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ABSTRACT

A high-precision mass spectrometry method has lmmeloped to measurd®Puf*Pu at low

concentrations in environmental samples. A reprilility of <1% for sample sizes of > 0.5pg has
been achieved using a highly sensitive and preciséti-collector ICP-mass spectrometer
(Micromass IsoProbe). The research has involvedyeqgpthe developed methods to a number of

environmental studies.

Application I: A chronology for*®Puf*®Pu is presented. This chronology over the periotb1E980

is derived from grass samples from the IACR Rothachérchive at Harpenden (Hertfordshire, UK)
and an Alpine ice core from Dome du Gouter, Morar8l French Alps. Activity concentrations for
1¥Ccs and®***Pu and the”®U/*U atomic ratio were also determined in the samep#@sn The
activity concentrations clearly reflect the yeayiglds of atmospheric testing. A higher abundarfce o
2% can be linked to nuclear testing between 195@186higher abundance 61U is found in the
period 1970-80 in the grass, but not in the icee fPu?**Pu ratio is compared with Polar ice core
and stratospheric data that have appeared in thetlire. It is particularly notable that the UK
herbage samples clearly identify fallout from trelye U.S. tests in the Nevada desert (1952 and
1953) and that 1954-68 samples show isotope ragibscting stratospheric fallout. Ratios for the
1970s cannot be uniquely attributed to a singleremuComplementary measurements of the
#%Puf*Pu have been carried out on stratospheric airdiliewm Sweden and ground-level air filters

from Germany.

Application 1lIA: Plutonium isotopes have been measured in a setliowe from the Wyre
saltmarsh. Radionuclide contamination in this ageanuch higher than in many other UK sites
because of its incorporation of discharges fromBhd-L Sellafield. A model for the transport of

radiolabelled sediment from the Sellafield areal$® presented.

Application IIB: Plutonium isotopic ratios in a mudflat core fromole Harbour reflect the pattern
that is expected from weapons fallout in the pré@l@eriod. The post-1970 sediment shows an

additional source that is considered to be thehdisyes from AEA Winfrith.

Application Ill: Radioactive contamination of the environment byaRd U as a result of operations
at the AWE sites at Aldermaston and Burghfield I@an investigated. Isotope ratio results show that
contamination of the environment around the sisepatchy and its concentration very small. It is
interesting to note that measurable contaminasomot expected from the annual discharge records

when a dispersion model is applied.
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PhD Proposal (1998)
Graduate School of Ocean & Earth Science

Characterisation and differentiation of Pu and U i®topes in the environment
Supervisors: Dr IW Croudace, Dr PE Warwick & Dr R T aylor

The recent radiometric survey of Greenham Commoewtiry District and surrounding areas
(Croudace, Warwick, Taylor and Dee, 1997)* was Hmadly tasked with studying the alleged
nuclear incident at the Greenham Common airbassgpil@eusing mass spectrometric techniques no
evidence for any such incident was found at or mgothe airbase. Sampling around AWE
(Aldermaston) was also carried out and small amsohftanomalous U (and Pu to a lesser extent)
were detected in the vicinity of the site.

Specific measurements f6FU, 22U, 2%Pu, ***Pu and®Pu should allow apportionment to be made
between the two main source termiz.(AWE discharges and weapons fallout). Thermalsation
mass spectrometry (TIMS) will be used to deterntiveeratio of*®Pu/*Pu and?**U/***U in samples
(soils and other environmental materials) colle@edarious distances from AWE to study the lateral
and vertical (historical) distribution of anomaldusand Pu. Although a genefdPu/*®Pu ratio of 5
(compared withca. 10-15 for weapons material) is known from weapdiadiout more detailed
temporal variations for the southern UK are notwmolt is also proposed to determine a unique
time-series dataset using a national herbage arcfiinis archive consists of grass, cut and stored
annually since 1830, which should preserve a rigialecord of weapons’ fallout. Promising
preliminary measurements on samples from 1930 f@dlaut), 1958 and 1963 (peak fallout) and
1995 (post Chernobyl) grass have already been made.

Pu behaviour in the environment

Most thermonuclear weapons use Pu in the core ¥%8%u with the rest mostf%Pu ) but have U
(mostly?*®) in the tamper. Any Pu in the weapon that isfissioned will form chemically resistant
(refractory) Pu@that will eventually return to the ground as fatldd®u and®®Pu are also formed
during the nuclear detonation by neutron captuaetiens orf>?U. It has been suggested that fallout-
Pu formed on irradiation df®U during a nuclear weapon detonation is chemicaltye available
than the Pu derived in the weapon core. Approxilna&6% of the Pu released to the stratosphere
during atmospheric weapons’ testing would be fori@dugh neutron capture during the fusion-
fission lifetime of the detonated device (relativshort). The irradiation of*®U will produce®?U
and®*®U which then decay t6*Pu and®*°Pu over a period of days (i.e. much longer tharlitagme

of the thermonuclear reactions). This Pu, whichn@a high-fired, will be more labile in the
environment than the original Pu used in the weaymmstruction. The study will investigate whether
the two forms of Pu (labile and non-labile) havffedent isotopic composition. If a variation in
composition is confirmed then Pu isotopic measurgmesing TIMS will be used to investigate
whether there is any evidence for the variationl@fmical behaviour in the environmental samples.

*Croudace, |, Warwick, P., Taylor, R. and Dee, S.(1997) An investigation of radioactive
contamination at Greenham Common, Newbury Disénct surroounding areas Final Report
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CHAPTER 1

1. Introduction

1.1. Aims of theresearch

The project is concerned with the detection of wnanmand plutonium pollution in the

environment. Isotope ratio data are used to chemaet the sources of plutonium and
uranium. In most measurements, the uranium backgraaidominated by natural uranium.
The isotopic ratios in natural uranium are well\kmncand constant over the time periods of
interest. In contrast to uranium plutonium doesoumur naturally only in trace amounts. A
background of plutonium was introduced into theiemment by nuclear weapon testing.
The plutonium isotopic ratios vary over the timeipés of interest and its variation is not

well known.

The following goals have been achieved during thie Research:

+ Investigation of thé*Puf**Pu atomic ratio measurement using TIMS and MC-ICPMS
Several filament loading techniques for TIMS wareeistigated at an early stage in the
project. However, the IsoProbe MC-ICPMS proved écshperior for the determination
of the **®Puf**Pu at low concentrations (~0.5pg). The developnuérthe plutonium
measurement on the IsoProbe MC-ICPMS has beenspeldlin Tayloet al., 2001.

* Application I: A chronology of plutonium and uranium isotopicioatin grass samples
from the IACR Rothamsted Archive at Harpenden (féedsshire, UK) and in an ice core
from the Mont Blanc, French Alps, is presentedtfiartime period 1945-1990. THECs
concentration in the grass agrees well with suréaiceoncentrations and deposition data
measured in Canada and the UK. The plutonium ditia are compared with plutonium
isotopic ratios in Arctic and Antarctic ice coré&({de et al, 1985) and stratospheric data
from the U.S. Environmental Measurement LaboratE¥L, 1997). For the time
period 1955 onwards th&°Puf**Pu can be attributed to stratospheric fallout from
nuclear tests. In the early 1950s tropospheriodialfrom the Nevada test site has been
detected in the grass. Uranium isotopic ratiosadse investigated and are seen to vary
by up to 0.5% from the natural ratio in the grasd ap to 7% in the Alpine ice. In the
1950s and 1960s the deviations can be linked tosheric weapons testing. This is the
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first time that a chronology based on ground-laegbosition of thé*Puf*®Pu and the
238J/%%U has been presented for northern temperate lastud

Application Il A: Plutonium isotopes have been measured in a setltnes from the
Wyre saltmarsh. Anthropogenic radionuclide contaton in this area is much higher
than in many other areas because of the relatolee proximity to BNFL Sellafield. A
model for the transport of the discharges aftiRu/**Pu history of Sellafield discharge
is presented.

Application Il B: Plutonium concentrations and isotopic ratios ha@en investigated
in a sediment core from Poole Harbour. In the [@é@lperiod the plutonium isotopic
ratios show the same pattern as was expected freapans fallout. Post-1970 an
additional source could be identified. The ratioggest an origin from material that had
been in the nuclear-fuel cycle and the assumedcsoisr AEA Winfrith, which is
approximately 20 km west of Poole Harbour.

Application I11: Radioactive contamination as a result of operatianthe Berkshire
AWE sites at Aldermaston and Burghfield has beemstigated by the Geosciences
Advisory Unit at the Southampton Oceanography @eover the period 1998-2001. The
results are published in 3 reports (Croudateal., 1999, 2000, 2001). This 3-year
contract funded this PhD project and part of thB Rlas the involvement in the project.
In Chapter 6 the contamination of uranium and plutm is modelled from airborne

discharge records and compared with the results fhe survey.



CHAPTER 1

1.2. The dements U and Pu and their characteristic ratios from different

Sources

Uranium:

Uranium is a naturally occurring element. It occatsapproximately 2 ppm in the earth's
crust. Natural uranium consists essentially ofttitee isotope&*U, 22U and®*®U. A further

3 artificial uranium isotopes¥U, ?*U, %) have half-lives greater than 1 year. The half-
life and the natural abundance of the U isotopemteirest are given in Table 1.1 and all
these isotopes decay via alpha emission. To ciggitah the fission properties BfU, it is
necessary to enrich the isotope from natural urardad the amount of enrichment required
depends on the application. Fuel for nuclear readigpically contains between 3-5%%8U,
depending on the reactor type whereas weapon msntains more than 90%°U
(Lieser, 1991). The enrichment process leads tptbéuction of large quantities of depleted
uranium, which contains about 0.2-0.3%. Depleted uranium is used in the outer shell in

warheads.

Isotope | Half life (years) | Natural U atomic abundance
2y 1.59 x 18
234y 2.45 x 16 <0.055 %
2y 7.04 x 18 0.7200 %
2y 2.34 x 10
238y 4.46 x 10 99.2745 %

Table 1.1 Half lives and abundance of U isotopes of interest

Due to the natural variation of U concentrations,isi not straightforward to detect
anthropogenic uranium contamination using concéntradata alone. A more reliable
approach is to measure tH8U/%*U ratio, which is constant in nature. The curreotdpic
abundances of the two primordial isotopes are 0.a2% 99.2745% respectively and the
atomic ratio of**®U/?*U is 137.88 (Chen and Wasserburg 1980). This ratigery well
known and is possibly uncertain to o9.1% (2 s.d.). No significant variation exists for
this ratio in nature except in very special circtanses, e.g. in the case of the fossil nuclear

reactor at Oklo, West Africa (Cowan, 1976). Thetrauirradiation history of uranium can
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be indicated by the presence®8V. It is difficult to use thé**U/?*U because of its natural
variability. The 2%U/*U for the cases discussed above are given in TalleIn this
research thé*%U/?U was used to characterise the contamination iis sobund the AWE
site at Aldermaston and Burghfield. There are twobfems in using thé*U/?**U when

investigating soils:

1. The high natural level of uranium in the enviremt dilutes the anthropogenic source

term. Hence high precision measurements are rehtareletect slight changes in the

238U/235U.

2. In many cases both depleted and enriched uraarardischarged together and therefore
there are three effective components (natural, eegl and enriched). The relative
proportion of each will therefore determine the mwad ratio and an apparent natural

ratio may include anthropogenic components.

Type of uranium =Yy
Natural 137.88
Reactor 15 — 32 before burn-up
Weapon grade <0.1
Depleted 250-500

Table 1.2 Z8U/”U for different sources

Plutonium:

Trace amounts of plutonium occur naturally in uwamiores due to neutron capture.
However, in environmental studies those traces lbanneglected compared with the
anthropogenic plutonium injected into the environieuring the post-World War |l
period. Deposition densities up to approximatelyB8dnt (25 ng/mt assumind*Puf**Pu

= 0.18; Kelleyet al, 1999) can be present in temperate latitudes shits mostly to
atmospheric nuclear weapon tests in the period -196@ (Hardy et al, 1973). Assuming
that all the plutonium stays in the top 5 cm ansbi density of 1000 kg/M(typical for
samples collected around Aldermaston) the condsmrin the soil is 1.6 Bg/kg (0.5 ppt
(pg/g), assuming*Puf**Pu = 0.18), which is much lower than the uraniurokigeound.
The half-lives and the decay mode of the Pu isatabénterest are given in Table 1.3.
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| sotope Half lifein years Decay mode
Z8py 87.7 alpha
By 2.41 x 10 alpha
2%y 6537 alpha
241py 14.4 Beta-(99+), alpha(0.002)
22py 3.76 x 16 alpha
2py 8.20 x 10 Alpha(99.9), S.F.(0.1)

Table 1.3 Half lives and decay mode of plutonium isotopes of interest

Plutonium is produced by tHé®U capture of neutrons. This capture produces neuich
uranium, which decays then by two beta- decays Itwopium. The quantities of the
produced isotopes depend on the neutron flux amdirte of the neutron bombardment. In a
nuclear reactor the neutrons are produced by #isiofi of*U. Since one-neutron-capture
dominates amongst other nuclides maififfPu is produced. Once establisté®u also
fissions or transmutes f8%Pu. The interplay between the uranium and plutorismtopes
changes th&%Pu content relative to heavier Pu isotopes wittetifthe highest®Pu content

is obtained at low burn-up. In civil use it is remonomically efficient to refuel the reactor at
low burn-up, but for nuclear weapons a higiPu and a lovi*®u content are required. The
24Py content is chosen to grade plutonium. The plutorgrades are listed in Table 1.4.
Since the plutonium isotop€é®Pu and®%Pu are particularly important for the potential
usage*°Puf**Pu is an important tool for source characterisatémpecially to differentiate
between civil and military use. In Table R4 isotopic ratios are listed for different sources
Since the reactor ratios depend on the designeofdhctor, the ratios for different reactor

types are listed separately in Table 1.6.
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Grade 20py Remarks
Super <3% Sub-category of weapon grade
Weapon <7%
Fuel 7-19% Produced in tritium production reactors
Reactor >19% Power reactors
Table 1.4 Plutonium Grades
238 239,240
PU/. U 20py/Apy | #pu/ #%Pu | #2pu/FPu Reference
activity
Weapon Pre 0.01 Rokopet al,
1960 (LANL) ' (1995)
preapon 0.055- Rokopet al,
(LANL) 0.065 (1995)
Rokopet al,
Weapon grade <0.075 0.005-0.0p7 (1995)
Chernobvl Bondarenko and
Calculateﬁ 0.38 0.42 0.11 0.03 Sobotovich,
[0.42] [0.33] [0.07] [0.02] (1998); Boulyga
[measured] et al, (1997)
Integrated
weapons test 0.024 0.18 0.014 Harley, (1980
ratios
Reactor 0.23-0.67 0.04-0.23 0.006-0{1 See Table 1.
Table 1.5 Plutonium ratios for different sources
Reactor | Fuel burn-up from 238 | 239.240p
type normal operation | 2°Pu/*Pu activit 2py/P9py | 22py/Ppy
[GWd/t] Y
GCR 3.6 0.23 40.6 0.045 0.006
PHWR 7.5 0.41 51.7 0.077 0.023
AGR 18 0.57 99.4 0.184 0.093
RBMK 20 0.67 98.1 0.203 0.108
BWR 27.5 0.40 121 0.177 0.055
PWR 33 0.43 148.3 0.228 0.096

Table 1.6 Plutonium ratios for different reactor types (Carlson et al., 1988)

MAGNOX Reactor (GCR), Pressurised Heavy Water Rea@biWR), Advanced Gas-cooled Reactor (AGR),
Pressure Tube Boiling Water Reactor (RBMK), Boiling WaReactor (BWR), Pressurised Water Reactor

(PWR)
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1.3. Nuclear tests and satellite accidents as global sources of Pu and U in the

environment

The main source of Pu in the environment is fallfsatn atmospheric nuclear weapon
tests, which were conducted between 1945 and 19@arly test yields are shown in Figure
1.1and the locations of the tests in Figure 1.2. Tedts yields of less then 500 ktonnes are
not taken into account. Details of these testsbeafound in Carter and Moghissi (1977) and
Lawson (1998). Approximately 15000 TBH**Pu were produced in the tests. Ab8600
TBqg Pu are deposited as local fallout and about0@25Bq were globally distributed
(Harley, 1980) via the stratosphere. The stratasplieventories of**#%u are shown in
Figure 1.3. Other radioactive isotopes in nuclemts are produced by neutron induced
fission of?*U, %*®U and®*®Pu. These three nuclei have fairly similar fissjield curves with
two peaks at masses 100 and 140. Therefore, imasbrib plutonium, the composition of
these isotopes does not vary much with the tyghefuclear device. The formed nuclei are

mostly unstable and pass through a variety of debains before becoming stable.
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Figure 1.1 Yearly test yields of atmospheric nuclear tests
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Figure 1.2 L ocations of major atmospheric nuclear tests

NTS: Nevada Test Site, Nevada (US), BKN: Bikini (USNW : Enwetak (US), JON: Johnston Island (US),
CHR: Christmas Island (UK and US), NZ: Novaya Zemi&ER), KTS: Eastern Kazakh or Semipalitinsk test
site (USSR), LNR: Lop Nor (China), MUR: Muruora IsrgRce), FAN: Fangataufa Is. (France)
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Figure 1.3 Stratospheric ?***pu inventories due to Harley (1980)

There are different ways of producing/modifyingtphium in a nuclear explosion. One part
of the weapons fallout plutonium originates fromummen irradiation of**® during the

explosion by the following reactions:

“U (Iny) *U (B-) “Np B-) “Pu
U (2ny) **U (B-) *Np B-) “*Pu
U (3ny) **U (B-) **Np (B-) *Pu
U (4ny) *U (B-) **Np (B-) “Pu
U (6ny) *U (B-) *Np (B-) “*Pu

The duration of the neutron flux in a thermonucleaplosion is of the order of

microseconds and the half-life of the neutron uchnium isotopes of the order minutes or
hours. Therefore the plutonium isotopes producedatoundergo further neutron capture.
The second part of the plutonium comes from théopium that was present in the weapon
before the detonation. This plutonium consists oh-irradiated plutonium and neutron
irradiated, but not fissioned plutonium. In thesfimode of production, the uranium is
exposed to the high temperatures of the thermoaua&plosion and the plutonium is

produced after the particles have been cooled dawthe second mode of production the
plutonium is exposed to the high temperatures. Trhght result in differences of produced

metal phases with different chemical behaviour.@ibal and/or physical differences exist
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between stratospheric and tropospheric fallouttdrium fallout from the stratosphere
consists of small plutonium metal oxide particletached to aerosols (Harley, 1980).
Tropospheric fallout consists of larger particlémtt result from partial or completely
vaporised ground material. Differences in chemibehaviour of Pu are reported for
sediments from the North Atlantic (Noshkin and @Gasis, 1974, Buessler and Sholkovitz,
1987), the Gulf of Mexico (Sco#t al., 1983) and the North Pacific (Buessler, 1997). All
studies suggest that the tropospheric fallout iskiy removed from the water column,
whereas stratospherically-derived plutonium remamssolution with a residence time
greater than 10-100 years. The source of the tptymyge fallout in the North Atlantic and
the Gulf of Mexico is the Nevada Test Site andhi@ North Pacific it is the Pacific Proving

Grounds (Marshall Islands).

The second source of environmental contaminatiadh wiglobal impact is from accidents
involving satellites and their power packs. A magource of plutonium in the stratosphere
was the SNAP-9A accident in April 1964 over theiamdOcean. It introduced about 630
TBq ?*®Pu into the atmosphere at about 50 km altitudeléaf 980). Since the plutonium
from atmospheric weapons tests consists mainfBt and®*®Pu €¥Pu/ #°?*Pu activity
ratio = 0.024, see Table 1.5) the SNAP-9A accideas the main source 6fPu in the
stratosphere (see Figure 1.4). Other satellitedaots introduced uranium in the atmosphere.
The satellite Cosmos-954 re-entered the atmospharenorthern Canada in January 1978
and the Cosmos-1402 satellite desintegrated owerSthuth Atlantic Ocean in February
1983. Both satellites contained about 50kg enriclieanium. The assumed isotopic
composition of the uranium is 1%U, 90% **U, 0.5% %% and 8.5%***U (Krey et al,
1979, Leiferet al, 1987).

Thelatitudinal distribution of 2***Pu and*®u was investigated by Hardy et.al. (1973) in
soils taken from 65 sites between October 1970Jamdiary 1971 (Figure 1.4). The average
values of 10-degree latitude bands and their standeviations are shown in Figures 1.4a
and 1.4b. Thé*®u is differentiated between plutonium from weaptesting and the one

from the SNAP-9A accident. The weapons plutoniumvehthe heaviest deposition in the
Northern Hemisphere temperate latitudes and a roimiim the equatorial region. In contrast
the plutonium from the SNAP-9A accident is mosthpdsited in the Southern Hemisphere.
This shows that the inter-hemispheric exchangemiallsand the deposition takes place

mainly in the hemisphere where the Pu was injetéal the stratosphere. According to
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Reiter (1975) about 15% of the stratospheric magxchanged with the other hemisphere
per year. The plutonium isotopic ratios depend @ tesign of the weapon and the
parameters of the test. Therefore the ratio is cmitstant over time. The integrated
#%Puf*Pu in soils is 0.18 and does not vary greatly watitude (Kelleyet al, 1999). The

only exceptions are lower ratios aroundi8%lue to the Nevada Test Site.
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Figure 1.4 Latitudinal distribution of (a) **Pu and (b) ®***Pu in Bg/m? in 1971 dueto
Hardy et al. (1973)
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1.4 L ocal sourceswith impact to the UK environment

Local sources of Pu are authorised discharges fstamts that process Pu or accidental
releases of plutonium. In the following sectiony &tal sources that could have an impact
on the environment in the UK are discussed. Bediaeis impact on the environment some
information about selected sites is given. All liseed facilities could potentially be sources
of radionuclides to the UK environment. In 1.4.24-& the sources that are thought to be
relevant for this research are discussed in mata&ld&his discussion includes two sources

outside the UK which are the La Hague reprocessiagt and the Chernobyl accident.

1.4.1 British nuclear activities and facilities

During World War Il Britain collaborated with theSJon the Manhattan Project. In 1946,
the atomic partnership with the US was ended bylBeAtomic Energy Act and Britain
decided to start its own nuclear weapons prograomF.946 to 1954 the U.K. Ministry of
Supply was responsible for nuclear activities. Miaistry’s Division of Atomic Energy
oversaw the construction of the Atomic Energy Rede&stablishment at Harwell, reactors
at Calder Hall and Chapelcross, uranium factorieS@ingfield and Capenhurst and a
reactor and a reprocessing plant at Windscale. @pril 1950 the building of the weapons
factory at Aldermaston was started and at nearhygliield a nuclear weapons assembly
factory was built. The main buildings in Aldermasteere finished in April 1952. The first
British nuclear test was conducted on 3 Octobe21851958, the Royal Ordnance factory
at Llanishen near Cardiff was converted to produemium shells and beryllium tampers for
nuclear warheads. Of the eight key plants for Brisabomb production (Springdfields,
Capenhurst, Sellafield, Chapelcross, Cardiff, Atagston, Burghfield and Harwell) only the
Atomic Weapon Establishments at Cardiff, Aldermastaad Burghfield had purely military
functions. The other ones served also civilian pags from the 1960s onwards. Since
regulations in Canada and Australia prohibit usihgir uranium for military purposes,
Britain’s main source for the military uranium silyppvere South Africa and Namibia.
Springfields converted the imported uranium orecemtrates directly into fuel for the
Magnox reactors or into uranium hexafluoride, whighs then sent to Capenhurst for
enrichment. Capenhurst returned enriched uraniurafhmride to Springfields, which
fabricated it into fuel. After a low burnup in onéthe reactors at Windscale, Calder Hall or

Chapelcross the plutonium was separated from thkeirfiithe Sellafield reprocessing plant.
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The separated plutonium was then transported terAidston for the weapons construction.
The quantities of plutonium produced for militaryrposes were 0.4 metric tons at
Windscale during 1951-1957 and 3.2 metric tonsediafield/Calder Hall and Chapelcross
during 1957-1964 (Makhijani, 1995). The locatiohalb nuclear facilities in the UK can be

seen in Figure 1.5 and details about the facildiesgiven in Table 1.7 and Table 1.8.

@/ O UKAEA Establishment

Q € Amersham International PLC
Doupnreay Establishment

O MOD Establishment

+ Nuclear Power Station

® BNFL Establishment

+\ Hartlepool
Sellafield

&\ Heysham

Wylfa Springfield
Capenhurst

+ Trawsfyndd

Berk

*

Cardiff

Figure 1.5 Nuclear facilitiesin the UK
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Name Type Start End Capacity
(MWe)
Berkeley A GCR 06/62 03/89 166
Berkeley B GCR 10/62 10/88 166
Bradwell Unit A GCR 07/62 146
Bradwell Unit B GCR 11/62 146
Calder Hall Unit A GCR 10/56 60
Calder Hall Unit B GCR 02/57 60
Calder Hall Unit C GCR 05/58 60
Calder Hall Unit D GCR 04/59 60
Chapel Cross Unit A GCR 03/59 60
Chapel Cross Unit B GCR 08/59 60
Chapel Cross Unit C GCR 12/59 60
Chapel Cross Unit D GCR 03/60 60
Dounreay DFR Fast reactor R&D 10/62 03/77 15
Dounreay PFR Fast reactor R&D 07/76 03/94 250
Dungeness Unit A GCR 10/65 230
Dungeness Unit B GCR 12/65 230
Dungeness-B1 AGR 04/85 610
Dungeness-B2 AGR 04/89 610
Hartlepool-Al AGR 04/89 650
Hartlepool -A2 AGR 04/89 650
Heysham -1 Unit A AGR 04/89 620
Heysham -1 Unit B AGR 04/89 620
Heysham -2 Unit A AGR 04/89 680
Heysham -2 Unit B AGR 04/89 680
Hinkley Point-A Unit A GCR 03/65 267
Hinkley Point -A Unit B GCR 05/65 267
Hinkley Point -B Unit A AGR 10/78 660
Hinkley Point -B Unit B AGR 09/76 660
Hunterston -Al GCR 03/64 03/90 634
Hunterston -A2 GCR 09/64 12/89 634
Hunterston -B1 AGR 02/76 634
Hunterston -B2 AGR 03/77 634
Oldbury -A Unit A GCR 12/67 230
Oldbury -A Unit B GCR 09/68 230
Sizewell-A Unit A GCR 03/66 245
Sizewell -A Unit B GCR 09/66 245
Sizewell -B PWR 09/95 1258
Torness Unit A AGR 05/88 682
Torness Unit B AGR 02/89 682
Trawsfynydd 1 GCR 03/65 02/91 235
Trawsfynydd 2 GCR 03/65 02/91 235
Windscale AGR 03/63 04/81 41
Winfrith SGHWR, Reactor R&D 01/68 09/90 100
Wylfa Unit A GCR 11/71 540
Wylfa Unit B GCR 01/72 540

Table 1.7 Power Reactorsin the UK (from Makhijani, 1995, AMNA, 1999 and FAS, 2000)

Magnox Reactor (GCR), Advanced Gas-cooled Rea#tGR(, Pressurised Water Reactor (PWR), Steam-Geéngrileavy

Water Reactor (SGHWR)
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Site Type Origin Closure
AWE R&D Weapons Laboratory (since 1950s),
fissile material storage and recycle, compongent 1952 (begun in 1950)
Aldermaston
manufacture
AWE Weapons Assembly and Disassembly, nor-
) o 1954 (constructed 1941)
Burghfield fissile component manufacture
) Depleted uranium and beryllium component 1958 (engineering
AWE Cardiff ) ) 1997
manufacture establishment since 1939)
Capenhurst Enrichment 1953
Military Production Reactors (Pu) today
Chapelcross 1958 o
Tritium production (since 1980) civilian
Dounreay Reprocessing 1955 1998
Foulness Island High- Explosives testing 1997
Harwell Site R&D Weapons Laboratory (pre mid 195083) 1946
) ) 1951 (existed since 1939 as|a
Sellafield Reprocessing .
munitions factory)
Sellafield/
Military Production Reactors (Pu) 1951 1957
Windscale
Sellafield/
Military Production Reactors (Pu) 1956
Calder Hall
Springfields Conversion 1948

Table 1.8 Weapons-related sites in the UK (from Makhijani, 1995, AMNA, 1999 and
FAS, 2000)

1.4.2 BNFL Sdllafield
The Sellafield Site is located on the coast 20 lkmtts of Whitehaven in West Cumbiria.

During the Second World War Sellafield was estdigiisas a conventional munition factory.
In 1946 work began to build two reactors, the Woads Piles, to produce plutonium for the
UK weapons program. Pile No. 1 began operatingdtoker 1950, Pile No. 2 started up 8
months later. A spent fuel reprocessing plant ethoperation in 1952. The Windscale Piles
were closed after a serious fire in Pile No.1 orOtfober 1957. Besides the Windscale Piles
four Magnox reactors at Calder Hall entered serbiesveen October 1956 and May 1959.
These reactors, identical to those at Chapelcpssluced both weapons-grade plutonium

and electricity and are still in operation. Sinbege early days many other facilities have
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been brought into operation on site. Currentlyrfan activity at Sellafield is recycling of
used fuel from nuclear power stations worldwidergeastocks of military plutonium are
held in special vaults at the site, though no plittm for use in nuclear weapons is produced
nowadays. Sellafield began under the Ministry opi@y in 1947 and responsibility was
transferred to the United Kingdom Energy AuthorftyKAEA) in 1954. In 1971 British
Nuclear Fuels Limited (BNFL) took over.

Liquid waste is discharged via pipelines which agt2.5 km from the high water mark out
into the Irish Sea. Discharges started in 1952. adhnual discharge record is given in
Appendix A6 and further details are given in Geagl, 1995. Atmospheric discharges occur
from many separate points on the Sellafield sig acomplete set of annual records is not
available. A further problem is that significantmaspheric discharges have arisen from
accidents or abnormal plant operation. Sellafisléme of two major European sources of
plutonium into the environment and concentratiochsmto 15800Bq/kg***%®u are found

in sediments close to the plant (Oh, 1999). #ffu?*%Pu found in the Esk estuary sediment
ranges from 0.16-0.26 (McCarthy and Nicholls, 1998mpsoret al.,1991; Momoshimagt

al., 1997; Erfurd, 1995 due to Rokepal., 1995). Soil samples within 10km of the plant,
collected between 1976-1986 (McCarthy and Nichdl&90), have*Puf**Pu ratios that
depend on the sampling location but no correlatisth sampling time can be made. The
2pyuf%Pu in the soil ranges from 0.057 to 0.126. The eatration was between 0.64-30
Ba/kg #%?*Pu. The low?*Puf**Pu ratios suggest that the plutonium is mostly uaerial
discharges in the early years of operation. Contpaveh Sellafield the other nuclear
installations in the UK are only minor sources ddtpnium. In the fourth report of the
Committee on Medical Aspects of Radiation in theviEbtmment (COMARE, 1996) it was
concluded that there is a significantly elevateglef all malignancies in young people (O-
24) in Seascale for the period between 1963-19@%veder, it was also concluded that the
calculated radiation dose from both routine anddectial discharges was too low to explain

the observed cancer rates.

