Mayak reservoirs is at least 40 TBq [23]. Isotope ratios
in sediments reflected a change in the discharge com-
position with time. In the deep sediment profiles Pu
originating from the early discharges was present, while
in the upper sediment profiles Pu was derived from
recent reprocessing of civil nuclear fuel [8].

The Siberian Chemical Combine (SCC) is situated at
Seversk on the River Tom, a major tributary of the river
Ob [25]. The downstream distance from the site to the
outlet of the Ob River into the Kara Sea is about 2700 km
[25]. At SCC, the production of Pu, U and other tran-
suranic elements has generated large amounts of radio-
active waste that are stored in underground disposal sites
and in severely contaminated storage ponds [25]. Since
1956, the plant has released contaminated cooling water
into the river Tom. An accident occurred at the site in
1993, when an explosion in a storage tank containing
fission products, Pu and U nitrate solution contaminated
an area of about 90 km? [26].

The Krasnoyarsk Mining and Chemical Industrial
Complex (KMCIC), formerly known as Krasnoyarsk-26
and now renamed Zheleznogorsk, was established in
1958 and is located at the Yenisey river 2400 km from
the Kara Sea outlet [25]. At KMCIC, Pu production in
three RBMK-type graphite-moderated reactors, Pu re-
processing, and storage of radioactive wastes have taken
place. Commissioned in 1958 and 1961, respectively,
the first two reactors used open-loop core cooling.
Coolant entered into the reactors from the Yenisey River
and was discharged into the river. Therefore, activation
products, corrosion products from the fuel cladding and
the reactor, and fission products entered the river with
the cooling water [27]. These past releases have resulted
in radioactive contamination of river water and sedi-
ments north of the complex. The two oldest reactors
were shut down in 1992. The third reactor, which is still
in use, has a closed primary cooling cycle [28]. How-
ever, the control rods are cooled in a once-through



36 O.C. Lind et al. / Earth and Planetary Science Letters 251 (2006) 33—43

coolant loop, and together with migration of radio-
nuclides from a liquid radioactive waste disposal site
(Severny), represent sources of continuing discharge of
radioactivity to the Yenisey [29-31]. About 20 and
30 yrs ago, respectively, two reactor accidents occurred,
causing U fuel particles to be released into the Yenisey
along with the cooling water [32]. According to Suk-
horukov et al. [33], a third accident occurred in 1966
when nuclear waste storage ponds were affected by a
large flooding event in the river Yenisey. No information
is available on either the magnitude of released radio-
nuclides or on the environmental impact that the acci-
dent may have had.

2.3. Pu isotope ratios

Apparently, no data has previously been published on
249py/239Py atom ratios in water samples from the area
investigated in the present work. Josefsson, however,
reported low ***Pu/?°*2*Pu and **'Am/*°*?*°Pu
activity ratios in a water sample collected outside the
mouth of the Yenisey, suggesting a riverine influence of
unfissioned nuclear weapons material [34]. Furthermore,
the impact of sources other than the ubiquitous global
fallout has been documented on the basis of low **°Pu/*’Pu
atom ratios in suspended sediments (0.12—0.18) and
sediment cores (0.016—0.21) from the upper reaches of
the Ob River system [5,6], as well as in bottom sediments
from the Yenisey River (0.05-0.12) [35,36]. However, Pu in
sediments from the lower parts of the River Ob and its
estuary, as well as in sediments from the open Kara Sea,
including the area adjacent to the Yenisey estuary is
dominated by global fallout (0.16—0.18) [36].

2.4. Speciation

The speciation or physico-chemical form of Pu re-
leased from a source can have a significant impact on its
subsequent mobility and transfer. In general, low mole-
cular weight (LMM) species are believed to be mobile,
whereas Pu associated with particulate material is rela-
tively quickly removed from the water column by
gravitational settling. Colloids and pseudocolloids may
affect the behaviour of Pu in two ways. Colloids act as
transporting agents in natural water systems [10,37],
especially in the fresh water end member of rivers [38].
In estuaries, however, aggregation and sedimentation of
river transported colloids and particles can take place
upon mixing with high ionic strength seawater, and
associated radionuclides are removed from the water
phase [38]. The distribution of Pu species will change
over time due to transformation processes or interactions

with other components in the system, for example,
redox sensitive elements like Fe and Mn. Co-precipita-
tion, and particle growth mechanisms such as hydrolysis
and aggregation increase the nominal molecular mass of
LMM species and reduce mobility, while desorption,
dissolution and dispersion processes (e.g., weathering of
radioactive particles) mobilise LMM species from
colloids or particles [10].