1.4.3 AWE Aldermaston and Burghfield

The Atomic Weapons Establishment (AWE) Aldermast®erkshire, is the facility which
designs, produces and maintains components fasBrclear warheads. This main centre

for warhead research and manufacture is locatethilés from the town of Newbury, 8

1€



CHAPTER 1

miles from Basingstoke, and 12 miles from the tosirReading. The first building was
completed in spring 1951 and the main warheaddation plant in April 1952. Six months
later Britain had carried out its first nuclearttéddowadays AWE's prime purpose is still the
support of the UK nuclear deterrent, but it is adgspimportant research and development
centre. Aldermaston started off under the contfothe Ministry of Supply, then by the
United Kingdom Atomic Energy Authority. In 1973 was taken over by the Ministry of
Defence. Ten years later the MoD Procurement Ekexudirectorate of Research and
Development Establishment took over control. In 7288 two Royal Ordnance Factories,
Burghfield and Llanishen (Cardiff), were renameamic Weapons Establishment (AWE)
and combined with Aldermaston to create the AWEugroOn 1 April 1993 AWE was
contractorised and managed on behalf of the MoHbgting BRAE Ltd, a consortium
comprising Hunting Engineering (51%), Brown & R¢81%) and AEA Technology (18%).
In April 2000 a new consortium AWE plc comprisingNBL, Lockheed Martin and Serco
took over. Until 31 March 1999 Aldermaston receigetbtal of 17.12 tonnes plutonium with
3.51 tonnes still held at the site at 31March 1@899D, 2000).

According to the Ministry of Defence (MoD), radiariides have been discharged from the
site since 1952. Annual records of discharges aengin Appendix A3. Accidental
discharges are included in these discharge dan¥djority of discharges are supposed to
derive from work on warheads for nuclear weapomsaminority from a research reactor at
the site. Atmospheric discharges are released #8rmof 81 ventilation stacks and consist
mainly of U and Pu. The discharges are discusseohare detail in Chapter 6. Liquid
discharges are pumped through a 11-km twin pipelme the River Thames near
Pangbourne. In December 1987 a sampling valveeopijre was left open which resulted in
discharge of low level radiation into public larithe amounts were less than the required
amount to be notified. In addition very low-leveldroactive waste is released to the local
sewageworks at Silchester after which it is disgldrinto the River Kennet. Airborne levels
around the AWE sites have been monitored since 187#he Ministry of Agriculture,
Fishery and Food (MAFF), but responsibility has ndsen transferred to the UK
Environment Agency. Passive and active depositmtectors are used around the site at
fixed positions. AWE records claim that the maimniatons in general radioactivity level are
due to weapon testing fallout (COMARE, 1989). TheDMenvironmental monitoring
programme sampled soil, vegetation, surface whstrand the rabbit population after 1978.

They found no significant increase above naturakpeound level. For 33 years the DoE,
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MAFF and now the EA have inspected areas associgteddischarge twice a year. In the
third report of the Committee on Medical Aspects Rédiation in the Environment

(COMARE, 1989) it was stated that there is a sinatl statistically significant increase in
registration rates of childhood cancers within 10kin AWE Aldermaston and AWE

Burghfield, compared with both national rates aediaonal rates for Oxford and Wessex.
However, it was also concluded that the discha(dat supplied by the MoD) are too low
to explain this increase. It was pointed out tihat distribution of childhood cancer around
nuclear installations cannot be seen in a propetesd due to a lack of information about

national geographical pattern of the distributiérctuldhood cancer.

AWE Burghfield covers 265 acres and is located Esnnorth-east of Aldermaston near
Reading in Berkshire. Established in 1954 as R@ydhance Factory (ROF), the facility is
used for the final assembly for British nuclear p&as and the decommissioning and re-
commissioning of older weapons. According to theDMatmospheric discharges started in
1970 and consisted purely of tritium until 1987 18%- 6x10 MBg/yr). Since 198%°Kr has
also been discharged. Liquid discharges began6@ a8d are of low activity similar to the
AWE Aldermaston trade waste. They are dischargadhg sewage works at the same point
as the AWE trade waste.

The impact of both AWE facilities is investigatedGhapter 6.

1.4.4 AEA Winfrith

The Winfrith site in Dorset was developed by UKAEAhe mid 1950s. The main facility at
Winfrith was the prototype Steam Generating Heawatél Reactor (SGHWR) which was
closed in 1991 and is now being decommissioneddBsghat several different kinds of low
power (and zero power) reactors were operated katalh now closed and are being

decommissioned. The discharge records are givehreiAppendix A4.

1.45 COGEMA LaHague

The La Hague reprocessing plant site is locatedita®@Km west of Cherbourg on the tip of
the Cotentin peninsula. It is operated by @ampanieGenerale desviatieres Nucleaires

(COGEMA), 89% of which is owned by the governmeotitolled Commissariat a
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I'Energie Atomique (CEA) - which has conducted E® nuclear weapons testing and
production program - and 11% of which is owned hg t-rench national petroleum
company Total. COGEMA is therefore wholly owned aogerated by the French
government. In 1966 the UP2 reprocessing plantestawperation. This plant reprocessed
metallic fuel until 1987. Oxide-fuel reprocessingghn at UP2 in 1976. In 1994 new plant
components increased the nominal capacity fromtd@es of fuel per year to 800 tonnes of
fuel per year. In 1989 a new reprocessing planwknas UP3 was commissioned. It is
designed to reprocess oxide fuel and has a noroapacity 800 tonnes of fuel per year. A
small scale reprocessing plant, the AT1 faciliteigied at La Hague between 1969 and
1984 to reprocess fast-reactor fuel. Some fasttoeduel was also reprocessed at UP2
between 1979 and 1984. Mixed-oxide (MOX) fuel waprocessed at UP2 in 1992 and
1998. The upgrade of the UP2 and the opening oUth& can be seen in an increase in the
discharge between 1989 and 1995.

The discharge records are given in the Appendix A5.

1.4.6 The Chernobyl accident

Another source of environmental radionuclide corntetion in the UK is from the accident
which occurred in the Chernobyl RBMK reactor on™28pril 1986. The released
radioactivity initially contained a large number different fission products and actinides.
The radioactive plume was tracked as it moved twerEuropean part of the Soviet Union
and Europe (Figure 1.6). Initially the wind waswing in a northwesterly direction and was
responsible for much of the deposition in Scandmathe Netherlands and Belgium and
Great Britain. It can be seen that the cloud red¢beeat Britain at the"2May 1986. Later
the plume shifted to the south and much of Celttabpe, the Northern Mediterranean and
the Balkans received some deposition. The plumedetectable in the Northern hemisphere
as far away as Japan and North America (EML, 2086yvever, no deposition was detected
in the Southern Hemisphere. Actinides were priracdntained in the larger and heavier
particulates and were therefore deposited closka@ccident site. The most radiologically
important radionuclides detected outside the Sadebn were iodine-131, tellurium/iodine-
132, caesium-137 and caesium-134. Though the detnhad no significant radiological
impact outside the Soviet Union, the low plutonibatkground allowed the determination

of isotopic ratios in surface air during the passaf the plume. In Berlin (Germany) a
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238p 3224y activity ratio of 0.4 was measured which is dben times higher than the
average value in 1985 (Arnold, 1999). Aerosol samftom different locations in Austria
show a®*Puf***Pu between 0.33-0.76 and®8Pu/***Pu between 31.6-74.6 at times
shortly after the accident (Irlweck and Wicke, 19980 actinides attributed to Chernobyl
have been measured in Britain. The deposition*s was closly related to rainfall
intercepting the plume. The deposition densitie§’@fs on grass are between 4 Bgand
25 Bg/nf in predominantly dry areas and reach values oD2B@/nt in areas with high
rainfall (Clark and Smith,1988).
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Figure 1.6 The passage of the Chernobyl plume (from NEA, 1995)
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2. Methods used for the research

2.1. Separation of U and Pu from environmental sanips

2.1.1 Dissolution methods

Complete dissolution (Option 1)

The soil sample was dried at 100°C and the weigts rgcorded. After grinding the sample
was transferred into a furnace. The temperature sk@asly increased to 600°C and then
ignited for approximately 24 hours. 5g of igniteatrgple was combined with 7g of eutectic
lithium borate flux (80% lithium metaborate, 20%hium tetraborate; ICPH, France) along
with tracers U - ®%U double spike and/of*Pu). The mixture was dried, mixed and
transferred either to a grain-stabilised platinumtdglish or a graphite crucible before fusion
at 1200C for approximately 20min. The melt was quenchedaml of deionised water in a
250ml beaker. A 4 cm diameter Pt lid was placethatbottom of the beaker to dissipate
heat and prevent the beaker from cracking. ThédRt/ds removed after the fused mix had
been poured into the beaker. The water was disetdaagd 30 ml of 8M HN@and 1ml of
0.2M polyethylene glycol was added to each beakbe samples were transferred to a
combined hot plate/magnetic stirrer and left owginhiat 40°C under constant stirring to
dissolve the glass. The sample was filtered undetian through a Whatman GF/C glass
fibre filter mounted on top of a Whatman No. 54@Gefi funnel. After washing with
approximately 10ml of 8M HN@and 10ml of deionised water the residue was digchr

The filtrate was acidified with 10ml concentratettio acid and 0.5 ml of concentrated HCI.

Aqua regia leaching (Option 2)

Agua regia was added to the ignited sample in the weight gmogn 10:1. The mixture was
transferred to a combined hot plate/magnetic stiared left for 24 hours at 100°C under
constant stirring. After cooling to room temperattine liquid was separated from the solid
phase by centrifugation and poured into a glaskdsedhe solid phase was leached again by
the same procedure. The separated liquids frontiwhdeaches were combined and dried
down on a hotplate. After drying it was re-dissolvi@ 30 ml 8M HNQ and 1drop of
concentrated HCI. Before loading this solution ocatocolumn it was filtered by a Whatman
GF/C glass fibre filter.
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2.1.2 Chemical separation

Basic separation of U and Pu

Two ion-exchange columns were prepared for eaclpkearithe first a 6cm high 0.7 cm
internal diameter column with Eichrom anion exchamgsin (100-200 mesh, 8% cross-
linked), and the second a 2cm high x 0.7 cm infedie@aneter column containing Eichrom
UTEVAU resin. The UTEVAI column was placed immediately below the anion arge
column and both columns were pre-conditioned wilmiL8M HNGQG;. The sample was
transferred to the anion exchange column and tnenepassed directly onto the UTEVA
column. The two columns were washed with 20ml 8M@JNollowed by 30ml of 3M
HNQO;, and then separated. The anion column was wastte@®ml 3M HNG followed by
25ml 9M HCI to remove thorium. Plutonium was théumed with 50 ml of freshly prepared
1.2M HCI/H0; (50:1). The UTEVA column was washed with 10ml 3MI® followed by
10ml 9M HCI. The uranium was eluted with 10ml 0.0B\ZI.

Additional Purification of U

If the uranium was to be measured by TIMS the foihg additional purification was used:
10ml of concentrated HCI (12M) was added to theemiurom the UTEVAI column to
adjust the concentration to 6M. The solution wasntthoaded onto a 2x0.7cm internal
diameter anion exchange column (Eichrom 100-200hr88s cross-linked) pre-conditioned
with 10ml 6M HCI and washed with 10ml 6M HCI. Thewas eluted with 10ml 8 and the

eluent evaporated to dryness in a PFA beaker.

Additional purification of Pu

The following additional purification is required the following cases:

= 2% was added and the plutonium is to be measuredpha spectroscopReason: The
#3U has a high specific activity and its alpha peakraps with the**?Pu tracer peak.

= High amounts of natural uranium are present insdm@ple and the plutonium is to be
measured with MCICPMSReason: The *®U forms a hydride that interferes with the
3%u measurement.

Clean-up method: The eluent from the first Pu column was conceattab 2ml. To the

concentrate 5ml 9M HCI, 1 drop.&, and 7ml concentrated HCI| were added before loading

it onto an 4x0.7cm internal diameter anion exchacglemn (Eichrom 100-200 mesh 8%

cross-linked) pre-conditioned with 9M HCI. The amln was washed with 10ml 9M HCI,
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40ml 7.2M HNQ and 15ml 9M HCI. Plutonium was then eluted with r2b of freshly
prepared ammonium iodide reagent (0.1M,M®M HCI). The eluent was evaporated to

dryness and the residue was treated with concedtHiNG to decompose the excess NH

Electrodeposition of Pu

The EDP (electrodeposition) cell was prepared lagiph a new stainless steel disc into the
base of the EDP cell, a new insert into the tofthefEDP cell and screwing on the top. The
cells were checked for any leaks by doing an ihitist using distilled water. The dry residue
from the purification was dissolved in 1ml of 10%dhochloric acid. 5ml of 2% ammonium
oxalate solution were added to the beaker and tietien was transferred to the
electrodeposition cell. The beaker was washed athther 5ml of 2% ammonium oxalate
solution that was then added to the electrodepositell and the cathode connection was
attached. The platinum anode was lowered into ¢ehdien, the current was adjusted to 400
MA and electrodeposition was carried out for 10@utés. The current and sample level in
the cell were checked at regular intervals. Theerurwas adjusted accordingly and the cell
was topped up with water if the level dropped digantly. After 100 minutes of
electrodeposition, a few drops of ammonia soluti@re added. Deposition was continued
for another 30 seconds and then the power supp$ydistonnected. The cell was rinsed
several times with water and the stainless steselwas removed. The disc was washed with
water again and dried on a hot plate. The disctivas counted on a EG&G Octete PC alpha

spectrometer.

2.2. Blank values for different acid grades

The chemical separation of U and Pu involves gaeaiunts of nitric and hydrochloric acid.
Hence the U and Pu content of these acids is @t gngportance, especially for low level
measurements. The uranium contents of differemt gades were measured by TIMS. 20g
of acid were spiked witR*®U, evaporated to dryness in a PFA container (SayilUSA),
redissolved in a drop of nitric acid and loadedamtrhenium filament with Aquadalg For
some of the early measurements, containers thatbkead previously used for uranium
fractions of the AWE samples were used. They wraned withaqua regia for 24 hours at
100°C and then rinsed with MQ water. The measuradium levels were in the order of
1ng and did not correlatgith the acid grade. This shows that old pots cam Isignificant

source of contamination and should not be usedcedfpeif any moderately high U was
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found. The same measurement was repeated in b@andPiRA containers. This time a
correlation between the U content and the acidegcadild be seen. The results are shown in
Table 2.1.

Technical Analytical Aristar sub-boiled 2 times sub-
grade grade grade Aristar boiled Aristar
HCI 55 0.573 0.567 0.133
HNO; 59 0.167 0.373 0.037 0.058

Table 2.1 Uranium content of different acid gradegMerck) measured by TIMS in pg/g

The measurement of the technical grade acids hassenp to 50% because of strongly
fluctuating ion signals. This fluctuation is probabdue to a high organic content. Analar and
Aristar grade acids contain less than 1pg/g Uranfmalar HCI and Aristar HCI contain the
same amount of uranium within the errors of the susament. Sub-boiling reduced the
uranium blank by a factor of about 5 for both HEHaNG,. A second sub-boiling does not
show any further significant improvement. Besides acids MQ water was also measured.

The uranium value was below the detection limithaf measurement.

2.3. Gamma spectrometry of*'Cs

13'Cs decays t6°'Ba via beta decay. The excittdBa emits gamma rays when decaying to
its ground state. These gamma rays are used tatd8f€s (Figure 2.1). Gamma
spectrometry was used to determfs in the Rothamsted grass samples. The ignited
samples were transferred into 22 ml polythene dlaition vials and counted for 24 hours
using Canberra well-type HPGe detectors (see TaB)e The acquired energy spectra were
then analysed and the activity of radionuclidesuaked using Fitzpeaks software. The
gamma spectrometer was previously calibrated fah lemergy and efficiency against an

Amersham QCY-48 mixed radioisotope standard adsloobé& a sediment matrix.
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Figure 2.1Decay scheme of'Cs

Details Note
Model GCW 4523 Canberra
Type Coaxial one open end
Diameter 76 mm
Active volume 239 cc
Well depth 45 mm
Resolution FWHM (2.25 keV) Co (1332 keV)
Peak/Compton 46.5:1 "
Efficiency 41.1 %

Table 2.2 Typical detector specification and perfanance data of the gamma detector

2.4. Mass spectrometric measurements

2.4.1 Introduction

The instruments used are Inductively Coupled Plad@ss Spectrometry (ICP-MS),

Thermal lonisation Mass Spectrometry (TIMS) andlgoprobe Multi-Collector Inductively

Coupled Plasma Mass Spectrometry (MC-ICPMS).

ICPMS has ionisation efficiencies of more than 20%. Hesve the ions have an energy

spread of 20-30eV, which results in broad peaks, anransmission of less than 2%.
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Another disadvantage are beam fluctuations duagtalbilities in the plasma. Because of
these beam fluctuations and the poor peak shap&is not suitable for precise isotopic
ratio measurements. Using a MCNG6000 nebuliser aradivefficiency of 0.045% can be

achieved.

TIMS in contrast to ICPMS has stable beams and is coiynused for plutonium isotopic
ratio measurements (e.g. Buesseler and Halver@&Y)1The instrument used is a single-
focusing VG (Micromass) Sector 54 thermal ionigatioass spectrometer. The instrument is
equipped with seven Faraday collectors and a Sexgrielectron Multiplier/Daly detector
(SEM) positioned behind the axial Faraday collecBgnals from the SEM are received by
an EG&G Ortec 9302 amplifier/discriminator and EG&G®rtec 996 ion counter/timer.
The main disadvantage in TIMS is a low ionisatidficeency of less than 0.1% and an
overall efficiency of 0.002%. The ionisation eféaicies are further reduced by other matrix
atoms. Therefore extremely good elemental sepasatoe required. Another disadvantage
is the time dependent mass fractionation due tdl shff@rences in the quantum states of the
different isotopes, which is particularly large &mall sample loads. UsiffU-*U double
spike, the”*®U/**U can be measured to a reproducibility of <0.2%l(2s nanogram loads
of uranium (Croudacet al., 1999) Due to the lack of an internal fractiooatcorrection and
different ionisation behaviour the reproducibility **Pu/**Pu measurements is only 3%
(2sd).

Thelsoprobe MCICPMS (Micromass, Ltd, Withenshaw, UK) is the mass spen#ter that
proved to be best for the isotope ratio measuresnenthis research. A schematic of the
mass-spectrometer is shown in Figure 2.2. The ¢tdmphas a plasma source like the ICPMS
thus providing high ionisation efficiencies, bualso suffers from the high energy spread of
the ions produced in the plasma. To compensat¢hfsreffect, after passing through the
sample and skimmer cones, the ions enter a Hexapdlision cell. Argon is continuously
introduced to the collision cell at flow rates difoat 1ml/min and then pressurised to about
10* mbar. The ions collide with the argon and redimsrtenergy to the energy of the gas
molecules which is about 1leV. These ions are thmcentrated into the centre of the
Hexapole by an RF field. After accelerating thematmut 5.5 kV they pass through the
magnetic sector to the detector system. The amtliprocedure increases the transmission by
a factor 5-10. In addition the collision producésc&ons to neutralise ions of high ionisation

potential. This results in a reduced argon sigfais process can be enhanced by small
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amounts of hydrogen. The detection system consfdtaraday collectors for simultaneous
collection of ions and a Daly detector for high s@mity ion analysis. The Daly detector is
positioned behind a WARP (Wide Angle Retarding Roéd) filter. This increases the
abundance sensitivity by two orders of magnituder the WARP to be effective it is
essential that the energy spread of the entering i® reduced because its acceptance is
restricted to 5500+/-1V. Such a small energy sprisagrovided by the TIMS and the
Isoprobe but not by normal ICPMS. Using the MCNBO@buliser an overall efficiency of
0.8% is achievablé**U/?°U can be measured with a reproducibility of <0.226d) on the
Isoprobe (Croudacet al, 2000). An advantage of a plasma source MS is thass
fractionation corrections can be carried out usindifferent element. The reason is that
different elements of similar mass tend to havelaimtevels of ionisation and similar levels
of mass fractionation. For example, the uraniuratfomation factor can be applied to correct
for isotopic fractionation of plutonium (Taylet al, 2001). This element-to-element style of
correction is not possible in TIMS because both,dkaporation from the filament, and the

ionisation vary significantly between elements.

Fast, Laminated

Turbomolecular
pumping system

Beam Focus
& Accelerator

<
Close-off Extended Multicollector
Hexapole  Valve with Motorised Detector

// Positioning
2X" ICP Torch
Schematic of the IsoProbe

Figure 2.2 Schematic of the Isoprobe from Micromasd.td, Withenshaw, UK
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2.4.2 Loading techniques for Thermal lonisation Mas Spectrometry (TIMS)

Thermal ionisation sources are based on the fattthie particles evaporated from a heated
metal surface contain ions in addition to the reduparticles. The ratio of the number of
evaporated ions n+ to the number of evaporated-alepdrticles n is called the efficiency.
The Saha-equation gives the following proportiagal
" Hex M}

n KT
where k is the Boltzmann constant, W the work figrctof the metal, | the ionisation
potential and T the temperature. In our case (\W-fjegative. Hence the temperature has to
be high to get a reasonable efficiency. On therotfaad the sample will evaporate very
quickly when T becomes too high. Therefore a comise must be made between the
efficiency of the ionisation and the length of tifiee which the sample lasts. Another limit
of the temperature is given by the melting pointhaf filament. Besides the temperature the
efficiency can be influenced by the choice of ti@nient material as one can see from the
equation above. The material should be refractog possess a high work function. The
common filament material for U and Pu is carburizkdnium. Carbon acts as a reducing
agent, promoting the production of elemental idrthe@ expense of oxide species (Buesseler
and Halverson 1987; Kelley and Robertson 1985).id@ssthat, carbon can enhance or
reduce the work function and change the Pu ion®arischaracteristics. The work function
of pure rhenium is 4.96eV. If the carbon is comgletdissolved in the rhenium the work
function is 0.25 V higher, but as soon as graplaigers on the filament surface are formed
the work function decreases by 0.9 V with respecpure rhenium (Pallmest al, 1980).
Kelley and Robertson (1985) observed a useful ignas of small Pu quantities only if the
carbon saturation temperature of the filament waseeded. Hence supersaturated rhenium
IS not suitable as a filament material. The sakomaiemperature is the temperature at which
carbon redissolves into the filament. It can beedeined by an irregularity in the filament

temperature respond to the current passed thrdsigidén, 1983).

Several sample loading methods have been prop8sédtion loaded samples may result in
intense but short-lived signals (Kelley and Rolmer{d 985). It is suitable if large amounts of
sample are available, but not for minute quantigasurements. The method of loading a

resin bead has proven to be a suitable method fouten quantities (Smitlet al., 1980,
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Kelley and Robertson, 1985; Buessler and Halverd®87). The resin bead has the
advantage that quantitative high amounts of Pubeaipoaded nearly as a point source. In
addition the heated and pyrolysed resin bead seascarbon source. The carbon dissolves
into the rhenium upon heating. However, the amaintarbon might not be sufficient to
enhance the work function and an additional cadation step might be required. Very
precise measurements have been made by employiogoas emitter (Smith and Carter,
1981) or by overplating the filament with platingPerrinet al., 1985). These two methods

have been shown to enhance the lifetime of theasigmd reduce fractionation.

238/%% isotopic ratios can be measured in 5g soil wittowerall precision of 0.2% at the
99.73% uncertainty level using a solution load amtwarbon coated filament. (Tayletral.,
1998). However, Pu concentrations are much smalel the sample loading technique
becomes more important. The different loading tepmes have been investigated in this
study using approximately 20pgPu and the results are given in Table 2.3. Therbesitod
was the overplating by platinum. The measured rfatioSite 112 (an Irish Sea sediment
contaminated with Pu isotopes) WARuF*Pu=0.227 +/-0.6%(SdETrr).

23 H
Loading technique Pu Durgtlon Comments
counts/s of signal
Solution load with 2000 <5 min duration of signal too short for
aguadag measurement
Resin bead 1000 >30min gotennal IO.S.S of bead during
ecomposition
Rhenium sucrose 500 >30min | M@ reliable measurement due to
overlayer strongly fluctuating signal
ngrplatlng with 1000 >30min best investigated loading technique
platinum

Table 2.3 Loading techniques for TIMS- filaments teted in this study
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2.4.3 Measurement of plutonium isotopic ratios usig Isoprobe-MCICPMS

The measurement of plutonium isotopic ratios ushweylsoprobe MC-ICPMS is published in
Taylor et al. (2001; see Appendix). In the follogiimome details that might be useful for users

of the Isoprobe and some additional results arsemted.

Sensitivity/Backgrounds/Blanks

The day before each measurement period the nehubseh and cone were cleaned. The night
before each measurement day the Hexapole was b@keithe measurement day the instrument
was first tuned for optimum sensitivity using a @pOnatural uranium solution. The 238-voltage
of this solution on the Faraday detector rangewémt 0.05V-0.13V for an extract setting of
40%. The strong variation in sensitivity is duentachine performance and variation in solution
uptake by the MCN 6000 nebuliser. On some measuredays the exchange of the nebuliser
tube increased the sensitivity by a factor 2. Baoligds are determined using 2% HNO
Background signals were found at all masses fromtBBugh 242. As a typical example the
backgrounds from the 25 August 2001 are shown Il€lTa.4 for an extract setting of 40%. On
this day the voltage of the 250ppt natural uranistution was 0.1V. Both background and
signal decrease by lowering the extract. Howeverftmctional relation between background
and extract is different from the functional redatibetween signal and extract. Hence it is

sometimes useful to optimise the signal-backgrawtid- by changing the extract.

n=20 Average signal in pVv Stdev in pVv
%Py 0.81 0.35
240py 0.78 0.38
24Py 0.64 0.30

Table 2.4 Typical backgrounds for an extract settig of 40%. The voltage of the
250ppt natural uranium solution was 0.1V (400V/ppto).

The**%Pu/*Pu could be determined in two ways, either by sdtimg a method blank or by
subtracting the 2% HNQacid blank. The*®Puf**Pu measured for the method blank is
between 0.4 and 0.8. These high ratios suggestthieameasured*Puf**Pu is due to
interferences and not due to plutonium contamimatio Figure 2.3 the method blank
corrected*®Puf*®Pu is plotted versus the sample concentration fiff@rent concentrations

of the method blank. The assumed acid-blank carderdtio (true ratio) is 0.2 and the ratio
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in the method blank is 0.8. It can be seen thatldar concentrations the method blank
corrected*®Puf**Pu can be significantly different from the acidsiecorrected*®Pu/**Pu.
A low method blank (~0.5ppq) was achieved by digegl the dry residue first igqua
regia, taking the sample to dryness again and repettimngame procedure with nitric acid.
For some samples this procedure reduced the méthall by a factor of 5, which suggests

that organic residues are responsible for high atethanks.
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Figure 2.3 Method blank corrected®®u/”**Pu versus sample concentratiorThe acid
blank corrected*®Puf**Pu (true ratio) of the sample is 0.2. The assunsedentrations of the method
blank are 0.5ppq, 1ppq and 2ppq. The assuff®d#%Pu in the method blank is 0.8.

Standards and**Pu/”**®Pu measurement

In Taylor et al. (2001) the reproducibility of the isotopic raticeasurement is determined
from an in-house sediment ‘standard’, called Sige(lfish Sea Sediment) and the accuracy

is tested on the standard UK-Pu-5 (Table 2.5).diiteon to those measurements the U.S.
standards NBL122, NBL126 and NBL128 from the Bromkdn National Laboratory are
measured (Table 2.6). TR&Pu*®Pu measurement of those standards expands the range
where the method proves to be accurate. The measuateonfirms that*Puf**Pu ratios
between 0.01 and 0.13 can be accurately measunedrange is especially important for the
detection of weapons grade plutonium in the envitent. The NBL-standards also confirm
the accuracy of th&#Puf**Pu measurement for ratios around one, but foratier extreme

NBL122 standard about twice the certified valueOd¥02 is measured. The error in the
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measurement of tHéPuf*Pu only appears if the ratio was determined udiegsequence
#%Pu -2%Pu -**Pu (see Tayloet al, 2001). The**Puf**Pu in the NBL122 was accurately
measured, if the ratio was calculated from the firsd second cycle of the sequefitBu -
2%Pu -**?Pu. In this research the only case wh&fBu/**Pu ratios of less than 1 were
determined is in the Wyre sediment core (see ChapteSome of the samples were re-
measured using the sequerfé®u - #Pu - **Pu. Figure 2.4a shows that f6fPuf*°Pu
below 0.01 the ratios from the two cycles starti¢wiate. The deviation does not correlate
with the voltage (Figure 2.4b). However, the ddeiatis not random, but seems to follow a

simple function.

Measured *Pu/P%Pu
Certified *%Pu/P%Pu
0.5 ppt 5-10ppt
. 0.2263 +/-0.0021 0.2262 +/-0.0007
_ *
Site112 0.2264 +/- 0.0024 (n=13) (n=22)
UK-Pu-5 | 0.9662 +/-0.0011 i 0.9645 +/- 0.0013
(n=7)
Measured*Pu/Z%Pu
Certified **Pu/”%Pu
0.5 ppt 5-10ppt
. 0.0.0095 +/-0.0008 0.0095 +/-0.0002
Sitel112 - (n=13) (n=7)
UK-PU-5 | 0.9662 +/- 0.0011 : 10258 0003

*not certified, but assumed to be accurate froniltgncentration measurements by TIMS

Table 2.5%Pu/”%Pu and?*Pu/?*Pu for the Site112 sediment and UK-Pu-5

Measured*Pu/?Pu
Certified *%Pu/P%Pu
0.5 ppt Sppt
0.1318 +/-0.001 0.1321 +/-0.0001
NBL122 0.1320 (=) e3)
NBL 126 0.0209 O(ffll)l 0.0204 (n=1)
NBL 128 0.0007 - 0.0007 (n=1)
Measured**Pu/?*Pu
Certified 2*Pu/”%Pu
0.5 ppt Sppt
0.0040 +/-0.001 0.0046 +/-0.0004
NBL122 0.0021 (1) 3)
NBL 126 <5x10° - -
NBL 128 1.00106 - 0.9996 (n=1)

Table 2.6%*Pu/”Pu and***Pu/?%Pu for the standards NBL122, NBL126 and NBL128
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Figure 2.4 Dependance of th&'Pu/~*®Pu on the measurement cycleCycle i (i= 1, 2, 3) is
defined as th&*Pu”**Pu where thé*Pu from the cycle i is use¢h) Cycle3/Cyclel vs Cycle(b)
Cycle3/Cyclelvs voltage of 239

2.4.4 Static measurements of th&€U/>**U using Faraday collectors (used for

Rothamsted grass)
Uranium masses 233, 234, 235, 236 and 238 were umneshstatically using Faraday

detectors. A natural uranium standard extracted @ndied from CCRMP-BL1 was run
between each sample. All ratios were correcteddarmass tailing of the other uranium
peaks. The factors for the tailing correction areeg in Table 2.7 and were determined by
normalising the measured ratio for the BL1-standardhe naturaf*®U/*°U of 137.88.
These factors are lower than those reported bywddir(2001). Both samples and standard
were spiked with 4*U-?**U double spike to correct for mass fractionationo{ftlacest al,
1999). In addition measured compositions are ctedetor the”*®U and®*®U in the double
spike. {%U/*U=4, Taylor et. al, 2001) The calculations are shown in Appendix M.2.
Finally the ratio of each sample is externally eoted by normalising to the mean of the two
adjacent standards. The voltage of the method blards between 0.2V and 0.5V on 238
and the®®U/**U appears to be natural. However, the samples heen diluted to
approximately the same concentration as the BlLddstal. Applying this dilution to the
method blank it yields a 238-voltage of 0.02V —83/0That is a factor 40-100 smaller than
the lowest measured sample. Sinceffg/**U in the method blank is natural, it is likely
that the uranium is due to small amounts of contation in the laboratory. The method
blank shows that the contamination in the lab islsrand can be neglected for those
samples. Thé*U/**U of all measured samples and standards is pleteslis the signal

intensity in Figure 2.5. A correlation between theasured ratio and the signal intensity
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could not be observed. The 3 s.d. uncertainty le&s ldetermined from all standards that

were run during the analysis of the samples. Oain@es outside the 3 s.d. limit are

considered to deviate from natural uranium.

Mass units (amu) light peak/heavy peak

0.000012

0.000009

0.000004

0.000002

a|lbhiw|N

0.000001

Table 2.7 Correction factors for peak tailing to tre low mass side
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Figure 2.5%%U/?*U atomic ratio vs.?*U voltage

2.4.5 Static Faraday-Daly measurement 6f®U/?*U (used for alpine ice samples)

The 2%U/%*U is measured statically with mass 235 on the Daig 238 on the Faraday

detector. The measurement of the samples is mddg asnatural uranium standard run

between two samples. Standard solutions are prémaser the concentration range of the

sample solutions and after each sample a standiasd to the sample concentration was

measured. The measurg8J/***U depends on the concentration of the solutionypical
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example for variation of th&%U/***U versus concentration is shown in Figure 2.6 Far t
natural standard. The relationship always appeabg tinear. A method blank was prepared
using a brand new anion exchange filter. The veltaigthe method blanks was 0.2V on 238
which is a factor of 5-15 lower than voltages ie samples. Th&%U/**U in the method

blank is natural and has been subtracted from edlsured samples.
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Figure 2.6%°*%/?*U versus voltage on mass 238he concentration range is 2.5ppb-15ppb.

1. Concentration correction of the measured®u/=U
Each day a linear trendline was fitted through e/°**U versus voltage of 238 and the

equation of the trendline was determined. Bothddash and samples are then corrected by
R® = R™ x[13788/(m* V4, + b)|
where: R=corrected®U/**U

R™=measured*®u/*U

(m* V 3gtb)=linear equation with the voltage of 238,4Y as the variable

2. Time drift correction of the measured®*®U/%* for time drift

The?*¥U/%*U of the standard at the time of the sample measemewas calculated via

RS (1) — RS, (t
RS, (1) = R (t) + - =Rl ) g5
2 1

where Rgq is the concentration correctéU/?U of the standard, tand § the time of

measurement of the two adjacent standards aihé time of the sample measurement. The
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concentration- and time-corrected®U/”U of the sampl®S (t,) is calculated by

RS (t,) = RS (t,) x[13788/ RS, (t,)]

3. Error calculations:

(a) Error due to time drift

The error in”*®U/*U of the sample at,is calledARS, (t,) and estimated in the following

way. The times of the four standard measuremerttseiwicinity of t are ¢, t;, t, and gwith

to< t<t<t,<ts. The sample was corrected to a virtual standart, atlculated via a line
determined by the standard measurementsarid . The same line was used to calculate
virtual standards afytand §. Three times the maximal absolute value of théedgéhce
between the calculated and the measured standérel $¢ated error due to time drift.

The equation used for the error calculation is

Rea(t) ~Rag(t) ¢ _ )}

4

R;d (ts) - |:Rgtd (tl) +
ARE, (t,) = 3xmax:

t, -t

Rea(t) ~Res () ¢ _ )}

R!(S:ld (to) - |:R§d (tl) +

(b) Error associated with the concentration correcibn

The error is stated as the 3 s.d. of the condemtraorrected standard®Rom the natural

ratio of 137.88. This error is the same for all plams.

2.5. Conclusions

« Using platinum overplated filaments th&Puf**Pu atomic ratio can be measured by
TIMS with a measurement error of 0.6% SdErr for gientoads of 20pg.

« The IsoProbe MC-ICPMS allows the determinationhef’tPu/*®Pu down to 0.1pg and
reproducibility ranges from 1.3% to 0.12% (2sd) sample sizes between 0.1pg and
100pg.

« The measured@?Pu/**Pu needs a correction if the ratio was determimech fthe third
measurement cycle.

«  %/PU has been determined with errors of <0.2 % (2 sising Faraday collectors for
both, mass 238 and mass 235 for concentrationseleatwl5 and 40 ppb. Static
Faraday/Daly measurement of tf&U/?*U for concentrations between 5 and 15 ppb

yields an error of <0.8 % (2sd).
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3. Application I: The record of uranium and plutonium isotopic ratios in
weapons fallout

3.1. Introduction

After the big US tests in 1952 and 1954 the posémtioblem of contamination of the entire
world population by radioactive fallout from nuctaasts was realised. The DASA (Defense
Atomic Support Agency) concluded in 1955 that thgést uncertainty in the prediction of
the distribution and concentration of world-widdldat debris on the surface of the earth
was the quantity of fission products in the strpl@sic reservoir and the rate and mode of
their transfer. For this reason in 1956 a resegmudgram to define and delineate the
stratospheric reservoir of fission debris was @&é@d. This program became known as the
High Altitude Sampling Program, or Project HASP. glathan 20,000 airfilters were
collected during the period between 1957-1983 aradyaed for approximately 40 different
radionuclides. All of the available data charasieg each filter are included in the database
"RANDAB" (EML, 1997). Some of these filters were not only analysed fartgslium
concentration, but also for its isotopic compositipartly to gain knowledge about the
nuclear tests by other countries. This knowledge afahigh importance during the 1950s
and 1960s, but the interest decreased in the 1@%és France and China were the only
countries conducting atmospheric nuclear testss Thn explain why plutonium isotopic

ratio data from these filters are rare for the 970

Besides these filters some natural archives, kikeciores, corals or lake sediments can be
used to study the chronology of tH&u?*%Pu of weapons fallout. For the 1950s and 1960s
a good chronology exists from Arctic and Antarétie cores (Koideet al, 1985). However,
the more-commonly used technique of Thermal lorusa¥lass Spectrometry (TIMS) needs
large sample sizes to investigate #fBuf**Pu, which explains why data for natural archives
are rare. For the interpretation of a time-resolneghsurement of plutonium pollution (e.g.
in sediment cores) a good knowledge of the chrayobd the isotopic ratios in the weapons
fallout is essential. The variation of the plutanidsotopic ratio with time depends on
differences in weapon design and parameters otasis. The goal of this Chapter is to
compile existing data and to add new data to imprthe chronology of*®Puf**®Pu in
weapons fallout. For the following Chapters alse tther Pu isotopic ratios and the

239.24pyB'Cs are of interest. Therefore these ratios are sdstewed. In addition a
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chronology of**®U/?*U in grass is presented. Uranium isotope ratio @ataatmospheric
fallout from weapon testing have not been previpusported. This is presumably because it

is easily masked by the presence of any naturaiwra

3.2. Transport of radionuclides from tests with stratospheric input to the UK

In areas without a local source of plutonium contetion, the main input of any plutonium
is global fallout from nuclear tests. The term ‘lgb fallout” is used for material that was
injected into the stratosphere and then distribgtetally. Whether a test has stratospheric
input or not is determined by the explosive yi¢ta height at which the detonation occurred
and the meteorological conditions existing at iheetof detonation. Figure 3.1 shows the
height of the centre of the firebattrsus explosive yield. It can be seen that the centrihef
fireball penetrates the tropopause in Polar Regionsyields greater than 400kt and in

equatorial regions for yields of 1-1.5 Mt.

30
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Figure 3.1 Height of the centre of thefireball versus explosiveyield (from Bauer and
Gilmore, 1975)

During any particular year 60-80% of the stratosighenass is exchanged with the
troposphere, which represents a residence timeeirstratosphere of 15-18 month (Roedel,
1994). This residence time can be different if ael® of interest are not distributed like the

total mass of the stratosphere. For example, tiomum of the SNAP-9A satellite,
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introduced at the top of the stratosphere wouldehavonger residence time than would
plutonium from weapons testing which was mainlyaduiced to the lower parts. Besides the
location of injected particles, other physical prdes such as density also influence the
residence time. A time lag of one year betweenardtdeposition was observed f6t**Pu

in ice cores (Koidet al, 1979). The same time is observed by comparinglittenium ratio
data from the stratosphere with the ice cores.mban residence time of plutonium in the
troposphere is 71 days (Holloway and Hayes, 198Rjce the processes responsible for
stratospheric-tropospheric exchange depend oniitie af the year (details in Appendix
A.7), the occurrence of stratospheric fallout productghat earth surface is seasonally
modulated. The maximum stratospheric-troposphexith&nge occurs in spring (March-
June). The amount of debris, which enters the sppere during July-October, is
insignificant (Roedel, 1994). The stratospherigtgpheric transfer behaviour is illustrated
by **'Cs-data from Moosonee, Ontario, Canada (51° 1809,30' W) in Figure 3.2. No
tropospheric fallout was expected for this locatn its latitude is similar to that of the
UK. Therefore a similar behaviour to stratosphéaltout in Britain can be assumed. Large
nuclear tests were conducted prior to 1958, 19981 1and 1962 with the highest yield
occuring in 1962. Apart from two small Chinese dgsield<20kt), no tests were performed
in 1963, 1964 and 1965. Therefore the fallout dutiese years originates mainly from the
stratospheric reservoir. For this reason thesesyagr chosen to demonstrate the seasonal
modulation of stratospheric fallout using data fréme EML “Surface Air Sampling” —
database (EML, 2000). It can clearly be seen inufeid.2 that the greatest annual Cs-137
concentration at the earths surface occurs betMegoh and June. This period is known as

the "spring-peak".

5000

A
/ \\ 4\
B I e

w
o
o
o

N
o
o
o

¥7Ccs in Bg/m®

™~

€9-uer
£9-1dy -
€9-Inr -
€9-MO -
v9-uer -
79-1dv -
¥9-InC -
79-PO
Go-uer
§9-1dy
S9-InC -
S9-MO A

Figure 3.2 Cs-137 in surface air at Moosonee, Ontario, Canada in the years 1958-1966.
Decay corrected to the time of sampling.
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3.3. Transport of radionuclides from the Nevada test siteto the UK

The ground-based small yield tests at the Nevaatsstie had no or little stratospheric input.
At the time of the test the cloud rose to a certeight and then travelled eastwards with the
prevailing westerly winds. During travel the clodififused laterally and vertically. Barriers
of stable air prevented lateral diffusion soutt26f30°N, depending on the time of the year.
The tropopause prevents vertical diffusion abov&niZStewartet al, 1957, see also
Appendix A.7). The cloud reached the UK for thatfitime about 5 days after the explosion
and then every four to seven weeks as it circulatednd the world. On its first circuit over
the UK the cloud of the 1952 tests had not diffusedyround level and no increase of
radionuclides in ground level air could be seenwkler, the highest deposition occurred if
rainfall intercepted the cloud on its first passager the UK. The lateral diffusion was

complete after one circuit (Stewattal, 1957).

3.4. Existing Stratospheric and | ce core data
As described at the beginning of this Chapter, frd®57 to 1983 stratospheric

measurements of radionuclides have been carriedythe U.S. Department of Energy
Environmental Measurements Laboratory (EML). Allijpinium ratios of interest (activity
ratios 2#Puf**#Pu and'Puf****Pu, atom ratiod*Puf**Pu and*Puf**Pu) are extracted
from their database “RANDAB” (EML, 1997). Reporteatios that were obviously
incorrect, e.g. &'®Puf**Pu of 100, were not taken into account. All otheasurements of a
particular year were averaged and the standardatilewvi was calculated. The standard
deviations are plotted as error bars. (Figure 3.3d) Besides these stratospheric
measurements the ratio&8Pu/**?*Pu, 2'Puf***Pu and*Puf**Pu have been investigated
at the earth's surface using ice cores from Gradndéad the Antarctic (Koidet al, 1981,
Koide et al, 1985). Due to spiking with*Pu, no**?Puf**®Pu data have been published for

these ice cores.

As discussed in Chapter 1 (Figure 1.1) nucleaingsh the 1950s was dominated by the
US. Based on the ice cores the early 1950s faliotiie Antarctic had & °Puf**Pu greater
than 0.3 and &'Pu/****Pu of 25-30. Thé*Pu/****Pu drops to about 10 in the late 1950s.
The**Pu/*Pu drops to 0.21-0.26 in the mid 1950s and to M 16e late 1950s. The Arctic
cores show the same trend, but the drop of flRu/**Pu in the late 1950s is only to about
0.2. This might be due to the influence of the $enddut very close USSR tests. In the early
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1960s the**Puf*Pu was between 0.17 and 0.19 and ¥Euf****Pu around 10. No
remarkable difference between northern and southemisphere exists and stratospheric
ratios correspond well with the ice core data. 83 a maximum occurs iHPu/*Pu,
2Py Pu and®*Puf*Pu in the Northern Stratosphere data and this maximan also
be seen in thé*Puf**Pu in Arctic ice from 1964. In the Southern Hemisgh this
maximum appears one year later. From 1965 to 19&Thlrn and Southern Stratospheric
ratios are similar. Thé*Puf*Pu is around 0.18, th&'Puf***Pu around 12 and the
242uf*%Pu around 0.004. In 1968 the three ratios shovgrifgiant drop in the Southern
Stratosphere, but almost no change for the NortB&natosphere. This can be explained by
the French tests on Mururoa Island. The Chineds tsLop Nor hold the ratios almost
constant in the north. No data are available batvl&¥1 and 1974. The low ratios in 1975
can probably be attributed to the Chinese testdpt&nber 1974 (N.B. the last French
atmospheric tests were in 1974). The Chinese atmeogptesting stopped in 1980.

The main feature of tHéPu/****Pu is not produced by weapons testing, but by tie-bp

of a®**Pu powered satellite over the Indian Ocean in Ap®$4, the impact of which was
three times greater in the Southern Stratosphere. Highest**Pu/****Pu is observed in
1967 and 1968 for sampling heights between 12km 20idn. A longer stratospheric
residence time of**Pu from the SNAP-9A burn-up in comparison to theapan test
239.24py was also observed in Antarctic ice cores (Kaida., 1979). This delay of the
appearance of the SNAP-9A plutonium can be expthinyethe fact that the satellite burn-up
occurred at 50 km, whereas the plutonium from ds¢stwas introduced at the bottom of the

stratosphere.

The#*?*Pyf*Cs in the Northern Hemisphere is about 0.01 foipéreod between 1961 and
1966 (Figure 3.5) and slightly higher from 1968ilub®83. These values agree well with ice
core data (Koidet al, 1979). In addition ice cores data reveal thatrti® was between
0.01 and 0.02 from 1956 until 1962, but higheramtbf up to 0.05 were measured for the
pre-1956 period (Koidet al, 1979). In the Southern Stratosphere the ratimgés more

dramatically with values between 0.007 and 0.023.
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Figure 3.3 (a-d) Plutonium isotopic ratiosin the stratosphere based on measurements

by EML (1997). All measurements of a particular year are averagedthe standard deviations are
shown as error bars. The blue line represents tthBrn Stratosphere and the red line the Southern
Stratosphere. Data are decay corrected to theairsempling.
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Figure 3.4 (a-c) Plutonium isotopic ratiosin ice cores (Koide et al, 1981, 1985). The blue
line shows data from South Dome, Greenland (63°N144°34.5'W) and the red line from J-9 Ross
Ice Shelf, Antarctica (82°22'S, 168°40'W). Data @deeay corrected to the time of deposition, based
on a**°Pb chronology.
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Figure 3.5 #**°py/’Cs activity ratio in the stratosphere. Data are extracted from
the database “RANDAB” (EML, 1997) and are decayected to the time of sampling,
based on &'%b chronology.

3.5. Grass samples from the IACR Rothamsted archive and an ice core from
Dome du Gouter, Mont Blanc, French Alps

The IACR-Rothamsted (Harpenden, Hertfordshire) igechis a unique collection, with
continuity from 1843 until now, of some 200,000 gdes of crops and soils taken from
agricultural field experiments. Permission was tgdrto take 50 grams of dried grass from
the so-called Park Grass experiment to investifaevariation of**Puf*®Pu as seen at
ground level in the UK. The ice core from Dome@outer (4300m), Mont Blanc, French
Alps was provided by the “Laboratoire de Glaciokgt Geophysique de I'Evironment” at
the “Centre National de la Recherche Scientifiql@NRS) in Grenoble. The core was
collected in 1994 and has a length (depth) of 116The core (core 2) has been studied
previously by Vincengt al (1994) which included a model for the relationviz¢n snow/ice
age and depth arfd'Cs variations with depth.

The grass and the ice core samples examined ity represent two different locations
within the latitude band of the Westerlies in therfdern Hemisphere (northern temperate
latitudes). In the absence of local sources thesored variations in plutonium isotopic

composition are expected to be representative Herrtorthern temperate latitudes. The
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measured concentrations will be influenced by déifiees in meteorological conditions and
the *3U/%°*U by dilution with natural uranium. A manuscriptcath the record of uranium
and plutonium isotopes obtained using the grassandata and its implications for nuclear

fallout at northern temperate latitudes has beettenr(Appendix 10).

3.5.1 Deposition onto the grass and presentation of the data

The ability to take up material from rain or airpg@ds on grass type, state of growing and
meteorological conditions. For example Clark andtSrtiL988) showed that the Cs area-
concentration (deposition density) of ChernobYCs by grass of wet deposited material
varied more than a factor 2. Also the meteoroldgaznditions between deposition and
sampling might influence the concentration, e.gorgy wind or rain can blow or wash off
deposited material. The aim is to present the tata way that the number of dependent
parameters is as small as possible. By comparisitndeposition data from Milford Haven
(AEA, 1957-1991) the following section shows whye thresentation of concentrations
(Bg/kg) in the Rothamsted grass is used insteatiettommonly used deposition per unit
area (Bg/f). An examination ofFigure 3.6 (dry weight of the grass harvested p& m
Figure 3.7 ¥'Cs in Bg/kg) and Figure 3.83(Cs Bg/harvested area) shows that the Milford
Haven deposition data fit better to the Cs conesiotn in Figure 3.7 than to the Cs area-
concentration in Figure 3.8. The better fit in Fg3.7 is mainly due to the years 1957, 1959
and 1965. In 1957 and 1959 the area-concentratidhe grass is too low and in 1965 too
high compared with the Milford Haven data. Lookatghe dry matter yield shows that 1957
and 1959 are years of low dry matter yield and 1@@5year of the highest yield (average
yield ~0.13). Hence the deposition density andhhesest yield are positively correlated.
Thus, in the years of higher dry matter yield th@sg more effectively intercept§Cs (and
other) fallout before it can pass through the gtaghie ground. From the comparison with
the Milford Haven deposition data it looks like fiesentation in Cs-concentrations (Bg/kg)

is more independent of the state of growing aritlesefore used.

Estimation of the inter ception factor for the grass

The yield data can be used to estimate the fractidotal yearly deposited activity that is

taken up by the first cut of the Rothamsted grass.
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The following definitions are used for the calcidat
CY =concentration in the grass in Bg/kg
D"'= total activity deposited per area in B4/m
D= activity in grass per harvested area in Bg/m
f= interception factor = fraction of total yearlgposited activity found in the grass

Y= dry weight of harvested grass per area in kg/m
I . f .
From the definitions above it follows th&° = f * D' andC? 27* D™ . It is assumed

that the Milford Haven data present the annual diépd activity . As shown in Figure
3.7 the concentration®@grees well with total deposited activity”Dif D* is divided by 4,

hence$ = % From the yield data follows 0.01<f<0.07, whichane that between 1% and

7% of the annual deposited activity is found in ginass.

L oss of deposited activity from the grasswith time

The measured amount of Chernobyl deposition founthé grass can be used to estimate
how long the Cs is able to stay on the grass witheing washed off. The Chernobyl plume
reached the United Kingdom on 2 May 1986. At Chiltbe maximum concentration in the
air was detected on the afternoon of 2 May. Theceotration declined by a factor 10
overnight and by a further factor of ten during ttey of the 3 May (Fret al, 1986). At
Rothamsted 0.3 mm rain was detected on 2nd Mayainoon 3rd May and 0.2 mm on 4th
May (IACR Rothamsted, pers. com.). County averdgespredominantly dry areas (less
than 1mm rainfall) during the passage of the plsim@w initial™*‘Cs deposition densities on
grass of about 20-30 Bgfnduring the 3-6 May 1986 (Clark and Smith, 1988y &ral,
1986). The*'Cs deposition density of the Rothamsted grass atuhi2 1986 was 3.6 Bg/m

hence less than 20% of the initial deposited Qwésent in the grass after about 40 days.
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3.5.2 ¥¥Cs, plutonium (alpha), *°Pu/*’Pu and **U/?°U in Rothamsted grass

samples and the Mont Blanc ice core

The concentrations in the ice and the grass adoeelg with records of device-testing
(Lawson, 1998, Carter and Moghissi, 1977) and @dtmical monitoring of fallout (Koide
et al, 1985, EML, 1997, AEA, 1957-1991) that took platehe time (Figure 3.9). The main
stratospheric events that dominate the ratios dur#62-1962 are the U.S. and UK tests on
Bikini, Eniwetok and Christmas Island in 1954, 13661 1958 and 1962 and Soviet tests in
the Arctic in 1958, 1961 and 1962. In November 18&8Partial Test Ban Treaty inhibited
nuclear testing until the resumption of atmospheriting first by the U.S.S.R. in September
1961 and then by the U.S. in April 1962. The U.8d dahe U.S.S.R. finally ceased
atmospheric testing in October 1962 and Decemb6® 8llowing the ratification of the
International Test Ban Treaty. Using a linear agptl relation for the Mont Blanc ice core
the *Puf*®Pu profiles for the ice core and the Rothamstedsgaae almost identical for the
period 1955-1970. This good agreement indicates ttea”*°Pu”**Pu record is generally
representative of northern temperate latitudess Tdanclusion may not hold for areas
influenced by relatively significant tropospheradlbut derived from a particular testing site.
One of these is the Nevada Desert Test site NTSrewtgghty-four kiloton-range
atmospheric nuclear tests were carried out betvléi-62 (Lawson, 1998, Carter and
Moghissi, 1977) (Table 3.1). A 1953 air samplingdst of NTS-derived radioactive fallout
showed northeasterly dispersal of the test plumeand W. Europe (Eisenbud and Gesell,
1997). Hitherto the only record of this fallout the UK was from measurements of
beta/gamma activity in air carried out by UKAEA dé%art et al, 1957). The 1952
Rothamsted grass (June-July harvest) shot®a/**u of 0.06. This grass was harvested
before the first ever thermonuclear test at Eniwettoll (10.4 Mt '‘Mike' shot; 31 October
1952) which had &'®Puf**®Pu greater than 0.30, as inferred from ice coresidget al,
1985). Similarly there were no USSR-tests in 198@ therefore the 1952 Rothamsted ratio
can only be due to fallout from one or more of ¢iight tests at the NTS between April-June
1952. The time-lag between a Nevada test and subsedeposition in the UK could have
been as short as 5 days if suitable weather congditxisted (Stewaet al, 1957). The 1952
second harvest (Sep-Nov) sample shows no measplaiddium, which is consistent with
the records of no summer testing at the NTS. ribisble that low ratios have been reported

in North Atlantic, Gulf of Mexico and Mississippi dlta sediments(Buessler and
Sholkovitz, 1987, Scott al., 1983, Noshkin and Gatrousis, 1974, Oldagl, 2000)
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and attributed to NTS testing but they did not héve good time control of the grass
samples. Additional evidence for tropospheric fatles also seen for later samples. For
example *Pu/*¥Pu in the 1953 grass is 0.154 for the first cut @id5 for the second cut.

Since fallout from the 1952 “Mike”-Shot had®8Puf**Pu greater than 0.30 the lower 1953
ratios must represent mixtures of tropospheriotaliand stratospheric fallout. There were
no NTS tests carried out between the two 1953 drapgests and any stratospheric fallout
24pyu*%Pu would have remained close to 0.30 so there hawat been another tropospheric
input. This could be from the first Soviet thermolaar test (Kazakhstan site) that occurred
in August 1953 (440kt) and this could have contebulow **®Puf?**®Pu material to the

second 1953 harvest.

Chinese and French atmospheric thermonuclear wests carried out between 1964-1980
and 1966-1974 respectively (Lawson, 1998) and tsmlze related to the ratios seen in the
grass. The small increase in the ratio during #te 1970s seen in N-stratosphere and
Rothamsted data must be due to Chinese tests. rer® ice coré'®Puf**Pu data for this
period although stratospheric aerosol measurenmexiss for 1975, 1977 and 1979. The

Rothamsted isotope ratio data provide a usefutratare for this hiatus in the record.

Uranium isotope ratio data for atmospheric falltnam weapons testing have not been
previously reported, perhaps because the small atmoaf isotopically-altered uranium
contamination are masked by the presence of natwmalum. The variation of tHé®U/**U

in the Rothamsted grass show three distinct negatilections (enriched U ratio) at 1952,
1958 and 1963 and two small but significant positiaflections (depleted U ratio) at
1977/78 and 1983. The two negative inflectionshe 1958 and 1963 grass data are also
present in the ice record but no positive inflecsi@re seen later in the ice core. The 1952
deviation in the Rothamsted grass, where Pu wasfag detected, is likely to have been
caused by tropospheric fallout from NTS. The 19%%¥iation is likely to result from a
mixture of tropospheric and stratospheric fall@astalso inferred from the Pu data, while the
1954 data can be attributed mostly to stratospHalficut. The strongest deviations 3#U/

2 in the grass record occur in 1958 and 1963 whihcide with the years of greatest
atmospheric fallout from weapons testing by the.dr®l the U.S.S.R.. The measured ratios
in both cases are about 0.55% lower than the ratatip but the magnitude of the
deviations for 1958 and 1963 are greater in the tMBdanc ice. Enriched uranium isotopic

ratios in the ice persist for the whole period ighhyield atmospheric testing. It is likely that
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the reason for the differences between ice and gsaes higher content of natural uranium in
the grass compared with the ice. Enriched uranites wsed as fissionable material in
nuclear weapons. Enriched uranium and depletedumaare both materials that could be
used for the tamper in thermonuclear weapons. Xbess”*U found in fallout from nuclear
testing could be unfissionédU that was initially present in the weapon or arigirom a
nuclear reaction of some material present in thapes, e.d>®U(n,4n¥**U. The possibility
that the enrichment is due to alpha decay’%fu can be excluded. Assuming a chemical
recovery of 100%, the layers showing the strong®s#***U deviation contain about 1ng
38, From the measured plutonium concentrationsliiovies that the”**U produced from the
alpha decay of*°Pu would lower thé%U/**U from 138.88 to 138.84 which is not sufficient
to be detected. The depletdiU/ 2°U in the grass in 1977, 1978 and 1983 is probabsytd

a local, but presently unidentified source, sinceewidence of depleted ratios can be seen in
the ice core. A possible though entirely specudativurce for these very small perturbations
could be from industrial uses of depleted uraniumi/ar the testing or fabrication of

uranium-based weaponry (Barbastal, 2001).
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Stratos- Potential tropospheric Jun-Jul Rothamsted Sep-Nov Rothamsted
pheric input har vest har vest
input
Year Global K azakhstan Nevada Dateof | Z%%0py | *py/ | Dateof | Z%?®py | *%py/
fallout** Tests USSR Desert harvest | Bg/kg | *°Pu | harvest | Ba/kg | *Pu
20py/2py (vield) Tests USA
(vield)
1945 - 16Jul n.rt - - n.r - -
(19kt)
1951 - 24Sep - 21 Jun - - 2 Oct - -
(38kt)
1952 - - 1Apr-5Jun| 19 Jun 0.05| 0.060 22 Segp - -
(104kt)
1953 | 0.33-0.34 12Aug- 17Mar- 21 Jul 0.04 | 0.154 19 | 0.08 | 0.135
10Sep 4Jun Nov
(440kt) (253kt)
1955 | 0.25-0.27| 29Jul-5Aug 18Feb- | 28 Jun 0.26 | 0.273 15Sep 0.5 0.295
(15kt) 15May
(163kt)
1957 | 0.19-0.22| 8Mar-16Apr 28May- | 18 Jun 0.19 | 0.16%5 24 Sep 0.4 0.113
(1142kt) 70ct
22Aug- (340kt)
13Sep
(526kt)

* Only for the years where samples from both cutsentaken
** based on Arctic and Antarctic ice core measunetaéKoideet al, 1985)
n.r. - not recorded

Table 3.1 Nuclear test data and *°Pu/ *°Pu for Rothamsted grass samples (1945-1957)"
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*'Cs at M-Haven [Ba/m */yr] 239+24%p ) Alp.ice [mMBg/kg]
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1985 —O— Milford Haven . —— Alpine ice - -59
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Figure 3.9 (a) *'Cs concentration in the Rothamsted grass (Bg/kg) and deposition flux
at Milford Haven (Bg/m?/yr) from AEA monitoring from 1957-1991 (AEA, 1957-1991).
(b) 2Py concentration in the Rothamsted grassand in Alpineice.
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Figure 3.10 (a) *°Pu/**Pu atom ratioin an ice core from the J-9 Ross | ce Shelf,
Antarctica (Koide et al, 1985) and in the northern Stratosphere (EML, 1997).
(b) *°Pu/**Pu atom ratio in Rothamsted grass and Alpineice.
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Figure3.11 (a) “*U/**U in Rothamsted grass samples. The green linesrepresent the
boundaries of the 3 s.d. analytical limit. (b) 22U/**U in Alpineice from Domedu

Gouter (4300m), Mont Blanc, France
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3.6. Stratospheric air samples from Sweden

Three filters from stratospheric air sampling bg wedish government (FDO Stockholm)
were investigated. They were provided by officiatsthe Swedish Defense Agency. The
exact sampling locations are unknown. THBu/**Pu for the investigated filters are shown
in the Table 3.1. The filter L212 hag“8u/*¥Pu of 0.10, which is significantly lower than
the ratio measured in Arctic ice cores for thisetirfihe filter was sampled during a Soviet
testing period conducted between 10/10/1958 and02B®58 in the Arctic (Carter and
Moghissi, 1977). The ratio of 0.145 only 2.5 monidter in sample L250 can be explained
by mixing with other parts of the stratosphere.sT$uggests that the Soviet tests in October
1958 had an extremely lof®Puf**Pu. The filter L626 is in good agreement with iaed
US-stratospheric-data.