Filtration (um range) and ultrafiltration (nm range)
are frequently applied to separate Pu-species into size
or nominal molecular mass categories [38—41], and
changes in the size distribution pattern can reveal infor-
mation on processes influencing the Pu-speciation, such
as particle growth mechanisms or dispersion processes.

3. Methods

Sampling was carried out in August and September
2001 onboard the Vernadsky Institute’s research vessel
Akademik Boris Petrov, along a transect from the fresh
water of the rivers Ob and Yenisey through the estuaries
and into the higher salinity Kara Sea water (Fig. 1;
Table 1). The sampling route in the Kara Sea mainly
followed the flow of riverine Ob (North of the estuary)
and Yenisey waters (North-East of the estuary along the
coast).

Surface waters (~1 m depth) were sampled with a
standard pump, while a large-volume water sampler
(batomat, 200 L) was used for pycnocline and deep
water samples. Fractionation of water samples was
carried out on board (see flow chart in Fig. 2), less than
2 h after collection.

During processing, all samples were temporarily stored
in plastic containers (300 L). About 400-litre water
samples (A) were pre-filtered through 0.45 pm Millipore
nitrocellulose filters to yield the dissolved fraction (B).
Filters (C) were changed frequently to avoid clogging.
Immediately after the pre-filtration, half the filtrates (B)
were ultrafiltered to give about 200 L ultrafiltration
permeate (D) which passed through a Millipore tangential
flow system consisting of 4 polysulphone membrane
cassettes each with a nominal molecular mass cut-off of
8 kDa [10,42]. The membrane cassettes were carefully
washed between each sample with 0.1 M NaOH, 0.1 M
HCI and MilliQ water prior to pre-conditioning with
(~2 L) of sample water prior to sample collection.

Thus, each sample was divided into 3 operationally-
defined size categories;

1. Particles: >0.45 pm, retained on 0.45 um filters (C).
2. LMM-species: <8 kDa, obtained from ultrafiltration
permeate (D).
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Table 1
Samplings station and characteristics
Area Station Depth Latitude Longitude Sample category Sampling Temperature Salinity pH  Alkalinity TSM
no. (m) (N (E) depth 0 (%o) (mgl'' (mgl)
(m) HCO3)
Yenisey 3 17 72°56.00 80°31.80  Surface, mixing zone 1 10.5 44 7.69 49.94 2.9
4 22 71°05.50 83°06.20  Surface, fresh water 1 13.8 <0.1 7.86 64.43 3.0
8 28 70°04.10 83°03.90  Surface, fresh water 1 14.4 <0.1 7.86 62.53 1.6
8 28 70°04.10 80°31.80  Near bottom, fresh water ~ 27.4 14.3 <0.1 7.64 63.29 35
11 12 72°05.60 81°41.80  Surface, mixing zone 1 13 <0.1 7.87 519 2.9
11 12 72°56.00 80°31.80  Near bottom, mixing zone 8.4 5.5 224 7.16 110.9 4.3
16 28 71°41.70 83°31.20  Surface, fresh water 1 13.1 <0.1 7.81 62.1 3.7
19 28 72°35.70 80°06.40  Surface, mixing zone 1 9.6 6.1 nm. 56 3.9
19 28 72°35.70 80°06.40  Pycnocline, mixing zone 3.5 n.d. 27.6 7.66 127.7 n.m.
Kara Sea 34 91 77°54.29 89°20.15  Near bottom, sea water 90 —1.4 343 nm. n.m. 1.3
41 42 75°41.40 87°07.80  Surface, sea water 1 4 23.8 nm. n.m. 1.2
46 323 77°55.43 75°57.35  Surface, sea water 1 4.2 26.4 79 118.6 1.6
65 63 75°42.98 75°50.79  Pycnocline, mixing zone 15 42 28 7.87 125.1 n.m.
67 49 75°14.65 73°45.78  Pycnocline, mixing zone 1 7.4 11.3 7.92 86.9 25
68 31 74°35.05 72°14.97  Pycnocline, mixing zone 7 5.8 243 7.64 110.6 2.9
Ob 70 22 72°40.16 74°00.22  Surface, fresh water 1 9.2 0.9 7.46 423 11.8
70 22 72°40.16 74°00.22  Pycnocline, mixing zone 7 6.2 29.9 7.41 130.01 12.5
72 26 70°49.88 73°44.34  Surface, fresh water 1 11.5 <0.1 7.42 393 13.0
73 15 68°54.89 73°39.99  Near bottom, fresh water 10 12.5 <0.1 7.64 53.8 11.8
82 29 73°11.83 73°01.65  Surface, mixing zone 1 6.7 9.9 77 774 5.6
82 29 73°11.83 73°01.65  Near bottom, mixing zone 22 -13 32.9 7.49 139.54 n.m.