Expected Expected
Sample | samplingdare | STERTY | e | FLATH | didlcacore
Stratosphere (Koide et al, 1985)
L212 17/10/1958 11.8 km 0.101 - 0.22
L250 01/01/1959 11.8 km 0.144 0.15-0.18 0.18
L626 18/09/1962 unknown 0.213 0.18-0.23 0.20

Table 3.2 ?*Pu/?Pu resultsfor stratospheric air filtersfrom Sweden

3.7. Air filtersfrom the PTB Braunschweig

The Physikalisch-Technische Bundesanstalt (PTB}hés German National Institute of
Natural and Engineering Sciences. The PTB-Braunsihivas monitored radionuclides in
ground-level air since 1963. Most of the olderefift have been disposed of or have been
used for destructive analysis. However, some §ilfesm the 1970s still exist. As mentioned
previously**®Puf**Pu data from stratospheric air sampling exist fuy @ few years in the
1970s. Therefore the PTB filters are useful foiifyerg the 2*%Pu/**Pu for the years where
measurements exist and for adding new data to y@aes where no measurements exist.
Details about the filters and théffPu?*%Pu are given in Table 3.3.
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Year Code Sampling period | #°Pu/?°p Relevant atmospheric tests
u
69 26Sep (China, 3000)
70 15May-6Aug (France, ~2500kt), 140ct (Chin&)(B0
71 5Jun-22Sep (France, ~1500kt), 18Nov (Ching, 20
72 1Jan (China, <20), 18Mar (China, 20-200)
73 PTB 73 May/Jun 0.165| 26 Jun (China, 2000-3000)
74 16 Jun-15 Sep (France, ?), 17 June (ChinalQ00)
75 PTB 1 28 Apr —2 Jun 0.156/ 21 Oct (China, lowdjiel
76 PTB 76 complete year 0,14123 Jan (China, low yield), 26 Sep (China, 20-200K%),
Oct (China,?), 17 Nov (China, 4000kt)
77 PTB 4 14 Oct — 31 Oct 0.239(17 Sep (China, < 20 KT),
PTB 5 31 Oct— 7 Dec 0.232
78 PTB 78 May 0.226 |24 Jan Cosmos 954 satellite burnup,
PTB 7+8 | Apr/Jun/Jul/Aug 0.217 |15 Mar (China, < 20 kT), 14 Dec (China, <20kt)
79 PTB 9+10 1Feb — 31 Aug 0.192/13 Sep 79 (China,?)
PTB 11+12| 15 Oct-2 Jan 8 00.213
80 16 Oct 80, (China, 200-1000kt)

Table 3.3 *°Pu/?°Pu resultsfor ground level air filtersfrom Braunschweig (Germany)

To restate the main features of the profiles imfgrfrom Stratospheric air sampling from
1963 until 1968 thé*Puf**Pu lies between 0.17 and 0.19 for both the Southarththe
Northern Stratosphere. In the Southern Stratospierep occurs from 0.17 in 1968 to 0.11
in 1969 and 1970. In the Northern Stratospherefiai/**Pu ratios stay around 0.18 until
1970. In 1970 a gap in the stratospheric data oedwsind the next measurements were in
1975 with a value of 0.133.

The measured PTB samples of filtered ground leivekow the**Puf**Pu in 1973 to be
0.165. Assuming no local sources are present,ahies of this ratio is stratospheric fallout.
The lower value in comparison to the 1970 Northgmatosphere measurement is either due
to mixing with low ratio material from the SoutheBtratosphere or, more likely, due to the
input of the Chinese tests between 1970 and 187BT5 the ground level &tPu/*%Pu is
0.156 and 0.141 in 1976. This drop is in agreemdgtit measurements in the Northern
Stratosphere in 1975. In 1977 t&u/**Pu in ground level air increases strongly to 0.23-
0.24. This increase can also be seen in the gpfatos and can be attributed the Chinese
testing in Oct/Nov1976. The measuré®Pu/*Pu in 1978 is only slightly lower than that in
1977, which can be explained by stratospheric rgixim February-August 1979 the
24pyuf%Pu drops to 0.192 but increases again to 0.213tAD®c 1979. The drop could be
explained by stratospheric mixing. However, theréase in the same year can only be
explained by tropospheric fallout from the Chinésst in September 1979 or input from a
local source.
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3.8. Summary plot of data, suitablefor a 2**Pu/**Pu chronology
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Figure 3.12 Summary plot of *°Pu/?°Pu data. The plot shows a summary of all previously
discussed data. The data for the Northern Stragweplthe Arctic and the Antarctic are from EML,
(1997) and Koidest al, (1985). The data for the Rothamsted grass, AlwegSwedish Stratospheric
filters and the PTB-filters was added during thésearch. Assuming a linear age-depth relation the
data for the Alpine ice was fitted into the othatal
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3.9. Conclusions

Previously existing data from stratospheric sangpl{EML, 1997) and Polar ice cores
(Koide et al, 1985) have been compiled. Using grass samples fre IACR-Rothamsted
herbage archive in England, an ice core from thentMglanc glacier (French Alps) and
ground-level air filters from Germany, for the fitame a ground level record 61Pu/*¥Pu
for northern temperate latitudes is presented. @ngarkable finding is that tropospheric
fallout from the earliest US tests in the Nevadaéeis identified in the UK. For later years
the data compare well with the incomplete chroniclalg record obtained from the
Stratosphere (EML, 1997) and Polar ice cores (Kadal, 1985). In addition to the
2%Puf*Pu hitherto unseen fluctuations in tA8U/?*U related to fallout from weapons

testing are reported.
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4. Application Il A: Plutonium from the BNFL Sellaf ield site — results for a
sediment core from the Wyre saltmarsh

4.1. Introduction
The Wyre saltmarsh is located on the estuary oRiver Wyre, about ~68 km south of the

BNFL Sellafield reprocessing plant (Figure 4.1)eTdore was studied previously and clearly
shows a redox zonation as inferred from Mn and &flps. (Thomson et al, 2002)
Radionuclides in the core clearly reveal the disghs from BNFL Sellafield. However,
none of the studied radionuclide$'Cs and?'Am) shows evidence of redox driven
redistribution (Thomson et al, 2002). The reasarttie lack of redistribution can be either
that no post-depositional migration has occurrethat the processes of migration are too
slow to be visibleln this Chapter plutonium and caesium data forsg@iment core from the
Wyre saltmarsh are presented. Based on these datael was developed for the transport
from the Sellafield plant to the sampling site. Thedel is then applied to reconstruct the
2Puf%Pu in the Sellafield discharge. The existing recofdthe composition of the
discharge from the Sellafield reprocessing plargsdaot differentiate between the isotopes
2Py and*Pu (Grayet al, 1995).

Poole Harbouft csew__ o~ i
Po bour. -y, - ;
o~ SWINFRITH \

Figure 4.1 Location-map
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4.2. Radionuclides in the Irish Sea and the transpbto the sampling site

To understand radionuclide transport to the sitdegfosition it is important to know if the
transport takes place mainly through solution orodhgh particle adsorption. The
consequences for the measurement of radionuclidesdiment cores for the two transport
mechanisms, solution transport and particle trarmispoe investigated in a review paper by
MacKenzie and Scott (1993). kolution transport the radionuclide is dissolved in the
seawater. As the radionuclide is transported away the discharge point its concentration
decreases by continuous removal to sediments andilbgon with less contaminated
seawater. Assuming both processes follow first okileetics, the concentration decreases
exponentially with distance from the source. Sitieeremoval to the sediments depends on
the Ky, the ratio of two radionuclides with different Kalues would also vary exponentially
with distance from the source point. An accumutgtimon-mixing sediment would exhibit
radionuclide concentrations at different deptha asnstant function of the annual discharge.
In particle transport the radionuclide becomes attached to sedimertteatischarge point
and is then distributed by movement of the sedim&sguming that that the sediment which
is available for redistribution is subject to rapiotal vertical mixing, an accumulating, non-
mixing sediment would exhibit time integrated radiolide concentrations at different

depths.

To quantify the tendency of a radionuclide to aldlsonto particles the distribution
coefficient (Kyg) is used. It describes the equilibrium distribatiof species between the

dissolved and particle-associated phases andirsededs:

_ ( Activity perunit masf particulae
Activity perunit masf solution

To apply the I - concept to systems in the environment one h&edp in mind that the &
depend on chemical and physical conditions of #tkonuclide and the sampling location.
The Ky of plutonium depends on the oxidation state. Ruecast in the five oxidation states
I, 1V, V, VI and VII. Oxidation state VIl is veryare in environmental systems. In the Irish
Sea Pu (Ill & IV) have ks of 16, Pu (V & VI) Kgs of the order 1Dand radiocaesium
between 1— 1¢ (Nelson and Lovett, 1978, MacKenzeal. 1998). After the discharge
about 10% of the plutonium and 90% of the radiocmesremains in solution and is
transported out of the Irish Sea via the North QiehrfMacKenzie and Scott 1993). The
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remaining 10% of the Cs, along with virtually &flAm and 90% of the Pu is incorporated in
a deposit of fine sediment (the Sellafield mud patclose to the discharge point
(MacKenzie and Scott, 1993). The sediments closkddalischarge point that are associated
with the radionuclides show rapid mixing and a mgble accumulation rate (MacKenzie
and Scott, 1993, MacKenzet al. 1998). Within the last 20 years the surface cotreéion
and inventories of plutonium and americium havenbdecreasing near the Cumbrian coast
and are dispersed to more distant areas (Kerghaly 1999). In contrast to Am and Pu the
incorporated caesium shows significant re-dissofufrom the sediments (MacKenzie and
Scott, 1993, MacKenziet al. 1998). Particle transport is the most importaansport
mechanism for the dispersion of Cs, Pu and Am tertidal and offshore sediments in the
Irish Sea (MacKenzie and Scott 1993).

4.3. Plutonium and caesium concentrations in the ce

The activity concentrations 6f°?*Pu, ?*®u and™*’Cs in the Wyre core and the discharge
from Sellafield are shown in Figure 4.2 (decay eored to 1998)-*'Cs has been determined
in the discharge since 1952 while plutonium isosfpe**Pu and**Pu have been measured
separately since 1978 with separate measuremert&of since 1972. However, separate

estimates of**?*Pu,?*Pu and*'Pu exist for all years of operation. (Gretyal, 1995).

The patterns of th&#***Pu concentration observed in the core clearly ceflee pattern of
the Sellafield discharge record. The two main maximthe discharge record in 1973 and
1978 are also observed in the core at depths ofiBand 25 cm. The minima between those
maxima can be seen at a single increment in the @@mpared to 4 years in the discharge.
The small minima in the core at 47 cm and 39 cniccbe attributed to the minima in 1964
and 1969 in the discharge record. The minimum éncibre at 33 cm cannot be explained by
the discharge record. The deviations from the egpbal decrease in the core at 21 cm, 17
cm and 3cm are too small to be linked with certaiot the discharge record. However, it
should be noted that those features could findbations in the discharge for 1982, 1984
and 1993. Assuming that the sediment from the fsaamudpatch is the dominant source
of radionuclides to the saltmarsh, it would be esgly surprising to see such small
discharge features in the core following periodshafh activity discharge. Th&%u
concentration in the core also closely reflectsdiseharge pattern. The maxima in the core
at 29/31 cm and 25 cm can be seen in the disclimg#’3 and 1978/79.
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The *'Cs concentration in the core shows one maximum degth of 31 cm, which

probably represents the years of high dischargedmet 1975 and 1977. Otherwise it looks
as if the Cs concentration does not resolve as rfeatyres of the discharge record as the
plutonium. The reason for this might be that theidct features in the Cs discharge are too
close in time to be resolved in the core. The séahscharge maximum in 1977 appears just
2 years after the first one, whereas in the capduddnium the time between the maxima is 5
years. The minima between those plutonium maximads seen as a single depth which

shows that also the plutonium would not resolve tmaxima that are adjacent by 2 years.
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Figure 4.2 (a)?°**Pu (b) % u (c) *'Cs in the Wyre core.The figures on the right hand
column show Sellafield discharge. The data areydecaected to 1998.
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4.4.%3%pyP 24y and #%2*pu/'Cs activity ratios in the core
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Figure 4.3%*%u/”***Pu activity ratio in the Wyre core. The blue line shows the

238py 2924y activity ratio in the core and is plotted agathe depth of the core on the left vertical
axis. The yellow line is th€%Puf?**?*Pu activity ratio in the discharge and is plottediast the right
vertical axis. The data are decay corrected to 1998

The 2%Pu/ 2°*?*Puy activity ratio in the core (Figure 4.3) increastsvy from 0.019 at 63
cm depth to 0.058 at 37 cm depth. This is the eegebehaviour since the potential
plutonium sources (weapons fallout and Sellafiéddltarge) have similar ratios at this time.
The #%Pu/%*?*Puy activity ratio in the Sellafield discharge isveen 0.02 and 0.06 until
1968 and stays less than 0.1 until 1970. Until 19%0of the totaf**Pu and 26% of the total
239,24y have been discharged (the stated totals ar@9®).1From 37 cm th&%Pu/****Pu
activity ratio increases strongly to 0.18 at 31 depth. The increase can also be seen in the
Sellafield discharge, which has ratios between ®.46d 0.226 for the period from 1971
until 1978. In this period Sellafield discharged®2f its total®**Pu and 48% of its total
239.24py, From 31 cm depth until the top of the core rdigo stays almost constant with
values between 0.16 and 0.21. These ratios aréfisagily lower than the ratios in the
discharge during that time. TREPuU/****Pu activity ratio in the discharge is between 0.26
and 0.3 for the period from 1979 - 1986 and betw@8rand 0.4 for the period from 1986 -
1998. In the former period 20% of its tof&Pu and 12% of its totdf***Pu and in the latter
period only 2% of its tota®®Pu and 1% of its totaf*?*Pu have been discharged. From the

fact that the core does not reflect the ratios $edhe discharge from 1979 onwards it can
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be concluded that the sediment has partly undergurimg prior to deposition. At 3 cm

depth the core exhibits clearly a small minimumickilcannot be attributed to the discharge.
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Figure 4.42%*Pu/**"Cs activity ratio in the Wyre core. The blue line shows the
239.24byF¥'Cs activity ratio in the core and is plotted agathe depth of the core on the left vertical
axis. The yellow line is th&**Puf*'Cs activity ratio in the discharge and is plottediast the right
vertical axis. The data are decay corrected to 1998

The 292*Pu/**'Cs activity ratio in the discharge is significantipwer than the ratio in the
core. However, the pattern of the discharge anddhe match very well. The maxima in the
discharge in 1955, 1961, 1967, 1973 and 1986 caede at depths of 61 cm, 51 cm, 43 cm,
35 cm and 9 cm. This suggests that the plutoniutnaissported more effectively to the
sampling site than the caesium. The fact that tine flects the pattern of tA€**Puf*'Cs

in the discharge very well, implies that the fran8 of plutonium and caesium that are
transported to the sampling site are constant iitke. Previous studies suggest that about
10% of the caesium and 90% of the plutonium ispocated into sediments and that those
sediments are the main supply of radionuclidesaltmsirsh sediments (MacKenzie and
Scott 1993). This scenario would qualitatively explthe higher ratios in the core than in

the discharge.
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4.5.2°Pu/A%Pu and *Pu/F**Pu atom ratios in the core

For the plutonium isotopeé®Pu,**°Pu and®®*Pu no separate discharge data exist. In Figures
4.5 and 4.6 thé'Pu/>*Pu and*Pu/*Pu atom ratios in the Wyre core are compared with
published ratios for a core from Maryport harb@lrout 40 km north of Sellafield (Kershaw
et al, 1995). The*®Pu/**Pu in the Wyre core and in the Maryport core angoat identical,

if it is assumed that a depth of 235 cm in the Ndary core corresponds to a depth of 65 cm
in the Wyre core and that the top of the Marypanteccorresponds to 14 cm in the Wyre
core. The**Puf**Pu in the core reflect the history of purposeshef Sellafield site. The
continuous increase of the ratio until 21 cm resfribm an increase of burn up time of the
fuel. In the early years of operation the principafpose was to provide plutonium for the
nuclear weapons program. Weapons grade plutonitfPuf**Pu < 0.075) is found for all
depths below 45 cm. The continuous increase ofrdtie has two reasons. In the earlier
years it is due to the increasing proportion of foe civilian purposes. After the period of
production of military plutonium the increase colld explained by developments in fuel
rod and reactor design which allowed longer burrimnes. The slight decrease of the ratio
above 21 cm appears after the period of highestezdration in the core and corresponds to
years later than 1980. The absolute values ot*fRe?**Pu at the top of the core are slightly
lower than the values of burned fuel from Magnoacters which are 0.23. However, the
24Py/%%Pu in burned fuel from other common reactor tygasich higher than the ratios at
the top of the core (Table 1.6 , Chapter 1). Thiscrépancy will be resolved by
reconstructing thé"Pu/*%Pu in the discharge (4.9). TA&PU/***Pu in the Wyre core shows
the same trend as tR€Pu/***®Pu in the Maryport core. However, the measuredsati the
Wyre core are significantly higher than in the Mzt core. This deviation might be due to

the correction applied to tH&Pu/**Pu measurement (see 2.4.3).
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Figure 4.5%*%Pu/”*Pu in the Wyre core.The blue line shows tHé%Puf**Pu atom ratio in the
Woyre core and is plotted against the depth of tre on the left vertical axis. The red line is the
249pyf*%Pu atom ratio in the Maryport core (Kersheval, 1995)
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Figure 4.6 **Pu/”*®Pu in the Wyre core.The blue line shows théPuf*Pu atom ratio in the
Wyre core and is plotted against the depth of e on the left vertical axis. The red line is the
24pyf*%Pu atom ratio in the Maryport core (Kersheval, 1995)
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4.6. A model for the dispersion of plutonium

In section 4.2 it has been discussed that radiaesldeposited in Cumbrian saltmarsh
environments on the eastern coast of the IrishuBeargo mixing with the previous year's
material prior to deposition. This was also sugggdor the Wyre core from th&%Pu/
239.24p activity ratio in section 4.4. However, becadssinct features of the Sellafield
discharge can be seen in the Wyre core (4.3), aftenyears of high discharge it has been
considered useful to model the transport of patielssociated radionuclides (like

plutonium).
The model is based on the following assumptions:

1. Following discharge the radionuclides are péartiypsported directly to the sampling site
and partly become mixed in the mudpatch beforegoBnsported to the sampling site.
The model also allows that the total dischargenefradionuclides become incorporated

into the sediment before being transported to dmepting site.

2. The probability p that an activity unit (sinckk eguations are linear with respect to A,
instead of activity unit the number of particles dee used) leaves the sediment in a time
interval At is proportional ta\t, hence
p(leaves sediment ifst)= EAt.

Therefore the probability that it stays in the saelt is

p(stays in sediment ifit)=1-¢At.

The probability that the time tat is survived in the sediment is

p(stays in sediment in tA) = (1€At)" = (1<t/n)"

For fixed tAt— 0 equals n- o, hence

p(stays in sediment in t)= lim. (1-€t/n)"= *

¢ can be expressed RByIn2/R,, where R, is the half time of the discharged activity in

the mudpatch.

The second assumption should be good as long aztlment accumulation at the location

where the mixing takes place can be neglected apitl mixing takes place. This is a
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common assumption that is supported by the studgfighore cores (MacKenziet al,
1998).
Let A%"%he the discharged activity in a year i. Introdgcinparameter w with @ w < 1,
the fraction of the discharged activity in a yedhat enters the mudpatch and undergoes
mixing can be described by

WxA_discharge
and the fraction that is transported directly t® slhmpling site by

(1_W)xAidischarge

The concept of the model is illustrated in Figure. 4

discharge A;
- A
SRR Saltmarsh
WA, /
AAjescape
R

Figure 4.1 Schematic diagram of the model

For stable isotopes the activity in the mudpatatireent at time t is given by
Asediment (t) — iWAdischargee—f(t—i)
i=1952
However, in the more general case the decay oltiepes has to be taken into account. If
A%*¥js the decay constant of the isotope the actimithe sediment at time t is given by
Asedim ent (t) — iWAdischargee—f(t—i)e_ﬁdecay(t_i)
i=1952
The activity that left the sediment and is obseraetime t is given by the decay corrected
total activity that entered the sediment until titmainus the activity in the sediment at time
t:

7C
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g i _ jdecay ¢+ _: g P _ _F _ pdecay (s _:
ZWAdlxhargee A (t-i) _ ZWAmschargee E(t |)e A (1)
i=1952 1=1952

Zt: WAdixh arge (1 _ e—{(t—i) )e—/]"ecay (t=i)
i=1952

A1)

(Equation 1)

The activity that leaves the sediment and is oleski a time intervabit, is given by

AA escape _ ASSCaPe (tz) e%/‘decay(tz—tl) — Asscape (tl)e_%ﬂdecay(tz_tl) (Equation 2)

2

. L9 (1, -1,)
The correction ofe?

is done to correct for decays within the year. un case tand

t; are two adjacent years from 1952 until 1996. Aiagdiactor C (Equation 3) accounts for
the fraction that reaches the sampling locatiore fdtal activity that arrives at the sampling
location in a year j is

DA™ = C(AAS + (1 - w)AATZ=1) (Equation 3

(N.B. This is the main working equation used anaiporates Eqn 1&2)

The model allows for variations in the followingrpmeters:

1. Half time in the mudpatch sedimentRconstant for all isotopes of an element)

2. Mixed fraction factor w (constant for all coresnstant for all isotopes of an element)
3. Sediment accumulation rate S of the core (coh$bta a particular core)

4. Scaling factor C (constant for a particular commsatant for all isotopes of an element)

4.7. Model responseto thevariation of the parameters

The initial settings for the model parameters WRre =10 w=0, C=0, and S=1. In this
way the modelled curves appear on the same plodlominas the measured ones, if the
measured and the modelled values are ploteesus time. The modelled concentrations
appear as zero values and the modelled ratios #ewatios in the discharge. In the next
step the scaling factor C is set that the maximumwdetied concentrations match
approximately the measured ones. After that théarsmu accumulation rate is determined.
Then Ry, and w are increased until a reasonable fit is veske After each step C and S are
adjusted. The determination of the sediment accatiounl rate is straightforward. The
scaling factor C only affects the concentratiorueal as a multiplier. Both S and C can be
determined with reasonable confidence and do nva giy information about the transport
mechanism. The important parameters for the trahgpe the residence half timg,|Rn the
sediment and the mixed fraction factor w. In Figufe8 and 4.9 it is demonstrated for the
Wyre core how the modelléd®Pu, 2°***Pu and®**Puf***Pu respond to a variation of,R

and w.
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Figure 4.2 Modelled Z#Pu, 2*#°py and 2pu/?*?*pu for different values of w. The
residence half time {3 is constant with a value of 12 years. The actuaté/data is plotted with error
bars. The data are decay corrected to 1998.
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Figure 4.3 Modelled **Pu, 2*2©py and **pPu/***°pu for different values of Ry,. The parameter
w is constant with a value of 0.6. The actual Wiata is plotted with error bars. The data are yleca
corrected to 1998.
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Using a parameters w between 0.4 — 0.7 the modellage approximates the measured one
much better than the discharge (Figure 4.8). Thieleace half time of 12 years was found to
be the best after the initial variation of the paeters. For w=0.4 the main deviations
between the modelléd®Puf****Pu and the measured one are in 1979-1984 and 1038l-1
The deviation 1991-1996 is almost the same fowalWith increasing w the deviation for
the years 1979-1984 decreases and disappears €v wdowever, for w=0.7 the values for
1973-1977 are lower than the measured curve. Lgakinhe*?*Pu concentration it can be
seen that the curve for w=0.5 is in fairly goodesmgnent with the measured curve. If w
becomes greater than 0.5 the approximation of thiblé peak in the measured curve gets
worse. Besides that the tailing for the years dfigh discharge is not strong enough for
w>0.5. It can be seen that the plutonium in the &\bare can neither be described by direct

transport of the discharge nor by integrated digghalone.

The best approximation is obtained for 0.5<w<0.7.

The response of the model to the residence ha#f Bm in the sediment is not that sensitive
(Figure 4.9). The parameter w is constant with laevaf 0.6 in both figures. For;R=5 the
modelled®*Puf****Pu is too low for the years 1973-1974 and too ffiigh 1979 until the
top of the core. The curve;R=10 shows the same deviation as thg £ curve in 1973-
1974 and in 1979, but for all other years the agxipmation increases significantly. For the
later years the 3 =10 curve shows only a deviation for the years119995. R, =20
improves slightly the approximation from the mid 808 onwards. However, the
approximation for 1979-1982 gets worse, R40 does not approximate the measured curve
very well because of a strong deviation for 19784.9The*****Pu concentration is less

sensitive to the variation of;Rand does not give a further restriction fgpR

The best approximation is obtained for 1g<20.

4.8. Best fit parametersfor the Wyre core
The parameters that appear to best fit are givdrabie 4.1 and the corresponding curves in

Figure 4.10.

w S (cmlyr) Ry (Yyrs) C
0.6 1.25 12 40

Table 4.1 Best fit parametersfor the Wyre model
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Prior the mid 1960s the modell&d**Pu concentration and the weighted discharge ate up
50% lower than the measured concentration. Fromnifte 1960s the modelle®***Pu
concentration increases to a maximum in 1973, wiseh also be seen in the measured
239.24p concentration. The measured maximum is broadktte maximal modelled values
are 9% lower than the measured ones. The seconihomaxin 1978 has similar values in
the model than in the core. After the second marirboth modelled and measuréd®Pu
concentrations drop exponentially until 1996 witklightly stronger tailing in the measured
concentrations. The modellé#Pu concentration matches the measured one pridirgte
maximum in 1973. The maximum in 1973 is not veryl\epproximated by the model. The
measured maximum is broader and the modelled m&xifRa concentration are 20% lower
than the measured ones. The second maximum in A®T8fairly well approximated but
appears about one year later in the model. Aftsrttaximum both modelled and measured
concentrations decrease with slightly greaterngiln the measured concentrations. Besides
the deviations mentioned both, the measidrétdfPu concentration and the measuf&au
concentration deviate for individual years from thedel. The**®Pu?****Pu isotopic ratio is
well approximated by the model. Deviations occut 973/74, 1979-1981 and 1991-1996. In
1973/74 the modelled concentrations are about I®#%&rl than the measured ones and in
1979-1981 up to 10% higher. The 1991-1996 deviatdairly large with the measured ratio
being 20% lower. However, as discussed previoukly,lower values in the core in 1991-
1996 cannot be attributed to direct transport fetafield.

The good agreement between the modelled and meastiruf****Pu isotopic ratio
suggests that the deviations between the modetiedentrations and the measured ones
result from differences in transport for individyalars. The efficiency of the transport to the
sampling site is determined by the parameter Cchvis constant for all years. Since the
transport is the same f6¥Pu and®*?*Pu the?*Pu**?*Pu is independent of differences in
the yearly transport efficiency to the sampling sithe accumulation rate of 1.25 cm/year

compares with 1.4 cm/year and 2 cm/year reportediitpmsonet al (2002) inferred from
¥Ccs and*Pb.
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Figure 4.4 Measured curves and modelled curvesfor the best fit parameters The data are
decay corrected to 1998.
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4.9. Reconstruction of the *°Pu/?°Pu atom ratio in the discharge

Using the same transport model described in sedti®@r{Equation 3, p.76) and by applying
the best fit parameters already determined (Tabl® the *Puf**Pu atom ratio in the
discharge is reconstructed using the meastifed”**Pu ratio in the Wyre core. Since the
240py+3%Puy activity concentration in the discharge is mh®d, the discharged activity of
one of the isotopes is fixed by a knowledge of d¢kieer. Starting in 1952 the discharged
4%y activity is determined in this way that the mte®*®Pu/**Pu ratio fits the measured
ratio. This is done for each year until the tophef core. The fit can be done with reasonable
confidence as long the discharged activity is yanigh, which is the case up until the early
1980s. With decreasing discharged activity in thd #®80s the modelled curve gets less
sensitive to the discharged ratio. For that reasun reconstructed*Pu/**Pu in the
discharge is only shown until 1984 (Figure 4.11f) liputhis time more than 98% of the total

cumulative®®*>*Pu activity had been discharged.

It has been mentioned previously that the meastifed/**Pu ratios at the top of the core
are fairly low compared with burned reactor fualo Figure 4.11 it can be seen, that the
24pyuf*%Pu in the reconstructed discharge is above 0.2 2%84 and above 0.25 after 1979,
whereas the maximum value in the core is 0.225. ddre shows lower ratios in 1983/84
after the maximum in 1981/82. The reconstructebsan the discharge are even higher in
1983/84 than in 1981/82. The explanation is that dnop has its origin in plutonium
discharges from the earlier years. The fact thmagimum occurs shows that direct transport
plays a role for the plutonium. Assuming no diré@nsport and rapid mixing of the
sediment the ratio could stay constant but couldengo down without a drop in the

discharged ratio below the measured ratio in thie.co
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Figure 4.5 Reconstr ucted *°Pu/*°Pu in the Sellafield discharge

4.10. Conclusions

The concentrations df'Cs,?%u and™***Pu in a sediment core from the Wyre saltmarsh,
located approximately 68km south of the Sellafietgprocessing plant, reflect well the
pattern of the discharge from BNFL Sellafield. TH®u/****Pu activity ratio suggests that
the sediments transported to the sampling site hawdergone mixing with sediment
material of earlier years. The**Puf*'Cs shows that a higher fraction of discharged
plutonium is transported to the sampling site tbaesium and that the relative fractions are
constant with time. A model based on a constantngikalf-time of the discharge in a
mixing reservoir is able to explain th&%Pu and #°**Pu concentrations and the
23%pyf>2Pu activity ratio observed in the core. Using thedel the®®Puf**Pu in the

Sellafield discharge was reconstructed from thesme=a?*Pu/**Pu ratio in the core.
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5. Application |1 B: Plutonium in a sediment cor e from Poole Har bour

5.1. Introduction
Poole Harbour is located in Dorset in Southern &ngyl Possible sources of anthropogenic

radionuclides in this region are:

» Fallout from atmospheric nuclear weapons testing.

» Discharges from the Atomic Energy Establishmewatfrith in Dorset (1970-1990;
Appendix A.4).

» Discharges from the reprocessing plants Sellagielti La Hague (Appendices A.5 &
A.6).

» Fallout from the Chernobyl accident in 1986.