TSM data obtained from [22].
n.m. = not measured.

3. Colloids: between < 0.45 pm and <8 kDa, obtained
by difference between filtration (B) and ultrafiltration
permeate (D).

Water samples (B and D) were reduced in volume
(from about 200 L to about 5 L) by a chemical pre-
cipitation procedure onboard the ship, which includes
the use of ***Pu and *** Am yield monitors and measures
to ensure complete equilibration [43]. The resulting
~5 L slurries were taken to the home laboratory for
further processing. Filter paper samples (C) were also
transported to the home laboratory and 2**Pu tracer was
added prior to ashing at 500 °C, digestion with aqua
regia (3:1 mix of 12 M HCl and 14 M HNO), filtration
of extracts and evaporation of filtrate to dryness.
Following radiochemical separation and purification
based on selective sorption on anion exchange resins
(Dowex AG 1x8) to separate U and Am from Pu [44],
Pu activities and isotope ratios were determined by
AMS which enabled us to measure the Pu concentra-
tions and Pu isotope ratios of the low level samples with
high sensitivity. Iron(IIl) nitrate was added to the Pu
eluate from the anion exchange chromatography and the
solutions evaporated, then ashed at 500 °C to give final
preparates for AMS measurements as Fe,O5; (2 mg Fe),
with 2**Pu:Fe atom ratios between 10~ '® and 10~ ° by

design. AMS measurements were carried out during
several runs in 2002 and 2003 using the 14UD tandem
accelerator at the Australian National University, Can-
berra, full details of the analytical technique have been
reported elsewhere [8,45]. The three Pu isotopes (mass
242, 240 and 239) were counted sequentially using
repeat cycles for each sample [8,46]. In-house standards
and certified reference material for Pu and Pu isotope
ratios (UKAEA No. UK Pu 5/92138) were determined
for each run. 2*°*2*°Py activities in the samples were
calculated from the measured 239/242 and 240/242
atom ratios. The 242/239 isotope ratio precision of the

| A) Sample |

Membrane filtration
~00L ﬂ 0.45 pm

B) Filtrate (<0.45 pm)
~400 L

Tangential flow
~200 L | | ultrafiltration
8 kDa

D) Permeate (<8 kDa)
~200L

C) Filters (>0.45 pm)

Fig. 2. Schematic outline of the size fractionation processes used in the
present study.
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CRM was 0.7% (relative standard deviation, n=>5).
Determination of an in-house standard over four runs in
a three-month period showed reproducibility to within
5%. The accuracy of 242/239, 240/242 and 239/240
ratios was within at least 5% of the reference values,
hence errors on sample measurements were dominated
by counting statistics.

4. Results and discussion
4.1. Concentrations and size distribution

The results from AMS Pu analysis of the size frac-
tioned samples are given in Table 2. The atom con-
centrations of ***Pu and **’Pu have been converted to
activity concentrations (mBq m °) and summed to
facilitate comparison with previous work.

Both the concentration of 2*°* 2*°Py and **°Pu/**°Pu
atom ratios show considerable variability between sam-
ples, exceeding factors of 10. The highest 239+ 240py,
concentrations were found in the estuary mixing zones
and the lowest in the fresh water end member of the Ob
and in the open Kara Sea (Fig. 3).