The Atomic Energy Establishment at Winfrith in Derrbias undertaken reactor research and
operated a prototype steam-generating heavy waaetor on site. The AEE discharged via
a 2km long pipeline into the marine environmenttb# Dorset coast. Discharge records for
the actinides are only reported as 'total alphaitict Since a variety of designs of research
reactors were investigated it is difficult to predthe plutonium activity or the isotopic
composition in the discharges. The reprocessingtplat Sellafield and La Hague are
unlikely to have a significant impact in this arkacause there are no effective marine
transport mechanisms (Bailly du Bois and Gueguerdi@®9). However, since they have
discharged large quantities of radionuclides, asides input should be considered. The
plutonium isotopic composition of the dischargesfrboth sites is well known (Figure 5.4).
The Chernobyl incident (Figure 1.6) produced a brmpact in this area and ¥'Cs-
deposition of 25 Bg/fis reported as the county average for Dorset kGlad Smith, 1988).
Actinides were primarily contained in the largeddreavier particulates and were therefore
mostly deposited close to the accident site (NE9®5). The Chernobyl accident is unlikely,

therefore to have transported significant quargtitibplutonium to this area.
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5.2. Core Geochemistry

A sediment core from a Wytch Farm mudflat, previgusllected and studied by Cundy and
Croudace (1996) was chosen for further investigdbi this study. The geochemistry of the
core has been reported by Cundy and Croudace, \124@fe redox zonation can be
identified from the profiles of E®;, MNO and S (Figure 5.1). XD;, which is an indicatoof
clay mineral content, does not show any significemtations. Thus, preferential enrichment
of radionuclides due to mineralogical variationsdigigenetic processes are not expected

over the length of the core.
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Figure5.1: Profiles of Fe;,0O3, MNnO, Sand Al,Oz in the Poole Harbour core.

Sediment accumulation rates have been determinexymsral radiometric methods: These
include #°Pb dating and the application 6fCs, ?*Am, 2#%Pu activity and®*Puf**Pu
isotopic ratio variations in atmospheric falloupdsition. Lead-210 dating gives a sediment
accumulation rate of 8.4 mm/year (Cundy and Croedd®96). The variation in®'Cs
activity concentration (Figure 5.2) reveals a brosakimum and the sharp rise shows that
mixing in the core is not significant. Since 1958nown to be the first year of higiCs
fallout, the calculated accumulation rate is 10.30-9 mm/year. Thé”Am and ***Pu
profiles (Figures 5.3 and 5.8) show an increasevdéet 30 and 34 cm, which should
correspond to 1963. The resulting sedimentationractation rate is 10.7 — 12.1 mm/year.
Fitting the **Pu/**Pu chronology, established from Rothamsted grasagt@r 3) to the

#%Puf*¥Pu ratio measured in the core yields a sedimemtatioumulation rate of 10.5 — 10.9
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mm/year (Figure 5.5). The sedimentation accumulatimes determined using different
dating methods are compiled in Table 5.1. It carskéen that the rates determined from
weapons’ fallout products are significantly higiiean that fronf'%b dating and the model
for the Winfrith discharges.

The determination of the accumulation rate fronfofal spikes must make the assumption
that variations in meteorological conditions (eamount of rain) do not affect the
appearance of the spike and that the observedmaalides are geochemically not mobile.
The first assumption is not needed if isotopicamthire used, which makes the use of ratios
superior to individual radionuclides. Plutoniumtiguic ratios have distinct fallout features
that can be used to establish the chronology ofdhe. Plutonium also fulfils the criterion of
geochemical immobility. It is strongly sorbed onmuoon minerals (e.g. clays with Fe-Mn
oxyhydroxide grain coatings) and can remain fixedroa range of environmental eH-pH
ranges (Allarcet al, 1984) and is therefore likely to be a reliableareler of the chronology

in sediment cores (Oktay al, 2000).
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Figure5.2: “*'Csprofilein the Poole Figure5.3: **Am profilein the Poole
Harbour cor e (decay corrected to 19¢ Harbour cor e (decay corrected to 19¢

Dating method Sediment accumulation rate (mm/year)
210Pb 8.4*
23928y from model for Winfrith discharges 8.4
137Cs concentration (weapons fallout) 10.3-10.9
**IAm concentration (weapons fallout) 10.7 - 12.1
23924y concentration (weapons fallout) 10.7 - 12.1
2puf*Pu atomic ratio (weapons fallout) 10.5 — 10.9

* from Cundy and Croudace (1996)

Table 5.1 Sediment accumulation rates from different methods
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5.3. Plutonium in the core

The concentration 6f*Pu and*%Pu (Figure 5.8), the atom ratiPu/**Pu (Figure 5.5) and
the decay corrected activity rati6&Pu/**?*Pu and**Pu/****Pu (Figure 5.6 and Figure
5.7) have been determined for the core. Figure-Figure 5.7 also contain Rothamsted
grass-, stratospheric- and Arctic ice core data @ar is added to the stratospheric data to

account for the lag time required for depositiofi.data are decay corrected to 1991.

Between 40 and 34cm depth the plutonium concentration is below 0.3 k§g/The
#%Puf*Pu shows qualitatively the same pattern as thesatithe Rothamsted grass, but the
magnitude of the variations are much smaller incive. The reason might be mixing in the
core or mixing prior to deposition. However, thergase from the bottom of the core to 38
cm depth is not expected from global fallout asttime and could be attributed to mixing
with tropospheric fallout from the Nevada test sithe®'Puf****Pu and thé*Pu/***Pu

in this depth range are significantly higher thiae ¢orresponding ice core ratios. The reason

for these high ratios is unclear.

From 34 to 26cm depth the plutonium concentration increases té6 8&kg at 30 cm and
over 1.1 Bg/kg at 26 cm. This increase can bebatied to the high yield USSR tests in 1961
and 1962. Thé*Puf**Pu in the core shows the same pattern tharf*tRe/”**Pu in the
grass, the most striking feature being the maxinat®0 cm depth that appears in the grass
in 1963. The absolute values in the core are higfem in the grass which can be due to
mixing with plutonium of the early US tests thatsyaresent in the water at that time. The
238p 2°24py drops to about 0.005, which is the expectedevlihm weapons’ fallout. The
241py 2224y drops to a value of about 2 at 30 cm depth, lwlidn agreement with the
values observed in the stratosphere and in thedmes. However, this value is followed by

an increase of thdPuf?*?*Pu that cannot be seen in the other datasets.

Between 26 and 18 cm the concentration has values of 1.1 Bg/kg at 2@woch1.9 Bg/kg at
22 cm. The concentration in the core does not shaop after the years of highest testing
yields. The reason could be that most of the piutarfrom the high yield tests is still in the
water column and the concentration shows an intiegraf the plutonium from the high
yield tests and plutonium that was introduced lad@other explanation could be that a local
source contributes to the plutonium concentrafidme plutonium isotopic ratios in this depth

range do not clarify if a local source is presaniat.
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Above 18cm the concentration strongly increases and peakfan to over 5 Bg/kg. This
clearly reveals the additional source. The stathefsecond source can also be seen by an
increase of thé**®Pu/****Pu to about 0.2. Between 18 cm and 12 cntiiRu/**Pu slowly
increases from 0.17 to 0.185 and then stronglyem®es to values of 0.23 at 6 cm. The

#1puf****Py shows a steady increase that could also bbuitd to a local source.

Comparing the concentration and the ratio datadbimes obvious that either one source of
varying isotopic composition or more than one sewtconstant isotopic composition must
be present. A varying isotopic composition can bensin discharges from reprocessing
plants, depending on the material being reprocessadever, at the AEE Winfrith, research
and development of different reactor types took@lavhich could also explain variations in
isotopic composition. The two reprocessing plahtt tould have an impact are La Hague
and Sellafield (Figure 5.4). A study of conservatradionuclides shows that the discharges
from Sellafield are partly transported southwarldé @ the east coast of Britain (Herrmann
et al, 1995). A transport through the Channel to thet®doast of England is unlikely.
However, an input from BNFL Sellafield will be codsred for completeness. Discharges
from COGEMA La Hague are mainly transported eastwaiof the more conservative
radionuclides) in a near coastal plume and the rebdewestward transport is small
(Herrmanret al, 1995). The plume reaches the waters at the Smaist of England, but due

to influx of Atlantic water it is questionable Hi¢ plume extents as far west as Poole Habour.

The start of the La Hague discharges correspondswitk the onset of a local source in the
core. Also the peak in plutonium concentration es\about the same time period in the core
as in the La Hague discharge. However, for the 880 period thé**Puf****Pu and the
241py 3224y are more than a factor 3 greater in the disehéran in the core. Therefore La

Hague can be excluded as a major contributor.

Sellafield discharged plutonium since 1952. A majarease occurred in the second half of
the 1960s and the discharges remained high thraighe 1970s and decreased in the
1980s. The time of high plutonium concentratiorttia core of about 15 years agrees well
with the time period of high discharge from Sek#di During the time of highest discharge
from Sellafield the’*®uf**?*Pu was between 0.2 and 0.25 that is in agreemeht the

values measured in the core. Due to measuremertaer&@s close to Sellafield, also the

#%Puf*Pu in the core could be explained by the dischaFpe. isotopic ratio that excludes
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Sellafield as the source for the high plutoniumazariration in the core is th&Puf****Pu.
During the time of highest discharge tHePu/***%Pu in the discharge was above 20,
whereas thé*Puf****Pu in the Poole Harbour core is well below 20 fa times of high

plutonium concentrations (Figure 5.4 and 5.7).

The AEA Winfrith started discharging in 1964. Thisatharge records (Figure 5.8) contain
only information about the total alpha activity and information about the discharged
plutonium and its isotopic composition exist. Tiriakes the source attribution more difficult
and only the plutonium concentration in the coralldobe useful assuming that the
discharged plutonium activity is proportional teetheported total alpha activity. The core
does not reflect details of the Winfrith dischatgeyure 5.8). In contrast to the four maxima
seen in the discharge record, the core shows amynsaximum. However, by using the
model developed in Chapter 4, the plutonium conmagion in the core can be linked to the
alpha discharge from Winfrith (Figure 5.8). The mabplarameter are w=0.6, S=0.84 cm/year
and a half life in the sediment of 12 years. Thdirsentation rate agrees wittPb dating of
the core. It can be seen that the model resultsarery good agreement with the measured
concentration in the core from 1968 onwards. Ascdesd previously the higher
concentrations in the core for the years priord68lare due to fallout from weapons testing
and are therefore not presented by the model. Tduehparameter w and the half life in the
sediment are the same as for the transport fronSétkafield site (Chapter 4). These two
parameters are the only ones that describe thepwainfrom the site to the core. This
suggests the plutonium from the AEA Winfrith behawe a similar manner to that from

Sellafield and a reservoir exist where the plutonis mixed with previous years material.
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Figure 5.4 Plutonium in the discharge from COGEMA LaHague and BNFL Sellafield.
(@) #°?*Pu concentration (BYPuf**#Pu (c)*Puf****Pu (from Grayet al, 1995 and COGEMA
La Hague, pers.com). All records are decay cordette 991.
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Figure 5.5 *Pu/?°Pu in the core from Poole Har bour

238Pu/239,240Pu
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7
1991
—e— Poole
—— N-Stratosphere

Arctic 1979

1985

1973

1967

depth (cm)

1961

1955

1949

Figure 5.6 2*Pu/?*?*py (decay corrected to 1991) in the core from Poole Har bour
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Figure 5.7 *'Pu/?*?*py (decay corrected to 1991) in the core from Poole Har bour
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Figure 5.8 Measured “**°Py concentration in the core (blueline), dischar ge of total
alpha from AEE Winfrith (green line) and modelled concentration in the core (red
line). The model parameters are w=0.6, S=0.84 cm/yaeffrlife in the sediment:12 years

5.4. Conclusions

In the pre-1970 period the plutonium in a sedineame from Poole Harbour can be linked to
atmospheric fallout via th&#Puf*®Pu. It should especially be noted that #fu’*°Pu in
the core shows evidence of tropospheric fallouinfthe Nevada tests in the early 1950s.
The 2Puf**?*Pu and thé*Puf****Pu in the pre-1970 period cannot always be ateitut
to the existing data of weapons fallout. Sedimeotuaulation rates inferred from
radionuclides introduced by global weapons fallgéiCs, **’Am, #*#Pu and®*Puf**Pu)
are similar. The sediment accumulation rate detethby*°Pb is about 20% lower. In the
post-1970 period the core reveals a local sourcelabnium. The reprocessing plants
Sellafield and La Hague can be excluded by theogsotcomposition of the plutonium.
Allowing mixing with previous years material, theiwnium in the core can be attributed to
the Atomic Energy Establishment at Winfrith in Det;swhich is approximately 20 km west

of Poole Harbour.
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6. Application IlI: Distribution of U and Pu from A WE Aldermaston and
Burghfield

6.1. Introduction
This PhD project was funded as part of a 3-yearareh programme to examine the amount

and distribution of U and Pu around the two UK werapfactories AWE Aldermaston and
AWE Burghfield. The survey was recommended aftemlsramounts of uranium and
plutonium contamination around the two sites haghbagetected during a survey around the
former USAF Greenham Common airbase and surrounaiegs (Croudacet al. 2000).
The results of the survey have been publishedr@p8rts (Croudacet al, 1999, 2000, 2001)
on behalf of AWE.

» In the first part of this chapter an aerial dispgranodel is presented and the predicted
deposition pattern is discussed.

» The second part presents the results from the dreurvey with the focus being on
plutonium and uses selected results from the regort the individual years. It also
discusses the depth distribution of plutonium.

» In the last part of this chapter the observed cuimtation pattern is discussed.

6.2. The discharges from AWE Aldermaston

Figure 6.1 shows the annual discharge of plutoniand uranium from the AWE
Aldermaston. The total discharge between 1952 &88 i1s 2131.2MBq for uranium and
86.9MBq for plutonium. Depending on the isotopiengmsition the total discharged mass of
uranium is between 29kg-168kg and only 0.03g fotglium. Approximately 80% of the
total uranium and about 60% of the total plutonwere discharged prior 1970. Up to 1980
97% of the total uranium and about 93% of the tptatonium had been discharged. In the
last 10 years (until 1998 where the first sampliogk place) only 1.6% of the total

plutonium and 0.07% of the total uranium had besaoltirged.
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Figure 6.1 Aerial Discharge from AWE Aldermaston.The continuous black line shows the
Pu discharge multiplied by 10 and the red line uhenium discharge divided by 2. The dotted lines
show the cumulative percentage of the total digghdfrom COMARE, 1989, AWE, 1990, 1992,

1995, 1998)

. . Mass of 1IMBq

Isotopic composition @)

Natural 3U/?*U=137.88) 78

Uranium Enriched £3%U/2%U=0.07) 14
Depleted £¥%U/22U=250-500) 79-80
, Fallout ¢*Puf*®Pu=0.18) 0.0003

Plutonium 3

Weapons gradé{Puf*®Pu=0.05) 0.0004

Table 6.1 Mass equivalents of 1MBq for different istopic compositions

6.3. Results from the dispersion model

The dispersion model is described in Appendix A8 the results are presented below. The
figures show the deposition density from washoutO)\Win Bg/nf and surface air
concentration (SAC) in Bg/inBoth WO and SAC are the integrated values overtithe
period from 1952-1998. The integrated dry depositidensity can be obtained by
multiplying the SAC by 5.4m (see A.8). Dischargeamls are published on a yearly basis by
AWE and in this study a continuous discharge isi@esl for the calculation during each

year. This is the most correct assumption that mmmade using the available discharge
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data, but even if the discharge is not continuausngd the year, the calculated dispersion

still represents a dispersion probability.

6.3.1 Modelled angular distribution of AWE discharge fallout

The angular distribution of the surface air concatian (SAC) and the washout ground
concentration (WO) is studied on a circle at aagise of 1000m from the source. Because
the Meteorological-Office data are given in steptea degrees similar steps are chosen for
the calculations. Smaller steps could result inaa@pt fluctuations due to insufficient
angular information from the Meteorological-Offidata and larger steps would leave out
information. Differences between the angular distiion of Pu and U could occur because
of differences in the annual discharge, e.g. yeértigh U discharge do not necessarily
correspond to high Pu discharge. However, the rdiffees appear to be very small (Figure
6.2 and Figure 6.3). Both, SAC and WO, suggestgh lieposition in a north-eastern
direction. The general WO-maximum is not as broadhe SAC maximum and extends
further north and the SAC maximum further easudrif deposition is more important the
expected deposition extends further east and ifwhghout is more important the expected

deposition is shifted in a northerly direction.
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uranium

—— SAC [Bg/m”3]
—— WO [107-5 Bg/m*2]

Figure 6.2 Angular distribution of uranium surface air concentration (SAC) and
uranium wash-out (WO) at a distance of 1km

12E-08- -
"1 . plutonium

—— SAC [Bg/m”3]
—— WO [10"-5 Bg/m*2]

Figure 6.3 Angular distribution of plutonium surface air concentration (SAC) and
plutonium wash-out (WO) at a distance of 1km
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6.3.2 Modelled lateral distribution of AWE discharge fallout

As discussed above the model does not incorpowrdte conditions. For this reason the
calculated concentration close to the source isriect. However, it is interesting to discuss
the variation of the concentration close to therseubecause it gives an insight to the
distribution if a wind is present. The SAC at threund (Figure 6.4) shows a maximum at
200m and the Pu-washout has its highest valuethjiratthe source. This behaviour can be
explained by the development of the plume. Thezomtial spreading of the plume leads to a
decreasing concentration with distance. As the plgpreads vertically it gradually reaches
the ground, which explains the low SAC close tosbarce. The washout only depends on
the total amount of material in a particular vaticolumn of air and is independent of the
vertical extent.

Soil sampling in the AWE survey was carried oungsa radial grid with distances of 1,2,3,4
and 5km and therefore the modelled fallout in thisge is particular interesting. The SAC of
uranium drops by a factor 20 between 1000 and 5080dhthe WO only by a factor 5
(Figure 6.6). For Pu the behaviour with distancthésame than in the case of U. This is not

trivial, because the distance behaviour dependsaaighe wind velocities.
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Figure 6.4 Lateral distribution of plutonium surface air concentration (SAC) and
plutonium wash-out (WQO) in northern direction for t he first km
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Figure 6.5 Lateral distribution of plutonium SAC and WO in nor thern direction for
1km — 5km
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Figure 6.6 Lateral distribution of uranium SAC and WO in north ern direction for 1—
5km
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6.3.3 Implications of the dispersion to the AWE surey results (Appendix A10)

For the survey it is important to see what the iohd the modelled SAC and WO would

have on the uranium and plutonium in the soils.

Assumptions:

* A generalised natural uranium concentration of Amépis assumed. The natural
238Y/%% ratio is 137.88. Since the discharged materia isixture of enriched and
depleted uranium of unknown composition, the exegeases of only enriched discharge
and only depleted discharge are investigate®f4**°U of 285 for depleted and a ratio
of 0.07 for enriched uranium is assumed.

e A generalised plutonium concentration from weapdabout in the soils of 1Bg/kg is
assumed. The assumédPuf**Pu for weapon fallout is 0.18 and 0.075 for the
discharged Pu.

Results:

For both uranium and plutonium the change in cotraéon and ratio in the soil is

investigated for the highest values of dry depositand washout at a distance of 1000m

from the stack. The dry deposited uranium (enriabredepleted) increases the concentration
in the soil sample by about pm and the ratio is affected only in the sixthided place.

The effect of the washout deposition on concermnatind ratio is even lower. Plutonium soll

concentrations change by about®By/kg and the ratio is affected only in theé"kcimal

place. Such small would not be detectable. Theeedtithe anomalies discovered in the soil

are in clear contrast to the dispersion modellisiggithe discharge records.

6.4. The environmental monitoring survey around AWEAIdermaston and

AWE Burghfield

The first sampling phase involved sample collectaiominantly from woodland sites.
Woodland was chosen as potentially the most sgasiginvironment where airborne
particulates, derived from the AWE sites and elss@hmight preferentially concentrate due
to falling wind velocities. Subsequent sampling sisted of four radial networks centred at
AWE(A), AWE(B), a control site (near Marlboroughdanother at Hungerford. Soils were
sub-sampled by collecting fractions normally ain® @epth intervals. The collected samples
were investigated for plutonium concentration bphal spectrometry antf®U/*U and

2%Puf*Pu by mass spectrometry.
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6.4.1 Depth distribution of plutonium
The mobility of plutonium in soil depends on itseahical form. Different chemical forms in

weapons fallout or chemical differences between pega fallout and AWE derived

plutonium might result in different downward-migrat velocities.

Pu concentration

The percentage df***Pu in the first 3 soil layers (0-5 cm, 5-10 cm, I8Bm) assuming
that these 3 layers contain all the deposited pluto is shown in Figure 6.7. The percentage
of #%2%Py in the first 2 layers (0-5 cm, 5-10 cm) assuntivag all the deposited plutonium is
in these 2 layers is shown in Figure 6.8. The ahousasamples are characterised by a
deviation of the®®U/**U from the natural value of 137.88. The reason dsing this
criterion is the limited number of samples investagl for**Pu/*¥Pu. However, a deviation
from the natural uranium ratio indicates AWE dedweanium contamination and therefore
these samples are the most likely ones to haverpluh contamination. From the figures it
can be seen that the standard deviations (errej bathe percentages are great. The reason
is probably that the downward migration dependstten soil type. Detailed information
about the soil type was not recorded. However, reeige trend can also be seen from the
distributions over all samples. The percentage lofopium is approximately evenly
distributed over the three layers, with the thiagldr containing slightly less than the first
ones. Within the errors no difference in downwargration between the natural and the

anomalous samples can be seen.

For an initial assumption all plutonium is consilbito be derived from weapons’ fallout
and deposited in 1963 and all of that plutoniunides in the investigated layers, the half-

life in the top layer has been calculated for athples where 3 layers have been investigated

using

C,=C,expg-At) = )11:—}|n G
t |G,

where

C, = percentage of plutonium in layer 1
A= In2/ty,,; where 15, is the half-life in layer i
Co=C(t=1963)=100
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The percentage of sampleshalf lives in the top layer is shown in Figure.6T®e half life
has been calculated for each sample individualld after that the percentages are
determined. In this way differences in downward natigpn depending on soil type can be
detected from the plot. Though the soil types weng variable almost 80% of the samples
with a naturaP®U/?*U show half-lives between 10 and 30 years, withosin50% of all
samples having half-lives between 20 and 30 ydagss than 5% of all natural samples
show half-lives of less than 10 years. These shaditlives could be attributed to a top layer
that has a small capacity for plutonium. Also thajarity of anomalous samples have half-
lives between 10-30 years. The percentage withliva of less than 10 years is higher.
This could be due to a plutonium component of &edint chemical form, possibly AWE
derived, or to a higher percentage of soils witknaall capacity for plutonium in the top
layer. Another difference is that half-lives abo®@ years are dominated by anomalous

samples. A higher half-life could be due to thdédwing reasons or a combination of them:

= high capacity for plutonium of the top layer: mo$tthe plutonium stays in this layer
and has not reached the layers beneath

= very low capacity of layer 2 and layer3: the pluton that has passed layer 1 drops
through layer 2 and layer 3 and resides at grelzgths.

* the plutonium was deposited after 1963: the calmriaesults in a apparently high half

life

Therefore it is likely that the third point is tle&planation for the observation that the half-

lives above 60 years are dominated by anomalouplesam

#PufPu

As mentioned previously the number of samples ityated for the?*Puf**Pu is much
smaller than the number investigated for the plutmnconcentration. Therefore a statistical
treatment is less reliable. However, for the saspleere no contamination is expected, it is
interesting to look at the distribution of tf8Pu?*%Pu for the different layers (Figure 6.10).
The samples include control site samples and sanfpen the Burghfield area that show
neither an anomalous plutonium concentration noaramalous®U/***U. The numbers of
samples used in Figure 6.10 are: 18 for the faged, 5 for the second and just two for the
third layer. The error bars represent the standawitition. The averagéPu/**Pu is around
0.18 for all three layers. Therefore no differengesnigration velocities due to chemical

differences of weapons fallout could be detected.

96



CHAPTER 6
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Figure 6.7Percentage of*°?*Pu in the first 3 layers (0-5 cm, 5-10 cm, 10-15cm)
assuming that these 3 layers contain all the deggbplutonium. The anomalous samples are
characterised by a deviation of tH8J/2**U from the natural value of 137.88.
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Figure 6.8 Percentage of****Pu in the first 2 layers (0-5 cm, 5-10 cmdssuming that these
2 layers contain all the deposited plutonium. Themaalous samples are characterised by a deviation
of the?*®/**U from the natural value of 137.88.
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Figure 6.9Half life of 2%*?*Pu in the first layer (0-5 cm).The plot includes samples from all
locations where 3 layers were sampled (same saraplesFigure 6.7). The anomalous samples are
characterised by a deviation of tH8J/2**U from the natural value of 137.88.
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Figure 6.10 Depth distribution of the®*®Pu/~*¥Pu for non-contaminated sitesThe numbers
of samples used are: 18 for the first layer, Gliersecond and 2 for the third layer.
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6.4.2 Contamination around the AWE sites
The main results from the survey are presenteiemtaps (Figure 6.11 — 6.13). For each

location only the greate$t®U/***U deviation, the lowest®Pu/**®Pu and highest plutonium-
concentration out of the investigated layers iswshoThe selection of samples for
#%Puf*Pu analysis was based mainly on having an anomaf8ug>U and an elevated
plutonium concentration. After these criteria fttsamples were selected over the whole
sampling area so that there was a good geograptovarage. All samples analysed for a
particular isotope ratio or activity concentratame plotted on each map and only anomalous

data are colour coded.

Control sites

The plutonium concentration in the control aredssearies between 0.1 Bg/kg and 2 Bg/kg.
Exceptions are samples CG3/1 with 10.9 Bg/kg ard2® with 4.5 Bg/kg. The sample
CG3/1 was investigated for it8Pu/**Pu, showing a ratio typical for fallout from weagon
testing. The high concentration could not be vedifior a sample taken one year later at the
same location. The sample IT1/2-2 has not beeramgsked. Contamination or error in
sample handling cannot be excluded. However, itilshbe kept in mind that under special
circumstances a plutonium concentration as highl&s)/kg could be possible in areas with
no local source of contamination. TH&PuF**Pu at the control sites varies between 0.16 and
0.20 (Figure 6.14). The only exception is the san@i3 that shows &@°Puf**Pu of 0.11 in
the first layer. The reason for this small ratiomeens unclear. The sample was reanalysed
and gave the same result. No anomaldfld/**U was detected. A correlation between

plutonium concentration arfdPu/**Pu cannot be seen.

Spatial pattern of contamination

AWE Aldermaston

West of AWE Aldermaston: The main contamination is confined to a small arlese to
the west boundary of the site. In this area thelbmmof enriched uranium samples clearly
dominates over the number of depleted uranium sssnpllutonium concentrations of up to
12 Bg/kg and*Puf**Pu as low as 0.07 are found in this area. Soméekamples with
relatively high plutonium concentration and strodgviation from the***U/*°U show

weapons fallout ratios (Figure 6.15).
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North-west of AWE(A): No contamination has been found.

North of AWE(A): Some samples close to the boundary of the site stightly depleted
uranium and slightly low*Puf**Pu.

North-east of AWE(A): Contamination has been found in two woodland siegs about

0.5km away from the site and the other one abdikni.away. The maximal spatial extent
of contamination in this direction is about 2.5kwhich includes depleted uranium and
elevated plutonium concentrations. Though the piutm concentrations are up to 11Bqg/kg,

no deviation from the fallout ratio could be degestt

East of AWE(A): Contamination is found in a woodland area adjadenthe eastern
boundary of the AWE site. Contamination in thiseacensists of depleted uranium and high
plutonium concentrations. As for the other contaatéd areas, only some of the samples of

high plutonium concentration show a deviation fribra weapons fallodtPu/**Pu.

South-eastof AWE(A): Contamination is found in a woodland about 1kmyafvam the
AWE boundary, characterised by deviations from?*fig/?*U.

South and south-wesbf AWE(A): Small depletions in th€%U/*U are found within 1km

distance from the site.

AWE Burghfield
Published discharge records for AWE Burghfield do include any plutonium or uranium.
However,north and north-east of the site only anomalod&U/?U has been detected for
some samples. The locations of these samples aie 2km away from the boundary of the
AWE Burghfield.
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Figure 6.11Deviation from the natural **U/?*U around the AWE sites.The deviation is
defined as fFU/**U)measurea— 137.88]

Negative values indicate contamination by enricheehium; Positive values indicate contaminatiordbpleted uranium.
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Figure 6.12%****Pu concentration around the AWE sites.
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240 Pu/239 Pu
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Figure 6.13 **Pu/~*%Pu around the AWE sites from the AWE survey.
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Figure 6.14 >*%Pu/Z%Pu, %Py and deviation of the”*3U/?*U for Control site samples
(all samples that have been investigated¥tu/**Pu for at least one layer) Any difference from the
natural®®/**U of 137.88 is shown as bars stacked on the plutomiars.
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Figure 6.15 **Pu/”%Pu, 2***Pu and deviation of the”*®U/***U for samples around the
AWE sites. (all samples that have been investigated#tu/**Pu for at least one layer) The
samples are ordered by their eastings (west ldfieast right). The locations of the AWE sites is
shown by two vertical lines for each sites. Sampdebe left (right) of these lines are west (ea$t)

the sites. Samples within the two lines are talathror south of the sites. The lower limit for the
2%Puf*%u in fallout from weapons testing is chosen t®H®. This represents the minimum found in
control site samples (ignoring sample IG3). Anyatiénce from the naturai®u/***U of 137.88 is
shown as bars stacked on the plutonium bars.
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6.5. Discussion of the observed contamination patte

1. The highest spatial extent of the contaminatiois found to the eastern and north-
eastern side of the site. Another ‘hot-spot’ of caamination is found at the west-
boundary of the site.

The highest contamination towards the east andh+east can also be seen in the SAC of the

model (Figure 6.2 and Figure 6.3). The lack of dist@ contamination between the north-

west and north agrees well with the minimum in niledeSAC and WO in north-western
direction. The ‘hot-spot’ at the western boundafytte site cannot be explained by the
model. Besides that the contamination at the westeoundary deviates from the
contamination in other directions.(see 4.). Thiggasts that the contamination at the west-
boundary is due to special circumstances, for elamp

- the discharge of enriched uranium occurs closthéowest-boundary and the one for
depleted uranium at a greater distance from thé-ba@sndary.

- the contamination is due to a single dischargame(possibly accidental or unintended)
that occurred during an easterly wind

- the transport to this area is different from ttker areas, e.g. by surface-water run-off
or flooding

The fact that the measured contamination pattergeagoetter with the modelled SAC than

with the modelled WO suggest that dry depositiom@e important. This is expected from

the model, that predicts a’imes higher dry deposition.

2. Contamination is only detected at distances oé$s than 2.5 km from the boundary

of the site.
As discussed in 6.2.3 the modelled deposition cha¢sesult in measurable contamination.
Ignoring the magnitude of contamination, the SAGIismes lower at 2.5km than at 1km
and the WO drops by a factor 2 of over the samtamtie. The differences between 1km and
5km are a factor 20 for the SAC and a factor SHierwashout. Therefore it is not surprising

that the contamination is confined to a small @meand the site.
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3. Contamination around AWE Aldermaston is found in waodlands or at sites
adjacent to woodlands.