The concentration of ***?*°Pu in 0.45 um filtered
water in the lower parts of the Yenisey and Ob river
systems ranged from 6.5 to 29 mBg/m’® and 2.6 to
40.6 mBg/m?, respectively, somewhat higher than in the
open Kara Sea (2.4-7.7 mBg/m’). These results are
within the same range as previously published data based
on a-spectrometry [47,48], although Josefsson reported
concentrations as high as 90 mBg/m® **?*°Py outside
the mouth of Yenisey during early summer flooding [34].

Estimates of annual input of *>**°Pu to the Kara Sea
from the rivers can be made using mean annual dis-
charges from the Ob (429 km® yr~ ') [14] and Yenisey
(625 km® yr ') [40] as well as mean total concentrations
(sum of >0.45 um and <0.45 pum fractions) obtained in
the present work from the river and estuary sampling
stations; 18.5+15.3 mBq m > (Ob; n=5) and 20.1+
7.7 mBq m > (Yenisey; n=9). This gives an estimated
annual >>*?*°Pu flux to the Kara Sea of about 8+7 GBq
and 13+5 GBq from the Ob and Yenisey, respectively.
However, these numbers are probably underestimated as
they do not take into account the observed strong inter-
annual and intra-seasonal variability of the fresh water
discharges [22], which influences the input of radio-
nuclides associated with colloidal and particulate matter
from the rivers [20]. It should also be noted that peak
releases of suspended matter by the rivers during
flooding is probably more pronounced than the fresh
water discharge itself because the spring break-up of
river ice is usually a very turbulent event [49].

According to Vakulovsky [50], the Yenisey has re-
ceived a total of about 5 GBq ***"**°Pu through con-
trolled releases from the KMCIC during 19942000, with
the highest annual discharges reported for 1999 (1.9 GBq)
and 2000 (I GBq). This is low compared with our
estimates, suggesting that there must be other sources to
the Kara Sea besides the controlled releases, for example,
transport of global fallout from the catchment or from
other sources within the catchment area of the Yenisey.

A large fraction of the Pu in the fresh water section
of the rivers was associated with particulate material
(45—76%), whereas in the estuaries and the Kara Sea, Pu
was predominantly present in dissolved forms, i.e.
colloids and LMM species. The colloidal fraction (i.e.,
8 kDa—0.45 um) in the rivers ranged from 25 to 78% and
24 to 73% in the Yenisey and the Ob, respectively, with
the highest concentrations being seen in bottom waters.
In Kara Sea surface waters influenced by the Yenisey (St.
no. 41), the low colloidal fraction (8%) of Pu may be
explained by the long travel distance from the river
mouth, whereas in the pycnocline Kara Sea waters
influenced by the Ob (St 68) 53% was associated with
colloids. In general, the colloidal fraction in the study
area was significantly higher than previously reported for
the Arctic seas [S1]. High levels of colloidal Pu (59-62%
in the river, 17—41% in the mixing zone) have also been
observed in the River Rhone [38]. Thus, colloids are
important transport agents for river transported Pu.

LMM Pu-species varied from 16 to 39% in the fresh
water end members of the rivers, 13—56% in the estuaries,
and 40—67% in the Kara Sea. Data suggests an estuary
maxima for LMM Pu-species, similar to those observed
for most trace metals in estuaries [52—54]. To conclude,
the main difference in Pu-speciation between sites was the
overall predominance of particulate forms in the river
waters and dissolved forms in the Kara Sea. Although the
data shows evidence of a change in concentration,
speciation and isotope ratios along the river transects, no
correlation could be observed with salinity (expected to be
indicative of dilution) or location. Additional confounding
factors such as the relatively high concentrations in
estuarine bottom waters, and contributions from resus-
pension and/or catchment run-off, probably override any
dilution or salinity effect on concentration or speciation.
Hence, the data do not provide the spatial resolution
required to see systematic changes or correlations.

4.2. 2" Pu/3° Pu atom ratios

Atom ratios of 2*°Pu/**°Pu show significant varia-
tions between sites and, more importantly, between size
fractions. The results show a clear difference in
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Table 2

Results from AMS measurements

Sample Sal. (psu) >0.45 pm <0.45 pm <8 kDa Sum fractions

depth (m) 240+239p, 240p,, 239py 240+239p, 240p,,239py, 240+239p, 240p,, 239y 240+239p,
(mBq m™") (mBq m™) (mBq m™?) (mBq m )

Yenisey River and Estuary and Eastern Kara Sea (influenced by the Yenisey)

St. 8 (70°04.10'N, 83°03.80'E, depth 28 m)

1 <0.1 4.6+0.3 0.120+0.023 14.4+0.4 0.062+0.006  n.m. n.m. 19.0+0.5

27.4 <0.1 1.2+0.1 0.177+0.024 8.7+0.6 0.116+0.019 3.9+0.2 0.115+0.015 9.9+0.6

St. 4 (71°05.50'N, 83°06.20'E, depth 22 m)

1 <0.1 5.2+0.5 0.202+0.044 6.5+0.3 0.212+0.024 2.4+0.2 0.093+0.028 11.7+0.6

St. 16 (71°41.70'N, 83°31.20'E, depth 28 m)

1 <0.1 23.7+3.3 0.077+0.031 7.4+0.2 0.138+0.011 n.m. n.m. 31.1+3.3

St. 11 (72°05.60'N, 81°41.80’E, depth 12 m)

1 <0.1 1.9+0.3 0.238+0.076 17.0+£0.8 0.069+0.010 n.m. n.m. 18.9+0.8

8.4 224 3.0£0.2 0.108+0.019 29.0+£0.5 0.032+0.002 4.0£0.3 0.130+0.025 32.0£0.5

St. 19 (72°35.70'N, 80°06.40'E, depth 28 m)

1 6.1 3.5+0.5 0.208+0.062 16.3£0.4 0.094+0.007 n.m. n.m. 19.8+0.6

4.7 27.6 2.9+0.1 0.151+0.016 12.0+0.5 0.138+0.013 8,2+0.3 0.108+0.011 14.8+£0.5

St. 03 (72°56.00'N, 80°31.80'E, depth 17 m)

1 4.4 6.3+1.2 0.297+0.109 16.8+0.8 0.188+0.019 n.m. n.m. 23.2+14

St. 41 (75°41.40'N, 87°07.80'E, depth 42 m)

1 23.8 2.6+1.2 n.d. 7.7+£0.3 0.104+0.010 6.9+£0.3 0.073+0.009 103£1.2

St.34 (77°54.29'N, 89°20.15’E, depth 90 m)

90 343 n.d. n.d. 6.4+0.2 0.158+0.010 n.m. n.m. >6.4

Ob River and Estuary and Kara Sea north of the Ob River (influenced by the Ob)

St. 73 (68°54.894'N, 73°39.99'E, depth 15 m)

10 <0.1 n.m n.m 4.4+0.2 0.114+0.012 3.440.1 0.069+0.014 >4.4

St. 72 (70°49.88'N, 73°44.34'E, depth 26 m)

1 <0.1 2.9+40.2 0.219+0.034 2.6+0.2 0.123+0.030 0.9+0.1 0.027+0.020 5.5+0.3

St. 70 (72°40.16'N, 74°00.22'E, depth 22 m)

1 0.9 9.1£0.4 0.197+£0.019 11.1+0.4 0.052+0.007 n.m. n.m. 20.2+0.6

7 29.9 6.3+0.3 0.172+0.018 10.9+1.2 0.125+0.014 5.1+0.3 0.056+0.011 17.2+1.3

St. 82 (73°11.83’N, 73°01.65’E, depth 29 m)

1 9.9 2.6+0.2 0.120+0.018  4.0+0.2 0.096+0.011 n.m. 0.030+0.007 6.6+0.2

22 329 2.7+0.1 0.147+£0.024  40.6+0.9 0.019+0.003 8.8+£0.4 0.077+£0.009  43.3+0.9

St. 68 (74°35.05'N, 72°14.97'E, depth 31 m)

7 243 0.6+£0.2 0.165+0.064 7.7£0.3 0.073+£0.009 3.3+£0.3 0.143+£0.031 8.3+0.4

St. 67 (75°14.65'N, 73°45.78'E, depth 49 m)

1 11.3 5.8£1.6 n.m. n.m. n.m. n.m. n.m. >5.8

St. 65 (75°42.98'N, 75°50.79'E, depth 63 m)

15 28 0.5+0.1 0.142+0.089 2.4+0.3 0.231+0.056  n.m. 0.1324+0.023 2.9+0.3

St. 46 (77°55.43'N, 75°57.35'E, depth 323 m)

1 26.4 0.4+0.1 0.265+0.078 29+0.2 0.095+0.014 n.m. n.m. 3.3+0.2

n.a. = not applicable, n.d. = not detected, n.m. = not measured. Errors are based on counting statistics (=1 SD). Pu activity concentrations refer to
AMS measurements. Total activities (*>*Pu+2*’Pu) were calculated from the measured 239/242 and 240/242 atom ratios, using half-lives of 24

119 yrs for 2**Pu, 6564 yrs for **°Pu, and 3.76 x 10° yrs for ***Pu.