Woodlands slow the air down and the wind starteatifely above the top of the trees.
Besides that re-distribution of material depositadwoodlands is unlikely. These two
reasons lead to an increased deposition in woosdldnid remarkable that the contamination
around AWE Aldermaston is found almost exclusivielyvoodlands. The pattern suggests
that woodlands act like a filter for the contamioat This behaviour is best demonstrated in
the direction of highest SAC: Towards the east mmidh-east a contamination of the same
magnitude is expected from the SAC (Figure 6.2&8Y In an easterly direction anomalies
are found only in a woodland adjacent within 1 kittee boundary of the site and east of
this woodland no further anomalies are detected.alnmorth-eastern direction the
contamination is also mainly found in woodland sitdowever, the woodlands in this wind-
direction are further away from the site, whichufesin a greater spatial extent of the

contamination of up to 2.5km away from the sitermary.

4. The majority of samples showing a deviation fromthe natural **U/*°U are
depleted in®**U. Sample sites where enriched and depleted U areund are rare.
The only area around AWE Aldermaston showing predormantly enriched
uranium is close to the western boundary of the sit

The dominance of depleted samples suggests tha¢ it (in comparison to natural

uranium) is discharged th&®U. The area at the west boundary, showing predartiina

enriched uranium does not fit into the generalgrattPossible reasons are given in 1. The
fact that some samples (exceptions) are enrich@ukaast boundary, an area characterised
by depleted samples, could be explained by a sfisdharge of enriched uranium. A small
discharge of enriched uranium could be masked pleted uranium at most of the locations
of favoured deposition. Special circumstances, engteorological conditions or plant
growth might slightly change the locations of fakedi deposition. If this change occurs
between enriched or depleted discharge the enrishegles at the east boundary could be

explained.
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5. Samples showing a deviation from the naturaf*®u/***U have often have a high
plutonium concentration. However, the **®Pu/”*®Pu of those samples often show
ratios typical of weapons fallout. Only a small nurber of samples show low ratios
that are likely to be AWE-derived plutonium.

It is likely that AWE derived uranium is found dtet same locations as AWE-derived
plutonium. The reason is that both radionuclides taansported via the air and areas of
deposition are sinks for particles. Slight chanméght occur due to different meteorological
conditions between uranium and plutonium dischdogéthe general contamination pattern
should be the same. Samples having significantiumaranomalies often show a high
concentration of plutonium. Only some of these damghow &*Puf**Pu attributed to

AWE-derived contamination. This suggests that tNgEAdischarges not only consisted of

weapons-grade plutonium but also of plutonium withighe*Pu/**Pu.

6.6. Conclusions

Radioactive contamination as a result of operatiahsthe Berkshire AWE sites at
Aldermaston and Burghfield has been investigatethbyGeosciences Advisory Unit at the
Southampton Oceanography Centre over the perio8-2001. The results are published in
three reports (Croudaa al., 1999, Croudacet al., 2000, Croudacet al., 2001). Isotope
ratio data show that contamination of the enviromimazound the sites is patchy and mostly
found in woodland sites. The contamination is towls to be a radiological hazard to the
public. A dispersion model using the annual disgharecords can explain the observed
contamination qualitatively, but not quantitativelxamination of the depth distribution
shows that weapons fallout plutonium is evenlyriisted over the investigated 3 layers (0-
5cm, 5-10cm and 10-15cm). The aver&Jeu/**Pu is 0.18 in all 3 layers.
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Overall conclusions and possible future work

Using the IsoProbe multi-collector ICPMS high precision *°Pu/”°Pu and 22U/*°U can be
determined in environmental samples containing concentrations as low as 0.1pg of Pu. The
reproducibility ranges between 1.3% and 0.12% (2sd) for sample sizes between 0.1pg and
100pg. This precision could not be achieved by thermal ionisation mass spectrometry
(TIMS), which until recently has been more commonly used for **Pu/?°Pu determinations.
Therefore the IsoProbe MC-ICPM S expands the range of environmental samples in which
the **Pu/?°Pu can be determined. The accuracy of the measurement is limited by the need to
subtract the background and this is affected mostly by possible organic and elemental
components of the solutions. Hence a good chemical separation and effective oxidation of

the analyte residue is required to keep matrix effects low.

A ground level record of *°Pu/”®Pu and **U/”°U for northern temperate latitudes is
presented (Chapter 3) which was obtained using grass samples from the |ACR-Rothamsted
herbage archive in England, an ice core from the Mont Blanc glacier, French Alps and
ground-level air filters from Germany. Thisis the first time that a generalised annual fallout
record for *®*U/**U has been reported. No ***U and **°U could be detected in the samples.
However, the aim of detecting U and #*U prohibited the measurement of the uranium
concentration, which would have been useful for quantification of the fallout. °Pu/*°Pu
data previously existed for Arctic and Antarctic ice cores and for individua flights in the
stratosphere. However, none of the existing data was applicable to northern temperate
|latitudes. The agreement of the ?*Pu/”°Pu in the Mont Blanc ice core and the Rothamsted
grass strongly suggest that the measured *°Pu/”*Pu is representative for the northern
temperate latitude band. Both records, the *Pu/”°Pu and the 2*U/?°U, are of great
importance for source characterisation in environmental studies. Besides that both ratios can
be used as a post-1950 geochronometer. One remarkable finding was that uranium and
plutonium from early, relatively small, nuclear tests at the Nevada test site were transported
tothe UK..

Two studies on plutonium in marine sediment cores collected from southern England (Poole

Harbour) and from north-western England (Wyre estuary) have been presented. The core
from the Wyre saltmarsh, approximately 68km south of Sellafield, shows Z**°Pu activity
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concentrations up to 1300 Bg/kg. The pattern of **'Cs-, **Pu- and *****Pu concentrations
and the **Pu / #%*®Pu can clearly be linked to the discharge from BNFL Sellafield. A
transport model based on a constant mixing half-life for discharged Pu radionuclides in a
sediment reservoir (Sellafield mudpatch) is able to explain the **Pu and ****Pu
concentrations and the ***Pu/?***Pu activity ratio observed in the core. Using the model the
#0py/2%Py in the Sellafield discharge, not previously reported, has been reconstructed from
the measured ratio in the core. The Pu/?°Pu reveals the changing priorities of reprocessing
at the Sdlafield site. In the early years reprocessing was mainly applied to separating
plutonium for military purposes (British nuclear weapon programme) whilein later years the
reprocessing of spent fuel from civil reactors became more important. The second sediment
study was of a mudflat core collected from Poole Harbour, southern England. A comparison
of the **Pu/”°Pu in the core with the *’Pu/*°Pu Rothamsted-grass-record clearly shows that
the source of plutonium until the mid-1960s was atmospheric fallout from nuclear weapons
testing. From the mid-1960s until 1991 (collection time of the core) alocal plutonium source
was identified. The reprocessing plants at Sellafield and La Hague can be excluded by the
isotopic composition of the plutonium. Applying the same transport model developed for
plutonium transport in the Irish Sea, the plutonium in the Poole core can be linked to the
Atomic Energy Establishment at Winfrith in Dorset, which is approximately 20 km west of
Poole Harbour.

The last case study using the Isoprobe MC-ICPM S involved an investigation of the terrestrial
environment around the two AWE sites at Aldermaston and Burghfield in Berkshire. The
#0py/>*Pu and ***U/°U records, already established in case study 1 (Ch 3), are useful for
attributing the measured uranium and plutonium to the AWE sites or a weapon fallout
source. Uranium and plutonium isotope ratios in soils reveal contamination that is clearly
attributable to the AWE sites. The contamination is rather heterogeneous in nature and it is
mostly found in woodland sites. The spatial extent of the detected contamination is confined
to an area up to 2.5 km from the boundary of the site. From the existing data it can be
concluded that the contamination is too small to be a hazard to the public. Modelling the
dispersion using the AWE annual aerial discharge records can explain the observed
contamination qualitatively, but not quantitatively. The modelling shows that dry deposition

dominates over wet deposition.
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The origin of any plutonium and uranium contamination in the environment is of public
interest. The studies already undertaken (e.g. alleged nuclear weapons incident at the former
USAF Greenham Common) show what can be achieved using forensic geochemistry
employing mass spectrometry. An essential requirement for any such study is a good
knowledge of the isotopic composition of the sources (military and civil) and the
background. Records of **Pu/**°Pu in the effluents of nuclear facilities are often not known
or reported (e.g. BNFL Sellafield and COGEMA LaHague) but it is shown that it is possible
to reconstruct these by measurements of the ratio in sediment cores (Ch 4). A potential future
study would be to apply asimilar reconstruction of historical *°Pu/”°Pu in the COGEMA La
Hague discharge. Additionally, it would be useful to complete the stratospheric ?*°Pu/**Pu
record (Figure 3.3) and establish a stratospheric record of 22U/?°U from stratospheric filters
from collections such as those held by the Environmental Measurement Laboratory in New
York.

The #°Pu/”Pu and ***U/*U ratios are also useful in studies of environmental transport
mechanisms. One possible application is the *°Pu/”°Pu and the ***U/*°U measurement in
Polar ice sheets where they could be used to determine the rate of snow accumulation over
the last 50 years and as tracers in atmospheric transport and circulation studies. The process
of deposition of radionuclides is for example not uniform over Antarctica and is not well
understood (Pourchet et al, 1997) due to the limited number of studies and the limited data.
Plutonium concentration and high-precision isotope ratio data are rare for Antarctica and
could provide valuable data to improve our understanding of atmospheric transport
mechanisms. The *°Pu/**Pu in the Southern Stratosphere shows a distinct minimum in the
early 1970s (Figure 3.3a) due to French nuclear testing. It is likely that this minimum will be
observed in Antarctic ice. Since the appearance of the minimum is about 7 years later than
the well-known 1963 peaks in radionuclide concentration, it potentially sets a new reference
level for the early 1970s.

The higher abundance of 2°U compared to natural uranium observed in northern temperate
latitudes, for the period of high yield weapons testing (Chapter 3), deserves further
investigation. The 22U/?°U measured for different Antarctic locations could give an insight

into the origin of the air masses, by quantifying the amount of natural and artificial uranium.
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Finally, it would be interesting to search for plutonium derived from space, e.g. in Polar ice
after removing the input from the Nuclear Age. The measurement of actinides in galactic
cosmic rays is a current subject of reasearch by astrophysicists. One experiment to measure
the abundances of actinides in galactic cosmic rays is the ECCO-project, deployed on the
International Space Station (http://wwwmipd.gsfc.nasa.gov/ecco/ecco.htm).
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M.1 Time independent mass fractionation laws in masspectrometry

R
In the following the ratie— of the measured ratio R and the true ratio r pgessed as a function of a
r

second function, which is then approximated by fingt term of a Taylor series. Any kind of
functional relation could be assumed. The threetrmoesd ones, that have been shown suitable
experimentally, are presented below. For most nreasents the differences between the three laws
are so small that they can be neglected withirethers of the measurement. The Isoprobe introduces
an additional potential fractionation source bycitdlision cell and the best law has to be deteehin

experimentally.

1. Linear law

R
The ratio— is expressed as a function of the mass differ&me= m, —m, :
r

TR =a(Am)

Expandinga to the first order yielde’(Am) = a (0) + {Am. Sincea (0) =1 one obtains:
R=r@+&Am)

2. Power law

The ratio is expressed a§ =exp[B(Am)] . First order approximation3(Am) = £(0) + AAm,
r

where 5(0) equals 0 yieldsR = r exp[@Am] = rg®™ where g is the power law mass fractionation

coefficient.

3. Exponential law

m
The ratio is expressed asF3 =exp[B(A(Inm))], where A(lnm)=Inm, =Inm, =In—=.
r m,

First order approximation B(A(Inm))= £(0) + fA(Inm) with SB(0)=0 yields

R=rexp[fA(Inm)] = r(ﬂj = r(1+@j
m m
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M.2 Derivation of an analytical formula for the sanple ratio from a spike-sample mixture

In the case of the uranium measurementsa-*U-spike was added, that also introduces small
quantities of the isotop&d®U, U and®**U. Hence, the measured ratio has to be correctethdse
contributions. In the following an analytical forfadfor this correction is derived:

The measured ratios;R are a superposition of the sample and the spike:

i i

Rm _ NgCy + NspcSp
i/ j j
NaCs + Ng,C

P

where N, and N, are the number of uranium atoms and, ox:spi the abundances of the uranium
isotope i in the sample and in the spike.

The calculation of the ratios for the sample isvaiéor the?*3U/?*U ratio as an example:

The ratio in the sample is given by

238
Rssa = N sacsa
/5 235
Nsacsa

Solving R," with respect to Ne. 28

235 23 238
sa _ RSTS[Nsacsa + Nspcsp ﬂ - Nspcsp

/5 235
chw

the numerator can be replaced:

Since the sample does not contafty uranium the measurédfU/=% ratio is
235 235
NgaCsa + NgCo

236
Nspcsp

Rys =

235
a

Solving this with respect to s >> and plugging it into the equation fog & one get

236 _ 238
@ _ RsTsRé/nscsp —Cy

/5~ m 236 _ 235
16Cp ~ Cop

The?*®U/?%U ratio in the sample can be calculated in a similanner.
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Al. Atmospheric nuclear test data

Date State Location Type Yield (kt) Name
03.10.52 GB MBI SHIP <1000
31.10.52 us ENW SURF 10400 MIKE
15.11.52 UsS ENW AIRD 500 KING
23.08.53 CP ATMO JOE 5-7
14.10.53 GB EMU TOWR <1000 TOTEM
26.10.53 GB EMU TOWR <1000
28.02.54 Us BKN SURF 15000 BRAVO
26.03.54 us BKN BARG 11000 ROMEO
25.04.54 Us BKN BARG 6900 UNION
04.05.54 uUs BKN BARG 13500 YANKEE
13.05.54 us ENW BARG 1690 NECTAR
14.09.54 CP
22.11.55 CP KTS AIRD 1600
20.03.56 CP
30.03.56 CP
02.05.56 uUs BKN AIRD 3400 CHEROKEE
16.05.56 GB MBI TOWR <1000 MOSAIC
27.05.56 Us BKN SURF 3500 ZUNI
19.06.56 GB MBI TOWR <1000
25.06.56 Us BKN BARG 1000 DAKOTA
08.07.56 Us ENW BARG 1900 APACHE
10.07.56 us BKN BARG 4500 NAVAJO
20.07.56 UsS BKN BARG 5000 TEWA
24.08.56 CP ATMO <1000
02.09.56 CP ATMO
10.09.56 CP ATMO
17.11.56 CP ATMO
19.01.57 CP ATMO
08.03.57 CP ATMO
03.04.57 CP ATMO
06.04.57 CP ATMO
10.04.57 CP ATMO 200-1000
12.04.57 CP ATMO
16.04.57 CP ATMO 200-1000
15.05.57 GB CHR AIRD >1000 GRAPPLE
31.05.57 GB CHR AIRD >1000
19.06.57 GB CHR AIRD >1000
22.08.57 CP HIGH
24.09.57 CP NZ >1000
06.10.57 CP NZ ATMO HIGH
08.11.57 GB CHR AIRD 1800 GRAPPLE
28.12.57 CP ATMO
23.02.58 CP NZ ATMO >1000
27.02.58 CP NZ ATMO >1000
27.02.58 CP NZ ATMO HIGH
14.03.58 CP NZ ATMO <1000
14.03.58 CP ATMO <1000
15.03.58 CP ATMO <1000
28.04.58 GB CHR AIRD >1000 GRAPPLE
11.05.58 us BKN BARG 1300 FIR
12.05.58 UsS ENW SURF 1370 KOA
27.06.58 us ENW BARG 875 ELDER
28.06.58 Us ENW BARG 8900 OAK
12.07.58 UsS BKN BARG 9300 POPLAR
26.07.58 us ENW BARG 2000 PINE
01.08.58 UsS JON ROCH 3800 TEAK
12.08.58 us JON ROCH 3800 ORANGE
02.09.58 GB CHR AIRD >1000
11.09.58 GB CHR AIRD >1000
20.09.58 CP NZ ATMO
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Date State Location Type Yield (kt) Name
02.10.58 CP NZ ATMO
05.10.58 CP NZ ATMO
10.10.58 CP NZ ATMO HIGH
12.10.58 CP NZ ATMO >1000
15.10.58 CP NZ ATMO >1000
18.10.58 CP NZ ATMO >1000
20.10.58 CP NZ ATMO >1000
22.10.58 CP NZ ATMO >1000
24.10.58 CP NZ ATMO HIGH
25.10.58 CP NZ ATMO HIGH
10.09.61 CP NZ ATMO >1000
12.09.61 CP NZ ATMO >1000
14.09.61 CP NZ ATMO >1000
16.09.61 CP NZ ATMO >1000
18.09.61 CP NZ ATMO >1000
20.09.61 CP NZ ATMO >1000
22.09.61 CP NZ ATMO >1000
02.10.61 CP NZ ATMO >1000
04.10.61 CP NZ ATMO >1000
06.10.61 CP NZ ATMO >1000
20.10.61 CP NZ ATMO >1000
23.10.61 CP NZ ATMO 25000
25.10.61 CP NZ ATMO <1000
30.10.61 CP NZ ATMO 58000
31.10.61 CP NZ ATMO <1000
31.10.61 CP NZ ATMO >1000
04.11.61 CP NZ ATMO >1000
25.04.62 us CHR AIRD 20-1000 ADOBE
27.04.62 Us CHR AIRD 20-1000 AZTEC
04.05.62 us CHR AIRD 20-1000 QUESTA
06.05.62 Us PAC ROCH 600 FRIGATEB
08.05.62 us CHR AIRD 20-1000 YUKON
09.05.62 Us CHR AIRD 20-1000 MESILLA
11.05.62 us CHR AIRD 20-1000 MUSKEGON
12.05.62 Us CHR AIRD 20-1000 ENCINO
14.05.62 us CHR AIRD 20-1000 SWANEE
19.05.62 Us CHR AIRD 20-1000 CHETCO
27.05.62 uUsS CHR AIRD 20-1000 NAMBE
08.06.62 us CHR AIRD 20-1000 ALMA
09.06.62 Us CHR AIRD 20-1000 TRUCKEE
10.06.62 us CHR AIRD >1000 YESO
12.06.62 Us CHR AIRD 20-1000 HARLEM
15.06.62 us CHR AIRD 20-1000 RINCONAD
17.06.62 Us CHR AIRD 20-1000 DULCE
22.06.62 us CHR AIRD 20-1000 OTOWI
27.06.62 Us CHR AIRD >1000 BIGHORN
30.06.62 us CHR AIRD >1000 BLUESTON
09.07.62 Us JON ROCH 1400 STARFISH
10.07.62 Us CHR AIRD 20-1000 SUNSET
11.07.62 us CHR AIRD >1000 PAMLICO
05.08.62 CP NZ ATMO 30000
10.08.62 CP NZ ATMO <1000
20.08.62 CP NZ ATMO >1000
22.08.62 CP NZ ATMO >1000
25.08.62 CP NZ ATMO >1000
27.08.62 CP NZ ATMO 1000+
08.09.62 CP NZ ATMO >1000
15.09.62 CP NZ ATMO >1000
16.09.62 CP NZ ATMO >1000
18.09.62 CP NZ ATMO >1000
19.09.62 CP NZ ATMO 20000
21.09.62 CP NZ ATMO 25000
25.09.62 CP NZ 25000
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Date State Location Type Yield (kt) Name
27.09.62 CP NZ ATMO >1000
02.10.62 uUs JON AIRD 20-1000 ANDROSCO
18.10.62 us JON AIRD >1000 CHAMA
22.10.62 CP NZ ATMO >1000
26.10.62 uUsS JON ROCH <1000 BLUEGIL
27.10.62 CP NZ ATMO 20-1000
27.10.62 Us JON AIRD 20-1000 CALAMITY
29.10.62 CP NZ ATMO 20-1000
30.10.62 CP NZ ATMO 20-1000
30.10.62 us JON AIRD >1000 HOUSATON
01.11.62 CP NZ ATMO 20-1000
01.11.62 CP KTS ATMO 20-1000
01.11.62 Us JON ROCH <1000 KINGFISH
03.11.62 CP NZ ATMO 20-1000
04.11.62 CP KTS ATMO 20-1000
18.12.62 CP NZ ATMO 20-1000
18.12.62 CP NZ ATMO 20-1000
20.12.62 CP NZ ATMO 20-1000
22.12.62 CP NZ ATMO 20-1000
23.12.62 CP NZ ATMO 500-5000
24.12.62 CP NZ ATMO 20000
24.12.62 CP NZ ATMO
25.12.62 CP NZ ATMO 500-5000
17.06.67 pPC LNR AIRD 3000
03.08.68 FR MUR BALN 500
24.08.68 FR FAN BALN 2600 CANOPUS
08.09.68 FR MUR BALN 1200 PROCYON
27.12.68 PC LNR AIRD 3000
29.09.69 pPC LNR AIRD 3000
30.05.70 FR BALN >1000 DRAGON
03.07.70 FR BALN 1000 LICORNE
14.10.70 PC LNR AIRD 3000
14.08.71 FR BALN 1000 RHEA
26.07.73 PC LNR 2000-3000
17.06.74 pPC LNR ATMO 200-1000
26.07.74 FR MUR AIRD
29.07.74 FR MUR ATMO HIGH
15.08.74 FR MUR ATMO
25.08.74 FR MUR ATMO
15.09.74 FR MUR ATMO 1000
17.11.76 PC LNR ATMO 4000
16.10.80 pPC LNR ATMO 200-1000

Table A.1: Atmospheric nuclear tests with yields geater than 500Kt or expected high yield
(from Lawson, 1998)

US=United States, GB=UK, CP=USSR, FR=France, PCplesoRepublic of China

BKN
CHR
ENW
FAN
JON
KTS

LNR
MBI
MUR
NTS

NZ
PAC

Bikini, (11°N 165°E), (US atmospheric tests)

Christmas Island, (2°N 157°W) (UK and US atniesyc tests)

Enwetak, (11°N 162°E), (US atmospheric tests)

Fangataufa Is., (21°S 137°W), (French atmosplard underground tests)

Johnston Island, (17°N 169°E), (US atmosphests)

Eastern Kazakh or Semipalitinsk test site (5BOFE), USSR (USSR atmospheric and
underground tests)

Lop Nor, PRC, (40°N 90°E), (PRC atmospheric anderground tests)

Monte Bello Islands, Australia, (20°S 115°B)K atmospheric test)

Muruora Is., (21°S 137°W), (French atmospharid underground tests)

Nevada Test Site, Nevada, USA, (31°N 116°W}§ atmospheric and underground and UK
underground tests)

Novaya Zemlya (75°N 55°E), USSR (USSR atmosiptaerd underground tests)

Various Pacific Ocean sites
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A.2 Discharge data for AWE Aldermaston

Air discharges Liquid disch_arge through | Trade waste
pipe to sewer
Pu U |Othera| B *Hd | ®Kr a B °H a B
Year
MBq MBq | MBq MBq | TBq |TBg| MBq MBq GBq MBq | MBq
1952 0.025 0 0.03 0 0 60 100 0
1953 0.5 0.15 0.1 0 0 1000 400 0
1954 0.5 4 0.25 0 0 3000 1000 0
1955 1 80 0.5 0 0 6000 1500 0
1956 2 150 1.5 0 0 5000 1500 0
1957 4 150 0.8 10 0 8000 2500 0
1958 5 200 1 15 0 6000 400 0 30 80
1959 8 200 0.6 30 5 5000 500 0 200 300
1960 4 200 0.2 8 80 2500 400 0 200 800
1961 2.5 100 0.03 10 30 3000 300 0 300 600
1962 2 80 0.02 25 20 3000 500 0 250 300
1963 2 40 0.03 50 40 2000 1000 0 150 600
1964 1.5 150 0.1 15 25 2000 3000 0 150 500
1965 2.5 150 0.01 5 80 2000 5000 800 100 | 400
1966 2.5 80 0.06 20 60 2500 10000 400 100 | 400
1967 3 40 0.01 400 100 2000 5000 800 150 | 400
1968 5 60 0.02 25 150 4000 5000 500 200 300
1969 5 50 0.01 20 200 4000 4000 250 250 | 400
1970 2.5 30 0.01 20 250 3000 2500 150 250 | 400
1971 2.5 30 0.01 20 300 1000 2500 150 300 500
1972 2.5 50 0.01 20 500 1000 2500 150 200 500
1973 3 60 0.01 20 400 500 2500 200 100 500
1974 1.5 40 0.01 20 500 400 3000 150 150 600
1975 2.5 30 0.01 20 400 300 300 200 100 | 400
1976 1.5 30 0.01 20 400 800 1000 200 80 400
1977 10 30 0.02 20 400 600 1500 100 100 800
1978 0.6 6 0.03 20 400 150 300 80 100 500
1979 1.5 10 0.01 20 250 150 300 50 80 500
1980 1.5 15 0.01 20 200 200 500 80 80 400
1981 1 15 0.02 20 150 | 0.3 150 300 100 80 400
1982 1.5 30 0.01 20 200 | 0.3 200 300 800 80 400
1983 0.6 10 0.02 20 150 | 0.3 80 500 80 50 300
1984 0.8 6 0.01 20 150 | 0.3 100 300 100 50 300
1985 0.4 1.5 | 0.006 50 100 | 0.3 80 250 200 60 300
1986 0.3 1 0.004 30 80 [ 0.3 150 250 100 80 500
1987 0.3 1 0.2
1988 0.1 0.5 0
1989 0.05 0.3 0
1990 0.13 0.18 0
1991 0.17 0.16 0
1992 0.18 0.13
1993 0.15 0.09
1994 0.14 0.05
1995 0.11 0.02
1996 0.15 0.02
1997 0.09 0.05
1998 0.13 0

Data from COMARE (1989) and AWE Reports for 199892, 1995, 1998)
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A.3 Marine discharges from AEA Winfrith, Dorset (from UKAEA, 1999)

Year 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977

GBq 16 10 40 49 57 29 108 142 134 326 107 59 274 130

Year 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991

GBq 6 22 197 24 25 72 51 35 7 7 5 5 4 3

A.4 Marine discharges from COGEMA La Hague:(Units : TBg/yr)

Year Wy 2p  20200p  2Mlp | 242p,  Alp 238p239240p 241 239240p | 242 2392400 |
1966 7 0.000 0.002 0.0 0.000 0.01 2.0 0.00E+00
1967 16 0.000 0.012 0.0 0.000 0.02 4.2 0.00E+00
1968 28 0.001 0.032 0.3 0.001 0.04 9.4 0.00E+00
1969 20 0.000 0.013 0.1 0.000 0.03 7.4 0.00E+00
1970 89 0.001 0.024 0.2 0.001 0.04 8.4 0.00E+00
1971 243 0.013 0.145 3.1 0.011 0.09 21.1 0.00E+00
1972 33 0.006 0.066 1.3 0.005 0.08 19.9 0.00E+00
1973 69 0.008 0.081 1.8 0.006 0.10 22.0 0.00E+00
1974 56 0.051 0.552 11.9 0.042 0.09 21.6 0.00E+00
1975 35 0.034 0.262 7.3 0.028 0.13 27.9 0.00E+00
1976 35 0.042 0.157 6.5 2.8E-05 0.023 0.27 41.5 1.75E-04
1977 51 0140 0.239 11.6 9.6E-05 0.057 0.59 48.5 4.01E-04
1978 39 0178 0.216 13.6 1.3E-04 0.064 0.82 63.0 6.02E-04
1979 23 0199 0.245 185 1.8E-04 0.114 0.81 75.5 7.14E-04
1980 27r 0179 0.186 153 1.7E-04 0.111 0.96 82.3 8.87E-04
1981 39 0213 0.164 145 1.7E-04 0.103 1.30 88.4 1.01E-03
1982 51 0214 0.194 174 2.0E-04 0.139 1.10 89.7 1.02E-03
1983 23 0126 0.081 8.7 1.1E-04 0.073 1.56 107.9 1.31E-03
1984 30 0.183 0.136 139 1.8E-04 0.118 1.35 102.2 1.33E-03
1985 29 0315 0.136 169 2.7E-04 0.138 2.32 124.3 1.96E-03
1986 10 0.136 0.081 9.1 1.4E-04 0.439 1.67 112.1 1.66E-03
1987 8 0.170 0.086 104 1.6E-04 0.169 1.98 121.1 1.84E-03
1988 8 0.107 0.063 7.5 1.1E-04 0.147 1.69 118.6 1.78E-03
1989 13 0.123 0.056 6.9 1.2E-04 0.093 2.20 124.2 2.13E-03
1990 13 0.114 0.053 6.2 1.1E-04 0.120 2.14 116.3 2.03E-03
1991 6 0.066 0.023 2.7 5.2E-05 0.038 2.85 115.9 2.25E-03
1992 3 0.035 0.015 1.7 3.1E-05 0.018 2.28 113.8 2.03E-03
1993 4 0.023 0.012 1.3 2.3E-05 0.014 2.01 110.4 1.97E-03
1994 11 0.026 0.010 11 2.2E-05 0.010 2.67 112.2 2.28E-03
1995 5 0.016 0.006 0.6 1.3E-05 0.009 2.81 107.4 2.28E-03
1996 2 0.011  0.005 0.5 1.0E-05 0.005 2.47 106.1 2.21E-03
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A.5 Selected radionuclides discharges to the Irish Séam Sellafield (Units : TBq/yr)

Year 3eg 2385, 239,240 | 241p | ULN L 241p 239240p 238p | 239240p | 239.240p | 137~
1952 46 0.02 0.5 2 0.0 3.7 0.04 0.01
1953 46 0.02 0.5 1 0.0 2.0 0.04 0.01
1954 46 0.02 0.6 2 0.0 3.8 0.03 0.01
1955 21 0.02 0.7 2 0.0 2.7 0.03 0.03
1956 160 0.06 1.8 4 0.0 2.1 0.03 0.01
1957 140 0.05 1.6 3 0.0 2.1 0.03 0.01
1958 230 0.06 1.9 4 0.0 2.1 0.03 0.01
1959 73 0.06 2.1 4 0.0 2.1 0.03 0.03
1960 34 0.08 2.7 6 0.0 2.3 0.03 0.08
1961 40 0.14 4.6 18 0.0 3.9 0.03 0.12
1962 74 0.20 6.6 37 0.0 5.6 0.03 0.09
1963 85 0.25 8.1 55 0.0 6.8 0.03 0.10
1964 100 0.22 5.5 62 4.5 11.3 0.04 0.06
1965 110 0.30 6.9 81 8.1 11.7 0.04 0.06
1966 180 0.66 13.0 170 7.5 131 0.05 0.07
1967 150 1.20 17.0 290 17.0 17.1 0.07 0.11
1968 370 2.10 28.0 630 21.0 22.5 0.08 0.08
1969 440 2.80 27.0 730 14.0 27.0 0.10 0.06
1970 1200 3.80 31.0 1000 19.0 32.3 0.12 0.03
1971 1300 9.30 46.0 1800 38.0 39.1 0.20 0.04
1972 1300 9.90 47.0 1900 80.0 40.4 0.21 0.04
1973 770 11.00 54.0 2800 110.0 51.9 0.20 0.07
1974 4100 8.00 38.0 1700 120.0 447 0.21 0.01
1975 5200 8.80 35.0 1800 36.0 51.4 0.25 0.01
1976 4300 8.80 38.0 1300 12.0 34.2 0.23 0.01
1977 4500 7.50 29.0 980 3.7 33.8 0.26 0.01
1978 4100 12.00 46.0 1800 7.9 39.1 0.26 0.01
1979 2600 12.00 38.0 1500 7.8 39.5 0.32 0.01
1980 3000 6.90 20.0 730 8.2 36.5 0.35 0.01
1981 2400 5.00 15.0 600 8.8 40.0 0.33 0.01
1982 2000 4.70 16.0 480 6.4 30.0 0.29 0.01
1983 1200 2.90 8.7 330 2.2 37.9 0.33 0.01
1984 430 2.60 8.3 350 2.3 42.2 0.31 0.02
1985 330 0.80 2.6 81 1.6 31.2 0.31 0.01
1986 18 0.62 2.0 63 13 315 0.31 0.11
1987 12 0.35 1.0 32 0.7 33.0 0.36 0.08
1988 13 0.38 1.0 36 0.8 36.0 0.38 0.08
1989 29 0.31 0.9 30 11 33.3 0.34 0.03
1990 24 0.29 0.8 32 0.8 38.1 0.35 0.04
1991 16 0.26 0.8 30 0.7 36.6 0.32 0.05
1992 15 0.24 0.7 25 0.5 36.2 0.35 0.05
1993 22 0.36 1.0 38 0.9 39.2 0.37 0.04
1994 14 0.17 0.5 14 0.4 28.0 0.34 0.04
1995 12 0.08 0.2 8 0.1 33.5 0.35 0.02
1996 10 0.06 0.2 4 0.1 29.3 0.40 0.02
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A.6 Atmospheric circulation (due to Roedel, 1994)

Tropospheric circulation

The idealised tropospheric circulation can be desdrby three cells. The lattitude range of these

cells is approximately 0 — 30°/35°, 30°/35°-60°/,760°/70°-poles.
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Figure A.1 Global circulation pattern in the troposphere

0 — 30°/35° (Hadley circulation)

The air rises in the zone of highest solar irradratThe upper level air moves poleward, cools and
descends near 30° and surface air returns to eqddte Coriolis force turns the surface winds te th
right (left) in the Northern (Southern) Hemisphéfeade winds). The line where winds from each

hemisphere meet is called the Intertropical Corsecg Zone (ITC).
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30°/35° - 60°/70° (Ferrel Circulation)

The decending air at 30°/35° creates high surfaesspre which causes surface air to move poleward.
The polarward-moving air is deflected by the Casidlorce to the right (left) in the Northern
(Southern) Hemisphere (Westerlies). This air megisatorward moving polar air between 40°-70°.
The boundary between poleward-moving air and paiais called the polar front. The air ascends at
the polar front and creates low pressure at théasewr The upperlevel flow is equatorwards. In
contrast to the 0-30° zone the 35°-60° zone isesutip disturbances and wave action. Therefore the
discribed circulation is only a rough approximatiéior example, the polar front is not confined to a

small lattitude band, but can move between 40°7ad

60°/70° - pole

The cooling of the air at the poles causes a highgure and the air moves equatorwards until itsnee

the polewards moving air at the polar front.The aqmward-moving polar air is deflected by the

Coriolis and becomes easterly in each hemisphestarEasterlies). The convergence at the Polar

front causes the air to move upward and returhaqble.

Tropopause
The border between the troposphere and stratosfteréropopause) is characterised by a minimum

in temperature. In the troposphere a relative heghperature is maintained by back-scattering of
thermal radiation (originating at the earth surjacsinly by water vapour. For that reason the
tropopause coincides with the edge of the watepuapphere around the earth. Therefore is the
tropopause higher (and cooler) the greater the lafye@ater vapour. The height of the tropopause is
13km at temperate and high latitudes and reachds8km in the tropics. The summer tropopause of
the temperate and high latitudes is approximatkip Bigher than the winter tropopause. Within the
stratosphere the temperature rises, due to absorptisolar radiation. No exchange occurs if warmer
air is above cooler air (Inversion). Therefore sti@tosphere and the troposphere can be regarded as

two different reservoirs and the convection ancherge in the stratosphere is small.

Stratospheric circulation
The tropopause and lower stratosphere is high¢nentropics and therefore fairly cool. The polar

stratosphere is warmer (cooler) in the summer @gjnthan the tropical stratosphere. Due to the
pressure gradient the air would move polewardhénstummer hemisphere and equatorwards in the
winter hemisphere. From the equilibrium of Coridlisce and pressure gradient one get eastwinds in
the summer stratosphere and westwinds in the wattatosphere. The eastwinds in the summer are
more stable than the westwind in the winter. Sirglents like sudden warmings play a significant
role in meridional exchange. In average the meniglieexchange is small in summer and higher in

winter. Besides that southern circulation is maable which results in less exchange.
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Troposphere/Stratosphere exchange
Due to the temperature inversion the troposphedcestimtosphere can be regarded as two different

reservoirs. Exchange between them occurs maintiidyjollowing three processes:

1.

As described above, the tropopause of the taatgand high latitudes is higher in the summer
and lower in the winter. This seasonal rising aatinfy of the tropopause causes an exchange of
stratospheric mass at temperate to high latitudes.

The hot air at the ITC can rise through the apguse, which results in the Hadley-circulation
going partially through the stratosphere. The nigiut of stratospheric air into the troposphere is
around 30°.

At the two boundaries between the three tropaspltirculation cells high windspeeds occur in
the region of the tropopause (Jetstreams). Thastebms have been shown to be very effective
in stratospheric-tropospheric exchange. The sulzimbjet at the boundary between the Hadley
and Ferrel cell is much stronger than the sub-Hetaat the polarfront. Therefore more exchange
occurs in the region of around 30° than around G0k jets are stronger (more exchange) in

winter.

The first process is responsible for the excharfggout 10% of the total stratospheric mass per yea

and the latter two processes for about 50-60%.0darsmaller processes contribute an additional 5%

which adds to a yearly exchange of 60-75% of thed &iratospheric mass.
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A.7 A simple dispersion model for the AWE airbornedischarge

A.8.1 General theory of the dispersion of airbornealischarges (Gaussian plume equation)
The dispersion of material released into the atmespdepends on atmospheric dynamics. Regarding

dynamics the atmosphere can be divided into 4 $aykhme first two layers above the earth's surface
are dominated by the friction with the earth suefathe first layer is called thmolecular viscose
layer. Its thickness is of the order of mm and moleculdfusion is the most important transport
mechanism. In the second layer, calR@ndl layer, turbulent diffusion dominates over molecular
diffusion. Its thickness is about 100#bove these two layers the wind turns gradually esathes
the direction of the geostrophic wind of the frém@sphere (only pressure-gradient and Corioliseforc
is present, in equilibrium the wind is parallelttee isobars) at about 1000m. This layer of turning
wind is called the&ekman layer.

Discharged material from stacks is usually reledretthe bottom 100m of the atmosphere. For this
reason the Prandl layer is the one where the mndedhould take place and turbulent diffusion must

be assumed.

The Gaussian plume equation:

Conservation of mass yields the continuity equation

oc . P

— =-divj

ot

The flux j consists of a uniform flux in the windrelction and the turbulent diffusion flux:
S 4

J - Jturb + Junif

The uniform flux in winddirection is given by

v _ P
Junit =CV

For the turbulent flux a gradient-ansatz is donglar to molecular diffusion:

- il
Jx - _Kxa_§
Iy = _Ky%
i =K. &
where j is the flux, K (i=x,y,z) the turbulent diffusion coefficients andhe concentration,
hence
oc _ 3 d d
e F(K %) -5 (ov)
i=x,y,z

In our case a continuous Emission from a stackssimed. Taking x as the wind direction and

neglecting diffusion in this direction the solutiohthe differential equation is
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2 2
c(y,zt) =—cst __ px _(y_+z_)J
(y,z1) 24k K2 Ak T Ak
if we assume that Ki=y,z) is independent of t. Since we neglecteiudion in the x direction this

solution equals a growing disk with the thicknedsaounit-length in x direction. The disk is

transported in the x direction with the velocity Vhe integration constant can be obtained from

E= T Oj:vxc(x, Yy, z)dydz

—00—00

where E is the emission rate (amount material/tinmggration yields const=E/vHence

S P

c(x,y,z) can be obtained using t=x/v

The diffusion coefficients K(i=x,y,z) can be obtained from sophisticated metlgical data (see
Roedel,1994 for details). Since these data ardlysw@ available the following common approach is
used:

Instead of calculating c(x,y,z) via the diffusioanstants one can express the diffusion constants by
standard deviations (quadratic mean distance frogmd (Roedel, 1994, p.267). The relation between

the standard deviations and the diffusion coeffitses given by
do? —
hence the solution can be rewritten as:

— 2 22
C(X, Y, 2) = 255, €X 20 2oz t 22
In the above solution the stack height equals ZHh@. concentration at the ground is:

c(x, y,~h) = ZmUU exd (2: +2hT:§)J

This is the correct solution, if the particles aoenpletely absorbed by the ground.

The case of no absorption at the ground yieldsbthendary conditiordc/oz(-h)=0, where h is the
stack height. This condition can be satisfied bgcplg an image source at stack height below the

ground. This yields the solution

_ ¢ [, 2 (2+2h)?
Cretteat (X, ¥, 2) = 2z {exp[ (Tc§+zif§).+e)(p[ (2 T )l}

For the concentration at the ground follows

reflect(X Y~ h) - exd. (2)5 + 22;3)

As one can see in the case of no absorption, theeodration at ground level is twice as high athé

case of complete absorption.
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A.7.2 Calculations and assumptions for the dispersn from AWE Aldermaston
In A.8.1 solutions of the Gaussian plume equatiavehbeen derived for airborne discharge from a
stack.

For a stack of height h the concentration at tloeigd is

E y>  h* || .
c(x,y,~h)=—————exp - > +—— || if the particles are completely absorbed by the
2,00, 20, 20,
E 2 h?
ground andC, 4 (X, y,~h) = ———exp - Y st ——
w,0,0, 20, 20,

in the case of no absorption. Teare the mean quadratic replacements,afg; <(y - y0)2> .

The stacks at AWE Aldermaston have a height of 3Dme. standard deviations in the plume equation
in dependent on the meteorological conditions aedtaken from the German emergency guidelines

for a reactor incident (BMJ, 1994). In these guited the standard deviations are parameterised by
0, =0y, X" and 0, = 0y, x>

The values fors, and s are listed in tables depending of the athersp stability class and stack
height (BMJ, 1994). The stability class dependstloa horizontal wind velocity and temperature
gradient, which is correlated with solar irradiatidc-rom wind and solar irradiation data, the mean

stability class D is chosen for Aldermaston. Theapzeters for this stability class and a stack teigh
of 50m ares,,=0.64,6,,~0.215, $=0.784 and 50.885.

Dry deposition

The calculation of the deposited material perand time can be carried out by multiplying the
surface air concentration by a deposition velogjtyThe deposition velocity depends on the process
of the deposition, which depends on particle sk particles of a diameter smaller than 0.1 um
diffusion is most important, for particles betwaens of a um to about 10 pm inertial deposition is
the most dominant process and for diameters grédzarl0 pm gravitational deposition dominates. A
recommended deposition velocity for aerosols fromelear accidents is@,v:1.5><103 m/s (BMJ,
1994). In the calculations for Aldermaston, theaaincentrations are always calculated for peridds o
one hour. To get the ground concentration thatearifom the deposition per hour, the air
concentrations have to be multiplied by the distatttat reaches the ground in one hour, hence
1.5x10° m/s x 60x60 s = 5.4m.
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Wash out

For the deposition at distances close to the sdime@articles are not high enough to be involved i
the droplet formation, hence the capture of patsidly the falling drops is trenly contribution to the
concentration in the rain-water. Large particles ba captured directly by the drop. As the parsicle
become smaller they follow the streamlines aroura drop and the probability for direct capture
decreases. The mechanism that incorporates snpaliéicles is diffusion, mostly thermal diffusion.

The washout efficiency epsilon is defined by

_ %rv _ Crw

E=
CaVa N,
where gw is the concentration in the rain watey, the average concentration in the air, e
volume of the air beneath the cloud ang e number of particles in the air beneath theudlo
Epsilon is given in Roedel (1994, p.201) (assunpsilen=10%
Hence the number of deposited particlgsidNgiven by
Np =NV &
Where \kw is the total volume of rain.

If all is taken per rhthen:

Coeposited wash-out (% Y) = € (X, Yy €
where Viw is the volume of rain per7rmnd ¢’ an area concentration.

To get the concentration of c'(x,y), it is necegdarintegrate:

c(xy)= Tcreﬂw (xy,2)dz

From the symmetry of the image source it is obvibias

€)= [Conea (X ¥,2)dZ = [c(x,y,2)d2
_h —00
The integral yields

E y?

c(X,y) =—ex
(xy) om0, Py

y
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hence

2

y

. E .
Coerc i (X Y) =————exg ——— £
Deposited ,Wash—out \/EV Xa_y 20_5 RW

We now have the number of deposited aerosol pestiser i For the deposited activity we need the

activity per particle 4 The total deposited activity iS theR*Cqeposited,drjt Cdeposited washolit

Transformation on a fixed coordinate system
The calculations presented above are designedhfaceidental release with a single wind-direction.

The wind-direction is taken as the x-coordinateolin case it is desired to have the depositiorthén
same coordinate system to obtain the contributioa gpecific point frondifferent wind-directions.
The reference-coordinate-system (RCS) is markeld #wit he transformation onto this system is done

by a rotation in the xy-plane. ¢f is the angle between the coordinate axes one gets

X ) _ [X

(y*j ) A{VJ

with

As [cos¢ —sin¢j
sing  cosp

Taking the inverse matrix

co Sin
A= (—si?qﬁ cosfﬁ]

and the parameterisations of the standard dev&afiom BMJ (1994) one gets

Cpeposited Wash—out (x,y)=

E (-x sing +y cosg)®
* * . s, exp - 2 * * . 2s,
N2mv,0,,(X cosg +y sing) 20,,(x cosp +y sing)™

and

RW

Cretiea (X, Y ,=30) =

E exp{—[ (=X sing + y" cosp)? N 30° ﬂ
T8,04,0,,(X cosp + Y’ sing)™ ™ 20%,(x cosp +y sing)™  203,(X cosp +y’ sing)**
For the calculation is convenient to introduce polzordinates and plug them into the equations.
X =rcosé
y =rsiné
Meteorological Office data are used for the caltoles. The data contain mean hourly wind speed,

mean hourly wind direction and hourly rain voluride wind direction is given in spacings of 10

139



Appendix

degrees and the wind speed is measured at a ledijbtnm. The wind speed at stack height of 30m is

m
H
calculated via (BMJ, 1994y = Vl(—
Z

where v and yare the wind speeds at the stack height H antefeeence height;z

m is aparameter that depends on the atmospheric stalpibtystability class D the value is 0.28.

The concentrations,dec: and the wash-outpgesied wash-o@r€ calculated via the equations above for
each hour and then summed for the whole year. Tthidds has to be kept in mind that the original

formula was derived for x>0. The parameterisatibthe standard deviations, however, introdueed

x dependence, which results in non-zero valueg<46r For this reason only sections of 90 degrees in

the reference coordinate system can be processetinag.

To get the correct results at the boundaries df saction, the data is processed for 8 sectiynsf
approximately 90 degrees each (0-90, 40-140, 90-180-220, 180-270, 230-330, 270-360, 310-50).
The results are then taken for 40 or 50 degreesfuie middle of each section. The final equations

for each section are

Creflect,0 (r,é,-30)=
1908 E, /8760 o - (-r cos€sing +rsin& cosg)? . 30°
21852000, T W, 05,0, (1 COSE cosp +1 siné sing) ™™ 207, (r cosE cosg +rsinésing)* 20, (r cos cosg +1 siné sing) >

Coeposited wash-out.0 (€)=

oy E, /8760 eXpH (-1 cos¢ sing + r sing cosp)® ]}%g

1552400, ] N 271V, 0, (1 COSE COSP + 1 siné sing) ¥ 203, (r cosé cosp +rsinésing)*

Coeosted,ory (16730) = Crggeqia (1,6, ~80) X L5X10° 2 X360 = C, 00 (£, -30) X 54m

where j are the hours with wind-direction ph¥8Z60 is the mean discharge per hour.
The Meteorological Office data report *** for vaé not available, ‘trace’ for small amounts of

precipitationand 999’ for variable wind direction.
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Steps used in Microsoft Excel to process the Metdagical Office data

1. Sort data by rain-amount-column and set trace=*

2. Sort data by windspeed and delete all rows withdspeed 0. This assumes that at zero

windspeed all discharge is deposited on the site.
3. The file after step 1 and 2 is callddsbco.xIs”

4. Copy 8 sections of 90 degree each outHsbto.xIs’ and save them inX‘y.a-b.xIs’, where x is

the starting year, y the ending year and a ane latigles of the octant.

5. A spreadsheet calledMster xIs” was created that contains all the calculationscdbed in the

text
6. Each x-y.a-b.xIs" is copied into Muster.xIs’ at a time and callednix-y.a-b.xIs".

7. For each year the discharge values from thehdige records are filled in the calculations and
concentration and wash out are calculated for éach and the summed over all the hours for
each year. Then the values are calculated on siveil distance (in meter) 10, 20, 30, 50, 100,
200, 400, 600, 800, 1000, 1500, 2000, 3000, 4000058000, 10000 are calculated in spacings
of 10 degrees.

A.7.3 Main assumptions and approximations used fathe model

= The Gaussian plume equation approximates the digpewell. The equation was derived for a
uniform wind in one direction. It is obvious, thahen the wind direction changes too frequently
the plume cannot evolve completely.

= The atmosphere has neutral stability. This is tlemment stability due to Pasquill's criteria
(Pasquill, 1983). However, the effect of this asgtiom is small.

= The materials are discharged continuously. Howeseen if this is not the case the calculated
values give the probability of the dispersion.

= A single point source is assumed.

= At zero windspeed all material is deposited on site

= Heathrow meteorological data are a reasonable gjppation for the Aldermaston area.
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A.7.4 Effects of the modelled deposition for the nasurements

In the following it is shown how the calculated SA6d WO concentrations will affect the measured
values (concentrations and isotopic ratios) insthiés. Both the SAC and the WO are stated in wfits
meters. The sampling area was 18cmx18cm, whichl®@@ud324 rfi For that reason the calculated
SAC and WO are multiplied by 0.0324. In additione tsurface air concentration is multiplied by
1.5x10°x60x60m to get the ground concentration for thediposition.

Uranium:
The average concentration of uranium in soils @mAldermaston area is 1.6ppm. (average in UK is 2-
3ppm). The naturaf®U/?%U ratio is 137.88. The concentration of the indiidtl isotopes can be

calculated from the ratio:

m; Mg _ T-m Mg
N5 m5 M 8 m5 M 8
where N are the number of particles, m are the @sadd the molar masses and T the total mass of

2% and?™U. In the case of natural uranium it is a good assion that T equals the total mass of

uranium, since the abundanceé¥f) uranium is low. For the mass GfU and®® follows:

M8
mg = MR
MS
and
m, = I\/T
R+-°
MS

Increase of U concentration in soils:

For the calculation of the masses from the aatisjtithe ratio of the discharged uranium is needed.
Since the discharged material is a mixture of émdcand depleted uranium of unknown composition,
the extreme cases of only enriched discharge alycdepleted discharge are investigated>®/2*U

of 285 for depleted and a ratio of 0.07 for enritheanium is assumed.

The discharge records are given in activities. Mlasses are calculated from the activities as faliow

A = A238 + A235 = A238N238 + /1235N235
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N NM In2
Using Ry =W8, m=—— and A =—— one get
5 Av 1/2
A M238 - M235 1
= and Mg = Mg —==>——
b (Inﬂ +'n2j T VI
tis Rys 1o

The total mass U is given byymmysgtm,ss. Assuming all deposited uranium stays in the tom5
(thickness of sampling layer) the concentrationbtained by dividing m by the weight of the 5¢cm-

layer.

Change of R8/5 ratio in soils:

Using m = one get

Av

nat + N AWE M - mnat mAWE

mix — 23 38— 238 238
8/5 N nat + N AWE M 238 mnat + mAWE
235 235 235 235

Plutonium:

The concentration in the soils from fallout is abbBq/kg. Weapon fallout Pu consists of 84.5%u
and 15.5%**Pu @*°Puf**Pu=0.18). For the discharged Pu weapon grade Pl avit isotopic
composition of 939%°*Pu and 7%*Pu (R,s=0.075) is assumed.

Change in concentration:
Since both the concentration in the soils and tisehdrge records are measured in activities, the
added concentration is obtained by dividing thewated SAC and WO by the weight of the soil.

Change in ratio:
Similar to the case of uranium, the numbers of iglag Nogg O, Noso®, Noug © and Nuo'® are

calculated via:

A and N

— N24o
= — 239 — '

N
240 [lnz 1 +|n2] R,/

05 Rys 5
This assumes that the discharged plutonium cormigysof>*Pu and®**Pu.

The ratio of the mixture is then obtained from
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o NN
419
N+ N

Results:

For both uranium and plutonium the change of commagon and ratio in the soil is investigated for
the highest values of dry deposition and washoat @distance of 1000m. The dry deposited uranium
(enriched or depleted) increases the concentratitite soil sample by about 1%pm and the ratio is
affected in the sixth decimal place. Plutonium soihcentrations change by about®Bq/kg and the
ratio is affected in the f0decimal place. These small changes are not dbtect@iherefore all

anomalies that will be found are in contrast todakulated values from the discharge records.

A.7.5 Calculation of the critical ratios and concetrations

It is interesting to see how the soil concentratiaand ratio would change if the surface air
concentration is that high that the intake by iatiah continuously succeed the recommended value
of ImSv. To do this the critical air concentratigndefined as the concentration that gives an adult

1mSv each year. It can be calculated from
C, xbreathing ratex CEDE =1mSV year

The breathing rate of an adult is 0.0003Bnwhich is 7253.28 Myear (BMJ, 1994). The CEDE
values for the isotopes of interest are listechenTable A.2.

For uranium the value 0.000033 is taken for endal@nium and 0.000031 for depleted uranium.

280, 239, 239 235 234
adult | 0.00008| 0.00008 0.000031 0.0000B3 0.000035
child | 0.00011| 0.00011 0.0000% 0.0000p2 0.000056

Table A.2 CEDE values inSv/Bq(NRPB-GS7, 1987)

The critical concentrations are 0.001723 Byfar Pu, 0.004447 Bg/frfor depleted U and 0.004178
Bqg/m® for enriched uranium.

The critical ground concentration activities perare calculated via

Ca = Cgi vyt
where y=1.5x10° m/s is the deposition velocity and t=46*365*24*60's the time of the 46 years
between 1952 and 1988. The results are presentdchbie A.7. The first column indicates the
discharged material and the second column givegtitieal air concentration. The third and fourth

column give the concentration and isotopic ratiat tve would measure if all the deposited material
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stays in the top 5cm. As well the concentrationhasratios differ significantly from the background

values and are detectable without a problem.

Discharged | Crit. air conc. in | Soil conc of top Isotopic
material Bg/m"3 layer ratio
Pu 0.002 121 Bag/kg 0.076
U depl. 0.004 25 ppm 268
U enr. 0.004 4 ppm 0.50

Table A.3 Expected results from continuous air corentration above the limit
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A8 Data

Abbreviations:

b.d. below detection limit (see detection limits)
n.r. not recorded
n.a. not analysed (either due to selection or dumnalytical problems)

Detection limits:

The detection limit is defined here as the minio@icentration to get a quantitavely reliable result
On the Isoprobe 60fg*Pu are needed for a reliable determination of th&%u concentration.
Assuming®*®Puf**Pu=0.2 this equals 0.25mBq.

Depending on the sample size the detection limithé units of the tables are:

Rothamsted grass: 5mB¢**Pu /kg

Alpine ice: 0.003mBg°**Pu /kg — 0.2mBF**Pu /kg

The detection limit for th&*®Puf*%Pu is about a factor 4 higher.

Detection limit"*’Cs: 50 mBq

Errors if not otherwise stated:
Error 2%2%py activity: <1%
Error 2Puf*Pu: <1%

Error *'Cs: 5% - 20%

Method blanks for low concentration measurements:

Air filters and Rothamsted grass
Pu method blank: (Method Blank voltage on 239)/(Bl@moltage on 239) < 1/1000 (not subtracted)

U method blank: (Method Blank voltage on 238)/(Sknypltage on 238) < 1/40 (not subtracted)
Alpine ice

Pu method blank: (Method Blank voltage on 239)/(Bl@moltage on 239) < 1/1000 (not subtracted)
U method blank: (Method Blank voltage on 238)/(SEwpltage on 238) < 1/5 (subtracted)
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Data tables
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Table A4 %*°Pu/Z%u for air filters from the PTB Braunschweig (Chapter3)

Code Year Bi%';gll?nggm End of sampling 20pyy ¥y
PTB73 1973 unknown unknown 0.165
PTB 1 1975 28Apr 2Jun 0.156
PTB76 1976 complete year 0.141
PTB 4 1977 140ct 310ct 0.239
PTB 5 1977 310ct 7Dec 0.232
PTB78 1978 May May 0.226
PTB 7+8 1978 31Mar 1Sep 0.217
PTB 9+10 1979 1Feb 31Aug 0.192
PTB 11+12 1979 150ct 2 Jan 1980 0.213

Table A5%*°Pu/?%u for stratospheric filters from Sweden (Chapter3)

Sample Sampling date Sampling height #0p2py
L212 17.10.58 11.8 km 0.101
L250 01.01.59 11.8 km 0.144
L626 18.09.62 unknown 0.213
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Table A.6 Radionuclide data for grass samples from the Rothasted archive (Chapter 3)

Year Begin of Endof  wrcgpaig P aepymspy 2y
sampling sampling Bg/kg
1945 n.r. n.r. b.d. b.d. b.d. 137.78
1946 n.r. n.r. b.d. b.d. b.d. n.a.
1950 13-Jun 15-Jun b.d. b.d. b.d. 137.78
1951 21-Jun 23-Jun b.d. b.d. b.d. 137.78
1952 19-Jun 23-Jun b.d. 0.05 0.060 137.26
1953 21-Jul 23-Jul 9.2 0.04 0.154 137.46
1954 24-Jun 26-Jun 17.7 0.07 0.306 137.98
1955 28-Jun 30-Jun 36.3 0.26 0.273 137.78
1956 11-Jul 12-Jul 40.2 0.27 0.241 137.70
1957 18-Jun 19-Jun 32.1 0.19 0.165 137.77
1958 7-Jul 8-Jul 70.7 0.34 0.166 137.14
1959 15-Jun 16-Jun 63.3 0.21 0.175 137.34
1960 16-Jun 16-Jun 39.6 0.16 0.183 137.56
1961 20-Jun 20-Jun 22.7 0.10 0.198 137.68
1962 13-Jun 13-Jun 81.5 0.36 0.162 137.15
1963 27-Jun 27-Jun 257.0 1.55 0.221 137.50
1964 26-Jun 30-Jun 209.0 1.00 0.201 n.a.
1965 28-Jun 29-Jun 122.6 0.53 0.188 n.a.
1966 7-Jun 7-Jun 66.1 0.12 0.202 137.72
1967 12-Jun 12-Jun 33.6 n.a. n.a. n.a.
1968 11-Jun 11-Jun 34.2 0.10 0.208 137.79
1969 9-Jun 10-Jun 18.6 n.a. n.a. n.a.
1970 15-Jun 15-Jun 28.3 0.11 0.205 n.a.
1971 24-Jun 24-Jun 31.2 n.a. n.a. n.a.
1972 15-Jun 16-Jun 25.5 0.05 0.169 137.92
1973 13-Jun 13-Jun 12.9 b.d. b.d. n.a.
1974 20-Jun 21-Jun 16.0 0.06 0.215 n.a.
1975 9-Jun 10-Jun 15.7 0.03 0.232 138.03
1976 9-Jun 9-Jun 7.4 b.d. b.d. 137.98
1977 21-Jun 21-Jun 11.4 0.05 0.262 138.34
1978 19-Jun 20-Jun 14.1 n.a. n.a. 138.30
1979 19-Jun 20-Jun 9.0 0.02 b.d. 137.98
1980 4-Jun 4-Jun 6.1 b.d. b.d. n.a.
1981 9-Jun 10-Jun 13.3 b.d. b.d. 137.91
1983 15-Jun 15-Jun 5.7 b.d. b.d. 138.23
1985 1-Jul 1-Jul 4.8 b.d. b.d. 137.88
1986 12-Jun 12-Jun 37.6 b.d. b.d. 138.03
1987 29-Jun 29-Jun 9.6 b.d. b.d. 137.85
1988 14-Jun 15-Jun 7.9 b.d. b.d. n.a.
1990 2-Jul 2-Jul 3.4 b.d. b.d. n.a.
1945-2 n.r. n.r. 12.9 b.d. b.d. n.a.
1951-2 2-Okt 5-Okt b.d. b.d. b.d. n.a.
1952-2 22-Sep 23-Sep b.d. b.d. b.d. n.a.
1953-2 19-Nov 23-Nov 24.3 0.08 0.135 n.a.
1955-2 15-Sep 20-Sep 48.4 0.05 0.295 n.a.
1957-2 24-Sep 26-Sep 55.6 0.44 0.113 n.a.
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Table A.7 U and Pu data for the Mont Blanc Alpine ce core (Chapter 3)

Plutonium Uranium
239,240 .