239.249py activity concentrations, >**Pu/***Pu atom ratios and % distribution of total ***?*°Pu activity within size fractions. Sampling station data

listed according to increasing latitude.

249py/2%Py atom ratios between the different Pu size
fractions. At most stations a rather low ratio was
observed for the dissolved fractions (colloids and
LMM), while the ratio was higher for the particulate
fraction (Fig. 3). This difference was observed in both
rivers, but most pronounced in the Ob where LMM
(<8 kDa) was significantly lower (paired ¢-test,

P=0.02, n=4) than the particulate fraction. Thus, the
249py/23%Py atom ratios indicate that particulate Pu
(mean for all stations 0.18+0.06) is global fallout
related and that LMM Pu-species (mean Ob, 0.052+
0.023; mean Yenisey, 0.112+ 0.015) originate from low
atom ratio sources such as nuclear weapon production
facilities or close-in/tropospheric fallout (Fig. 4).
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These findings imply that the speciation of global
fallout derived Pu is different compared to Pu
originating from low 2**Pu/**°Pu atom ratio sources.
In particular, global fallout Pu appears to be particle-
reactive, whereas the non-civil, non-global fallout Pu is
more mobile. Variation in the >*Pu/**% *°Pu activity
ratios with respect to Pu-speciation has also been

0.25 i & Global fallout:
| : 240py/2%Py atom
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£ 020 ! L I
way T
= g
E i 4 Parti {>0,45um)
1 F !
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20Py/29py atom
ratio = 0.01 - 0.07
0.00 Yenisey river Kara Sea Ob river
and estuary and estuary

Fig. 4. Pooled *°Pu/***Pu atom ratios in the particulate, dissolved and
LMM fractions in the Yenisey (river and estuary; particles n=9;
dissolved n=9; LMM n=4), Kara Sea (particles n=4; dissolved n=>5;
LMM r=3) and Ob (river and estuary; particles n=>5; dissolved n=6;
LMM n=5), respectively.

observed by Mitchell and co-workers in the Irish sea,
reporting a small, but significant difference between the
mean 2**Pu/?*% 24Py activity ratios in the filtered and
suspended particulate fractions at locations well re-
moved from Sellafield (Western/North Western Irish
Sea) [55]. This was related to the existence of two
separate source-terms: i.e., resuspension of mainly older
Pu (discharged in earlier years from Sellafield and
characterised by lower ratios) from western Irish Sea
sediments, and desorption of a mixture of older and
more recently discharged Pu from eastern Irish Sea
sediments (characterised by somewhat higher ratios).
In the present study, an input from global fallout derived
Pu would be expected along the whole of the river
catchment, and includes terrestrial erosion and surface run-
off. Weapons grade Pu sources include the Krasnoyarsk
site for Yenisey and Mayak, Tomsk and the Semipalatinsk
test site within the Ob catchment area. Several researchers
have suggested that run-off from the Semipalatinsk test site
to the neighbouring Irtysh River could supply low
249py/2*¥Py atom ratio Pu from low yield nuclear
explosions to the Irtysh—Ob river system which ultimately
discharges into the Arctic Ocean [2,7]. The **°*%*py
concentration (2.0+ 0.2 mBg/L) recently measured in
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filtered Irtysh river water collected near the Semipala-
tinsk test site [56] is a factor of 100 higher than our data
from the lower Ob. The ***Pu/**° " 2*°Py activity ratio
was ~ (.15, indicating an expected non-global fallout
influence. However, whichever source is responsible for
the low isotope ratios seen in the river and estuary waters,
they all suggest a long-range transport of relatively stable
LMM Pu-species.

4.3. Water versus previously reported sediment data

Because the isotope ratios of Pu in deposited
sediments is expected to reflect the observed isotope
ratios of particulate Pu in the water column, the
249py/%39Py ratios observed in Ob and Yenisey water
are compared with those reported for bottom sediments
collected by us from the same area [36]. The
sedimentation of suspended matter from the Yenisey is
low until it reaches the main deposition area just north of
Sibiryakova Island (Fig. 1) [22]. AMS measurements of
sediment cores from this main deposition area show that
the Pu deposited is mainly derived from global fallout
with *°Pu/**Pu atom ratios of 0.16+0.01 [36]. Outside
the main deposition area south of Sibiryakova Island,
however, the 240p/239py atom ratios of surface
sediments were significantly lower, ranging between
0.09 and 0.13 in the estuary and 0.05 and 0.12 in the
fresh water end-member of the river [36], with the lower
values dominating close to the KMCIC facility. Thus,
the global fallout dominated particulate Pu appears to be
the source of most of the Pu in the main sediment
deposition area. This seems to be the case also for the
Ob, although it exhibits a depositional regime different
to the Yenisey. Indeed, sedimentation in the Ob takes
place all the way along the Ob Bay, through the river
mouth and north to 76°N [22], an area where Pu in
(recently deposited) surface sediments has been reported
to be of global fallout origin [36]. As the suspended
particulate material (SPM) discharge is almost three
times higher in the River Ob than the Yenisey [57], the
Ob clearly carries a greater input of suspended
sediments from terrestrial erosion and run-off. These
high loads of suspended sediments may, if predomi-
nantly from areas subjected to inputs of global fallout,
dilute any influence of a low **°Pu/**°Pu atom ratio
source in suspended and deposited sediments.

4.4. Long-range transport of Pu
Low 2**Pu/**°Pu atom ratio signals were observed in

Kara Sea surface waters (<0.45 um and LMM) even at
two of our farthest sampling points, St. no. 46 (77°55.43’

N, 75°57.35’E) and St. no. 41 (75°41.40'N, 87°07.80’E),
several hundred km from the estuaries. Our AMS
measurement data are supported by the fact that the
surface water samples featured relatively low salinity
and high DOC concentrations reflecting riverine influ-
ences. The high salinity bottom water sample
(<0.45 um) at a third station in the Northern Kara Sea
(St. no. 34; 77°54.29'N, 89°20.15’E) did not signifi-
cantly deviate from the global fallout signal. In addition,
indications of Pu from non-European nuclear fuel
reprocessing sources have been reported in the Laptev
Sea which is connected to the north eastern parts of the
Kara Sea [4]. Thus, a significant amount of mobile Pu-
species is apparently transported long distances with
Kara Sea surface waters.

5. Conclusions

At site size fractionation of Pu in water samples from
the lower parts of the Ob and Yenisey Rivers, their
estuaries and the adjacent Kara Sea revealed that
249py/23Py atom ratios in dissolved forms (<0.45 pum),
in particularly for LMM Pu-species (<8 kDa), were
lower than global fallout, reflecting a low bum-up or
non-civil Pu, such as weapons grade Pu, as a key source.
This observation was especially pronounced in the Ob
where the 2*°Pu/**’Pu atom ratio for LMM Pu (0.027—
0.077) was significantly lower than the global fallout
ratio. For Pu associated with particles the 2*°Pu/**’Pu
atom ratio could not be distinguished from global fallout.
This finding reflects the fact that global fallout derived
Pu and the low 2*°Pu/**°Pu atom ratio sources of Pu
exhibit different environmental behaviour, indicating that
the Pu derived from the global fallout source is particle-
reactive, whereas the non-civil, non-global fallout
sources of Pu are more mobile. The signal from low
240py/2%Py atom ratio Pu was observed in fractioned
samples (<0.45 pm) as far north as 78°N in the Kara Sea,
indicating that mobile riverine Pu can be transported far
into the Arctic Ocean.

The very low concentrations of Pu previously reported
for the study area were confirmed by our data. Pu was
predominantly present in dissolved forms; however, the
Pu colloidal fraction in the rivers and estuaries of Ob and
Yenisey and the adjacent Kara Sea was much larger than
previously reported for the Arctic. For size fractioned
water samples with ultra low Pu concentrations, AMS
has proved to be a powerful analytical technique. The
results should improve the understanding of Pu specia-
tion in estuaries, and be of relevance for impact
assessments in case of accidental releases from nuclear
installations in the Urals and Siberia.
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