Depth (cm) mBq/IT(Z u0p,pop,  IC€ (vizggght Depth (cm) 28238y
-35.38 0.007 b.d. 82.42 -4.4 135.29
-36.4 0.058 b.d. 2.90 -9.29 136.18
-37.51 0.083 b.d. 2.00 -10.19 138.39
-38.61 0.058 b.d. 2.75 -14.68 136.80
-39.6 0.059 b.d. 3.02 -21.04 137.32
-40.65 0.069 b.d. 2.65 -24.75 137.59
-41.7 0.033 b.d. 2.41 -26.84 137.22
-42.65 0.135 b.d. 1.58 -31.24 136.81
-54.14 0.004 b.d. 38.25 -35.38 137.55
-64.21 0.018 b.d. 46.51 -37.51 135.82
-68.42 0.019 b.d. 22.70 -38.61 136.28
-73.37 0.019 b.d. 19.41 -39.6 134.74
-77.82 0.060 0.186 22.17 -40.65 136.12
-85.22 0.061 0.205 24.90 -41.7 135.51
-86.43 0.166 0.202 4.66 -42.65 135.20
-88.12 0.140 0.214 4.62 -45.135 137.53
-88.81 0.383 0.213 1.72 -47.62 137.43
-89.7 0.802 0.206 2.20 -51.532 137.61
-90.28 0.907 0.232 1.92 -54.14 138.22
-91.16 2.165 0.247 2.05 -55.2756 138.49
-92.02 1.141 0.217 2.53 -56.4111 137.36
-92.8 0.794 0.221 2.65 -59.25 139.03
-93.66 0.578 0.165 2.64 -64.21 138.20
-95.55 0.108 0.191 5.16 -68.42 138.70
-96.36 0.240 0.181 2.78 -73.37 135.74
-97.19 0.271 0.177 2.82 -77.82 137.11
-97.96 0.540 0.159 2.11 -85.22 138.17
-98.77 0.797 0.161 2.54 -85.82 133.05
-99.69 0.183 0.160 2.17 -86.43 132.26

-100.52 0.275 0.184 2.41 -87.32 134.08
-101.36 0.627 0.255 2.35 -88.12 132.17
-102.14 0.460 0.255 6.01 -88.81 131.14
-103.63 0.453 0.261 2.42 -90.28 131.95
-104.51 0.159 b.d. 2.25 -91.16 132.49
-105.19 0.080 b.d. 2.55 -92.02 128.77
-105.94 0.042 b.d. 3.06 -92.8 137.53
-106.4 0.038 b.d. 2.72 -93.66 131.45
-107.06 0.089 b.d. 2.49 -94.6 133.68
-107.61 b.d. b.d. 2.68 -95.55 134.43
-108.46 b.d. b.d. 1.67 -96.36 133.51
-109.14 b.d. b.d. 1.35 -97.19 133.83
-109.96 b.d. b.d. 1.76 -97.96 132.14
-110.83 b.d. b.d. 1.33 -98.77 131.13
-111.66 b.d. b.d. 1.86 -99.69 128.29
-112.35 b.d. b.d. 1.47 -101.36 132.67
-113.05 b.d. b.d. 1.28 -102.89 135.83
-113.85 b.d. b.d. 1.48 -103.63 131.72
-114.65 b.d. b.d. 1.42 -104.51 131.99
-115.16 b.d. b.d. 1.88 -105.94 134.13

-107.06 134.70

-109.14 134.84

-109.96 134.58

-111.66 133.58

-112.35 135.42

-113.05 134.61

-113.85 134.05

-114.65 135.33
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sample Depth 21py Error ZBpy, Error  #%*py  Error Z:;LPU/ ®Co ¥cs S MnO Fe,0s Al,O4
(cm) (Bg/kg) % (Bg/kg) % (Bg/kg) % Pu (Bg/kQg) (Bag/kg) (wt %) (wt %) (wt %) (wt %)
PH7/1 -0,5 0.212 37.3 11.3 1.185 0.03 55 11.99
PH7/2 -2 41.8 5.2 0.6 7.6 2.4 3.9 0.213 36.9 11.4 1.091 0.03 5.22 11.17
PH7/3 -4 0.225 50.1 13.4 1.002 0.03 5.13 11.3
PH7/4 -6 56.9 5.4 0.7 9.0 3.7 3.9 0.228 54.5 19.4 1.078 0.03 5.29 11.98
PH7/5 -8 0.223 48.7 20.3 1.202 0.03 5.45 12.32
PH7/6 -10 n.a. n.a. 1.2 13.3 5.5 6.3 0.213 31.3 20.5 1.29 0.03 5.49 12.1
PH7/7 -12 0.184 21.5 19.7 1.306 0.03 5.46 11.9
PH7/8 -14 41.2 4.7 0.5 7.0 34 2.8 0.180 10.0 19.6 1.363 0.03 5.55 12.04
PH7/9 -16 0.175 7.7 21.9 1.431 0.03 5.44 11.87
PH7/10 -18 13.8 7.6 0.1 23.7 1.6 6.6 0.171 3.7 20.3 1.407 0.03 5.37 11.65
PH7/11 -20 0.161 0.0 22.0 1.364 0.03 5.37 11.36
PH7/12 -22 12.3 8.3 0.1 34.3 1.9 8.6 0.169 0.0 18.9 1.478 0.03 5.26 11.31
PH7/13 -24 0.185 0.4 21.9 1.461 0.03 5.11 11.27
PH7/14 -26 11.6 6.9 0.1 23.7 1.1 51 0.184 1.2 18.4 1.588 0.03 5.31 11.78
PH7/15 -28 0.186 0.0 12.4 1.599 0.03 5.34 12.1
PH7/16 -30 1.9 8.8 0.0 41.7 0.9 9.1 0.233 1.4 11.0 1.758 0.03 5.33 11.89
PH7/17 -32 0.202 0.0 9.1 1.807 0.03 5.2 11.93
PH7/18 -34 2.6 8.7 0.0 30.2 0.3 12.2 0.212 0.0 5.4 1.95 0.03 54 12.65
PH7/19 -36 0.188 0.0 b.d. 2.085 0.03 5.69 12.81
PH7/20 -38 6.9 7.4 0.1 22.1 0.2 13.1 0.211 0.0 b.d. 2.191 0.03 5.75 12.65
PH7/21 -40 0.196 0.0 b.d. 2.253 0.03 5.75 12.69

Table A.8 Radionuclide and geochemical data for Pé® sediment core (Chapter 5)
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Appendix

Table A.9 U and Pu data for the AWE survey (West Brkshire) * (Chapter 6)

. ; 239.240p 240 | 239 238, 235 Deviation
Sample code Eastings Northings Bq/kg dry Pu/~°Pu u/~u 83s.e  ¢om natural
001 457980 162710 2.17 n.a. 138.01 0.47
002 458040 162720 12.39 n.a. 135.43 0.32 -2.45
003 458080 162730 4.32 n.a. 135.80 0.26 -2.08
004 458120 162740 2.23 n.a. 137.39 0.27 -0.49
005 458160 162750 4.09 n.a. 136.48 0.33 -1.4
006 458060 162770 1.02 n.a. 138.24 0.24
007 458070 162750 5.00 n.a. 139.22 0.27 1.34
008 458090 162710 1.77 n.a. 136.84 0.28 -1.04
009 458050 162650 5.29 0.176 131.91 0.35 -5.97
010 458110 162640 4.86 0.149 128.02 0.34 -9.86
011 458090 162610 0.36 n.a. 140.23 0.42 2.35
012 468630 169040 0.43 n.a. 137.63 0.29
014 468700 168850 0.57 n.a. 137.60 0.29
017 468190 168890 0.48 n.a. 137.66 0.22
018 468230 168790 0.64 n.a. 137.54 0.36
019 468300 168680 1.48 n.a. 137.46 0.31 -0.42
022 467110 169450 0.88 n.a. 138.00 0.78
023 467020 169410 0.50 n.a. 138.30 0.70 0.42
025 465690 169690 0.46 n.a. 137.80 0.20
026 465330 169590 0.41 n.a. 137.61 0.28
028 464080 166370 1.98 n.a. 138.49 0.33 0.61
029 463580 166300 1.27 n.a. 139.63 0.31 1.75
030 463880 165860 5.74 0.181 138.49 0.28 0.61
031 462610 166180 0.75 n.a. 137.90 0.27
032 463040 166220 1.15 n.a. 138.04 0.31
033 463490 165690 2.15 n.a. 139.13 0.25 1.25
034 463180 165380 2.46 n.a. 140.30 0.66 2.42
035 463410 165200 0.34 n.a. 138.36 1.21 0.48
036 463520 164900 0.10 n.a. 137.96 0.32
037 463850 164590 0.14 n.a. 137.46 0.78 -0.42
038 463010 164950 5.04 n.a. 139.44 0.26 1.56
041 463300 164600 5.17 0.176 139.67 0.72 1.79
042 462810 164730 7.17 0.175 140.22 0.39 2.34
044 462340 164500 0.34 n.a. 137.77 0.23
045 462290 164190 0.44 n.a. 138.03 0.27
046 462440 164020 2.14 n.a. 138.74 0.38 0.86
047 462190 163990 4.10 n.a. 138.76 0.24 0.88
048 461970 163830 5.21 0.162 138.96 0.42 1.08
049 461820 163600 6.96 0.167 143.49 0.35 5.61
050 462140 163610 1.45 n.a. 141.05 0.34 3.17
051 462780 163520 1.53 n.a. 138.22 0.24
052 462770 163820 3.78 n.a. 139.95 0.56 2.07
053 462310 162830 4.64 0.175 141.27 0.83 3.39
054 462150 163300 2.42 n.a. 139.79 0.30 1.91
055 462470 163420 3.29 n.a. 138.24 0.30
056 461110 161030 2.58 n.a. 138.02 0.29
057 461430 161290 4.02 0.170 143.12 0.46 5.24
058 461830 161730 0.54 n.a. 137.85 0.24
059 461590 160880 0.45 n.a. 137.03 0.33 -0.85
060 461240 160430 1.51 n.a. 138.17 0.24
061 462080 160430 0.58 n.a. 138.05 0.34
062 462260 161480 0.91 n.a. 138.27 0.29
063 461240 161500 1.33 n.a. 138.51 0.41 0.63
064 456150 161300 0.43 n.a. 137.38 0.47 -0.5
065 456630 160870 1.94 n.a. 137.93 0.25
066 456820 161400 0.55 n.a. 137.74 0.30
067 457420 161980 0.64 n.a. 137.93 0.25
068 457000 162160 1.89 n.a. 137.95 0.33
070 456650 161860 0.66 n.a. 137.61 0.30
071 456240 162000 0.39 n.a. 137.97 0.44
074 425450 117350 2.39 n.a. 138.09 0.32
076 420500 128400 1.24 n.a. 138.10 0.20
079 422400 160400 0.41 n.a. 137.77 0.22
082 421500 168200 0.66 n.a. 138.02 0.23
082 421500 168200 0.54 n.a. 137.89 0.32
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Appendix

AWE Data (West Berkshire)cont.

Sample code  Eastings Northings 289240p 240p, /239py, 238§ 235 ) 3s.e. Deviation
Bg/kg dry from natural
085 421400 167300 0.59 n.a. 138.01 0.28
087 458400 167500 0.40 n.a. 137.83 0.28
088 452300 180300 0.34 n.a. 137.98 0.36
090 455400 177200 0.90 n.a. 138.05 0.23
093 459600 173500 1.72 n.a. 138.16 0.31
097 465500 169700 0.46 n.a. 137.97 0.25
104 468800 169000 0.45 n.a. 138.03 0.32
107 453600 185800 0.39 n.a. 137.71 0.18
Al 459850 164700 0.52 0.151 138.04 0.21
A2 459150 165700 0.12 n.a. 137.91 0.21
A3 458940 166780 0.33 n.a. 138.00 0.21
A4 459850 167460 0.10 n.a. 137.98 0.21
A5 459180 168280 0.80 n.a. 137.81 0.21
A5 459180 168280 0.27 n.a. 137.97 0.21
B1 460350 164760 0.82 n.a. 138.84 0.21 0.96
B2 460810 164850 0.87 0.167 138.42 0.21 0.54
B3 461800 166140 0.32 n.a. 137.96 0.21
B3 461800 166140 0.27 n.a. 138.00 0.21
B4 462170 166140 0.66 n.a. 139.73 0.21 1.85
B5 462930 167260 0.65 n.a. 138.22 0.21 0.34
c2 461430 163470 0.78 0.191 139.01 0.21 1.13
C3 462500 163500 2.97 0.135 141.52 0.21 3.64
C4 463500 163500 0.34 n.a. 138.08 0.21
C5 464300 163500 0.52 n.a. 137.90 0.21
C5 464300 163500 0.28 n.a. 137.98 0.21
D1 460140 162660 0.11 n.a. 138.74 0.21 0.86
D2 460900 161900 0.31 n.a. 137.90 0.21
D3 461500 161100 1.49 n.a. 138.00 0.21
D4 462300 160500 0.59 n.a. 138.16 0.21 0.28
D5 463100 159800 0.81 n.a. 137.96 0.21
El 459500 162400 0.23 0.133 138.47 0.21 0.59
E2 459600 161300 2.00 n.a. 138.10 0.21 0.22
E3 459800 160300 0.65 n.a. 137.96 0.21
E4 459600 159400 0.55 n.a. 137.94 0.21
E5 459500 158400 0.35 n.a. 138.07 0.21
F1 458800 162600 0.44 n.a. 144.44 0.21 6.56
F2 458200 161800 0.85 n.a. 138.13 0.21 0.25
F3 457500 161300 0.28 n.a. 138.06 0.21
F4 456700 160500 0.42 n.a. 137.86 0.21
F5 456200 159700 0.17 n.a. 137.89 0.21
Gl 458500 163200 5.57 0.134 129.90 0.21 -7.98
G2 457600 163300 2.35 0.178 138.13 0.21 0.25
G3 456800 163400 0.19 n.a. 137.39 0.21 -0.49
G4 455400 163360 0.31 n.a. 137.98 0.21
G5 454330 163340 0.15 n.a. 137.97 0.21
H1 458800 164100 0.19 n.a. 137.94 0.21
H2 458000 164700 0.41 n.a. 138.03 0.21
H3 457200 165500 0.13 n.a. 138.00 0.21
H4 456700 166200 1.36 n.a. 137.91 0.21
H5 455450 167270 0.15 n.a. 137.73 0.21
BAl 467472 169065 0.22 n.a. 137.50 0.21 -0.38
BA2 467850 170048 0.25 n.a. 137.93 0.21
BA3 467640 170832 0.21 n.a. 138.02 0.21
BA4 467882 171882 0.16 n.a. 137.91 0.21
BA5 467554 172744 0.11 n.a. 138.09 0.21 0.21
BB1 468815 168537 0.53 n.a. 137.44 0.21 -0.44
BB2 469227 169298 0.09 n.a. 137.97 0.21
BB3 469789 170070 0.64 n.a. 136.84 0.21 -1.04
BB4 470710 170841 0.04 n.a. 137.92 0.21
BB5 471400 171300 0.41 0.176 137.86 0.21
BC1 468750 167680 0.29 n.a. 137.86 0.21
BC2 469930 167670 0.27 n.a. 137.81 0.21
BC3 470800 167700 0.09 n.a. 137.97 0.21
BC4 472400 167500 0.10 n.a. 137.90 0.21
BD1 468600 167300 0.54 n.a. 137.88 0.21
BD2 469320 166720 0.53 n.a. 137.93 0.21
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AWE Data (West Berkshire)cont.

Sample code  Eastings Northings 289240p 240p, /239py, 238§ 235 ) 3s.e. Deviation
Bg/kg dry from natural

BD3 470210 166020 0.16 n.a. 137.76 0.21

BD4 470320 165010 0.40 n.a. 137.89 0.21

BD5 471300 164490 0.79 n.a. 137.84 0.21

BE1 467800 166750 0.17 n.a. 137.90 0.21

BE2 467700 165700 0.13 n.a. 137.93 0.21

BE3 467700 164600 0.31 0.188 138.03 0.21

BE4 467800 163800 0.49 0.187 137.98 0.21

BE5 467900 163100 0.17 0.192 137.93 0.21

BF1 466800 167050 0.35 0.174 137.96 0.21

BF2 466450 166500 0.68 0.192 137.91 0.21

BF3 465650 165750 0.64 0.178 137.97 0.21

BF4 464850 165200 11.21 0.176 138.31 0.21 0.43
BF5 464300 164400 0.28 0.190 137.64 0.21 -0.24
BG1 466100 167600 0.54 n.a. 138.05 0.21

BG2 466000 167800 0.22 n.a. 137.89 0.21

BG2 466000 167800 0.28 n.a. 137.94 0.21

BG3 464800 167700 0.76 n.a. 137.93 0.21

BG4 464000 168000 0.30 n.a. 137.82 0.21

BH1 466700 168400 0.31 n.a. 137.89 0.21

BH2 466500 169100 0.22 n.a. 137.80 0.21

BH3 465600 169800 0.00 n.a. 137.87 0.21

CAl 425510 167160 0.47 n.a. 137.96 0.21

CA5 425200 171100 1.39 0.188 137.89 0.21

CB4 428029 169055 0.76 n.a. 137.91 0.21

CC1 426500 166100 0.39 n.a. 137.91 0.21

CC3 428200 166200 0.32 n.a. 137.98 0.21

CC5 430400 165800 0.56 n.a. 137.88 0.21

CD2 427000 165000 0.40 n.a. 137.70 0.21

CD4 428400 163400 0.80 n.a. 137.99 0.21

CEl 425400 165000 0.44 0.193 137.88 0.21

CE2 425800 163100 0.76 n.a. 137.85 0.21

CE3 425400 160900 0.50 n.a. 137.87 0.21

CF1 424000 164500 1.29 0.188 137.99 0.21

CF2 422500 163200 0.22 n.a. 137.87 0.21

CG1 424300 166000 1.20 n.a. 137.95 0.21

CG3 420500 166100 10.87 0.186 137.93 0.21

CH1 424000 167500 0.72 n.a. 137.98 0.21

CH2 422300 169000 0.54 n.a. 137.97 0.21

AS1 461700 163600 4.45 0.059 140.80 0.21 2.92
AS2 461700 163850 18.23 0.186 139.53 0.21 1.65
AS3 461800 162750 6.29 0.083 144.18 0.21 6.3
AS4 461200 163500 2.46 0.045 137.08 0.21 -0.8
AT1/1 461327 163795 0.30 n.a. 137.96 0.21
AT1/2 461393 163790 0.10 n.a. 137.89 0.21
AT1/3 461479 163756 0.08 n.a. 137.83 0.21
AT1/4 461553 163737 0.60 0.082 137.88 0.21
AT1/5 461567 163730 1.28 n.a. 138.34 0.21 0.46
AT1/6 461597 163720 2.13 0.163 141.46 0.21 3.58
AT2/1 461533 164571 0.36 n.a. 137.94 0.21
AT2/2 461540 164600 0.39 n.a. 137.94 0.21
AT2/3 461550 164630 3.43 n.a. 137.89 0.21
AT2/4 461560 164660 2.68 0.175 140.05 0.21 2.17
AT2/5 461570 164770 1.38 0.167 139.44 0.21 1.56
AT2/6 461580 164750 2.05 0.179 138.54 0.21 0.66

M1 464700 165100 0.31 n.a. 138.29 0.21 0.41

M2 464690 165110 1.99 0.176 138.44 0.21 0.56

M3 464660 165100 2.67 0.180 137.85 0.21

PF1 461700 162100 151 0.178 139.35 0.21 1.47
PF2 461800 161500 0.50 n.a. 137.90 0.21

PF3 461500 160900 1.62 n.a. 138.00 0.21

PF4 462100 160500 0.74 n.a. 137.98 0.21

PF5 461000 160300 0.35 n.a. 137.93 0.21

WC1 458200 162800 1.34 0.165 136.84 0.21 -1.04
WC2 458600 163000 0.39 n.a. 137.55 0.21 -0.33
WC3 458450 163200 0.41 n.a. 137.96 0.21

WC4 458100 163000 4.80 0.164 131.28 0.21 -6.6
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AWE Data (West Berkshire)cont.

. ; 239.240p 240 | 239 238, 235 Deviation
Sample code Eastings Northings Bq/kg dry Pu/~°Pu u/~u 83s.e  ¢om natural
WC5 458250 162600 3.93 0.170 136.33 0.21 -1.55
WC6 459000 163500 3.35 0.068 134.44 0.21 -3.44
516 422500 168200 0.89 n.a. 137.89 0.21
518 422900 165000 2.04 n.a. 138.00 0.21
520 422500 166800 0.63 n.a. 137.89 0.21
CG3 420300 166100 0.36 n.a. 137.89 0.21
1A1 437100 164900 1.02 0.171 137.95 0.21
1A3 437200 167200 0.75 n.a. 137.87 0.21
IA5 437200 169200 1.27 0.184 137.92 0.21
1B2 438800 165700 1.67 n.a. 137.80 0.21
1B4 440100 167100 0.47 0.159 137.84 0.21
IC1 438200 164300 0.73 0.198 137.92 0.21
IC3 438200 164300 0.22 n.a. 137.94 0.21
IC5 442400 164300 0.27 n.a. 137.92 0.21
D2 438700 162800 0.58 n.a. 137.92 0.21
ID4 440000 161500 0.74 n.a. 137.82 0.21
IE1 437400 161100 0.64 0.187 137.89 0.21
IE3 437300 163200 0.28 n.a. 137.92 0.21
IE5 437300 159200 0.55 n.a. 137.85 0.21
IF1 436450 163400 1.44 n.a. 137.88 0.21
IF2 434050 161300 0.46 n.a. 137.88 0.21
IG1 436150 164400 0.76 n.a. 137.89 0.21
1G2 433700 164200 0.45 n.a. 137.94 0.21
1G3 432350 164400 0.70 0.110 137.93 0.21
IH1 435450 165350 0.43 n.a. 137.89 0.21
IH2 434000 167000 0.13 n.a. 137.88 0.21
IT1/1 435600 165400 0.30 n.a. 137.88 0.21
IT1/2 435570 165400 4.48 n.a. 137.85 0.21
IT1/3 435540 165400 0.32 n.a. 137.90 0.21
IT1/4 435500 165400 0.96 0.163 137.84 0.21
IT1/5 435450 165400 0.76 n.a. 137.90 0.21

*for each sample location only the highest Pu-concentration and strongest deviation from the natural >**U/°U out of
the investigated layers is shown. More details about can be found in Croudace et al. (1999, 2000, 2001)
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Table A.10Radionuclide and geochemical data for Wyre sedimerdore (Chapter 4)

depth  #Pu  error Z*py  error *Pu/ *pu/ YCs S MnO
(cm) (Bakg) (%) (Bakg) (%)  *Pu_ *Pu_ (Bglkg) (wt%) (ppm)
-1 374 5.4 205.2 4.3 0.208 0.0090 605 0.29 1881.2
-2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.26 1573.7
-3 41.4 4.6 256.3 3.7 0.207 0.0078 753 0.21 3030.8
-4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.19 2961.5
-5 41.6 4.8 241.6 3.9 0.204 0.0081 666 0.19 2669.8
-6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.19 2098.3
-7 48.8 3.9 268.1 3.3 0.211  0.0090 750 0.18 2637.2
-8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.18 2387
-9 57.3 4.2 295.0 35 0.203  0.0089 757 0.18 2674.5
-10 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.21 2120.6
-11 61.0 4.8 319.8 4.0 0.209 0.0088 1058 0.20 2902.7
-12 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.20 2346.7
-13 70.4 3.9 374.6 3.3 0.212 0.0111 1217 0.23 2782.3
-14 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.28 2638.4
-15 91.2 4.5 461.7 3.8 0.215 0.0074 1870 0.21 1917.9
-16 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.22 1679.4
-17 129.3 3.6 636.1 3.2 0.220 0.0090 2940 0.21 1468.5
-18 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.17 1278.2
-19 135.6 4.4 694.8 4.0 0.222 0.0090 3690 0.25 11785
-20 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.28 996.8
-21 167.0 4.6 844.2 4.2 0.225 0.0096 4990 0.28 919.1
-22 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.34 896.9
-23 164.3 3.8 846.6 3.4 0.217 0.0083 5600 0.31 810.8
-24 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.28 950.5
-25 227.3 4.2 1108.1 3.9 0.218 0.0083 5690 0.33 841.9
-26 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.50 892

-27 151.8 4.2 826.5 3.7 0.202 0.0066 5970 0.66 963.2
-28 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.86 934.5
-29 222.7 4.3 1219.9 4.0 0.189 0.0064 6670 0.67 871.8
-30 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.50 898.4
-31 222.0 3.2 1259.9 3.1 0.183 0.0065 7150 0.54 860.9
-32 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.68 869.8
-33 105.0 3.9 754.1 3.6 0.163 0.0053 3530 0.68 883.5
-34 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.73 832.5
-35 92.8 4.4 903.5 3.9 0.151 0.0038 2490 0.80 785.3
-36 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.80 835.2
-37 16.3 6.7 286.9 3.9 0.123 0.0045 1540 0.76 914.1
-38 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.86 907.9
-39 13.1 6.6 237.2 3.7 0.107 0.0042 843 0.74 981.9
-41 10.6 10.3 262.4 4.3 0.103 0.0029 592 0.86 998.6
-43 8.8 8.8 263.7 35 0.097 0.0027 393 0.88 1133.2
-44 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.83 1150.9
-45 7.7 7.1 210.7 3.2 0.091 0.0036 346 1.12 1344.3
-46 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 1.23 1511.9
-47 4.3 13.2 129.0 4.4 0.074  0.0020 296 1.20 1575
-48 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 1.00 1706.8
-49 4.0 11.4 135.0 3.6 0.073 0.0022 205 1.03 1802.4
-50 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 1.11 1680.1
-51 3.1 14.0 123.3 4.0 0.068 0.0019 174 1.28 1877.3
-52 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 1.11 1817.9
-53 2.7 14.6 87.9 4.3 0.061 0.0044 169.5 1.26 1808.4
-54 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 1.32 1809.7
-55 1.2 22.2 64.4 45 0.051 0.0023 143 1.35 1795.4
-56 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 1.17 1756.7
-57 0.0 n.a. 37.1 4.3 0.048 0.0102 119.7 1.21 1909
-58 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 1.35 2205.8
-59 0.8 25.5 40.1 4.8 0.034 0.0020 109.7 1.26 1928.8
-60 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 1.33 1827.5
-61 0.6 31.2 52.0 4.7 0.060 0.0048 130.7 1.16 1541.8
-62 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 1.39 1732.2
-63 0.5 24.7 42.6 4.0 0.035 0.0038 189 1.25 1806.1
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Plutonium isotope ratios have been determined on solutions with concentrations covering four orders of
magnitude, 100 fgml™! to 600 pg ml™", using multicollector ICP-MS (Micromass IsoProbe). Discrimination
between different sources of anthropogenic plutonium requires both precise and accurate isotope ratio
determination at environmental concentration levels. To achieve a precision of better than 1% at these
concentrations, we have developed an analytical procedure in which an equal atom **U->*3U double spike was
added to solutions to correct for drift in signal intensity between peak jump sequences. This double spike is
also used to correct for instrument mass bias during each ratio determination. Analyses were made on about

1 ml of solution which, in the case of a 100 fg ml~' sample with a fallout **°Pu/?*’Pu of about 0.18, means a
23%py content of about 80 fg in the analyte. 2*°Pu/>**Pu can be reproducibly measured to within 1.4% (2s) at
100 fg ml ™! and better than 0.3% at >3 pgml~!. Using this same technique we have also successfully measured
242pyu/2¥Pu with a precision of better than 2% on solutions containing 30 fg of **?Pu and better than 10% with

5 fg of 2*?Pu.

Introduction

Plutonium is present in the environment as a consequence of
the detonation of nuclear weapons and of authorised
discharges from nuclear installations during the second half
of the twentieth century. An additional contribution to the
global plutonium budget has come from the SNAP-9a satellite,
which has introduced ***Pu during atmospheric burn up.
Plutonium is present in varying concentrations in soils and
surface sediments as well as biota. Measurement of the more
abundant plutonium isotopes (**’Pu and >*°Pu) can provide
information on the source of contamination, be it nuclear
weapons production, weapon detonation, or reactor discharge.

Fissile ?*°Pu is present in weapons-grade plutonium at high
abundance (**°Pu/”*’Pu typically 0.05) and at much lower
abundances in mixed oxide fuels (***Pu/**°Pu approximately
0.4; Fig. 1). The isotope is also produced during detonation of
weapons and in nuclear reactors from >*3U via neutron capture
and subsequent beta decay of the resulting 2*°U
(t,=23.47min) to **°Pu. As well as being fissile, ***Pu
undergoes neutron capture, either briefly during weapons’
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Fig. 1 2*°Pu/**°Pu in potential nuclear contamination sources.
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detonation or for prolonged periods within a nuclear reactor,
to produce 2*°Pu and, through successive neutron capture, to
generate the heavier isotopes of Pu. The ratio of *°Pu/”**Pu
will therefore depend on the composition of the source material
and the subsequent irradiation history of the material. Nuclear
weapon construction requires a low 2**Pu/>**Pu (<0.07). After
detonation this ratio increases due to neutron capture, the
exact value depending on the test parameters. For this reason
the 2*°Pu/”*Pu in weapon test fallout varies between 0.10 and
0.35, the integrated test ratio being about 0.18.! Weapons grade
Pu, weapons fallout Pu and Pu produced in the nuclear fuel
cycle, therefore, have 2**Pu/**Pu ratios that are sufficiently
different to permit discrimination of the various sources.

Measurement of plutonium activity is routinely undertaken
using a number of techniques such as alpha spectrometry and
liquid scintillation counting.>® However, it is difficult to
distinguish 2*°Pu and **’Pu by these techniques due to the
similarity of their alpha energies. Measurements of plutonium
isotope ratios can be made by accelerator mass spectrometry on
samples containing < 50 fg Pu.* However, the precision of the
ratios is around + 18% and the technique is expensive and not
readily accessible.

Until recently thermal ionisation mass spectrometry (TIMS)
has been the primary method for the determination of
plutonium isotope ratios. TIMS analysis of Pu has been
achieved by ionisation from carburised filaments,>® platinum
over-plating’ or by loading on ion-exchange beads.®® With
relatively large sample loads (> 1 ng Pu), TIMS is capable of a
reproducibility of better than 0.1% (25)"'° At 200-500 fg the
reproducibility is about 1.5% (2s),>'' and about 10% at
<350 fg.°

Plasma-source mass spectrometers (ICP-MS) with single ion-
counting detectors have been used to measure plutonium
isotope ratios in environmental materials.'>'*> However,
quadrupole-based instruments do not produce sufficiently
flat-topped peaks to enable precise ratio measurement, with
precision around 5% on solutions of about 3 pgml~'. The
recent addition of a sector field mass analyser to single detector
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plasma instruments has generated more suitable peak
shapes'*!3 and resulted in more reliable ratio determinations.
A problem with plasma ionisation is the instability in signal
intensity caused either by plasma “flicker”” or by changes in the
supply rate of analyte from the nebuliser to the ion source.
Single detector instruments require that the ion beam at each
mass be sequentially jumped into the detector. Thus, peak
jumping is a limiting error on the precision of isotope ratio
measurements.

Multicollector instruments circumvent the problem of ion
beam instability by acquiring data from all required isotopes
simultaneously. Thermal ionisation mass spectrometers have
used multiple Faraday collector arrays for over 20 years, and
have been the mainstay of high-precision isotope ratio analysis.
In the mid-1990s multicollector, plasma source, sector field
instruments (MC-ICP-MS) were developed.'® These spectro-
meters combine the advantages of multiple collectors with flat-
topped peaks, sample introduction by solution and high
ionisation efficiency.

In the case of plutonium isotope measurement the amount of
the element that is available and safe for analysis is usually
quite low. Consequently, signal levels of **°Pu and ***Pu are
generally too small to be reliably measured on Faraday
collectors. Unless multiple ion-counting detectors are available,
it is necessary to revert to the determination of Pu isotope
ratios by peak jumping each mass into a single ion counting
detector, which negates the advantages of multicollection.

In this paper we present a method for plutonium isotope
ratio measurement by MC-ICP-MS involving a combination of
Faraday and ion-counting detectors to eliminate imprecision
caused by ion beam fluctuations. This method utilises a larger
reference ion beam, suitable for Faraday collector acquisition,
which is measured at the same time as each of the smaller
objective ion beams. The measurement effectively becomes
equivalent to a static multicollector analysis in which each
isotope is counted simultaneously. TIMS multicollector
analyses are generally limited to a reference isotope of the
same element as the object isotope because of the significant
influence of inter-element fractionation in the thermal source.
To measure Pu by TIMS using a reference isotope would
require spiking with a particular isotope such as ***Pu. This
would effectively rule out accurate determination of
242py/2¥Py and would require that other ratios such as
240pyy/239Py are corrected for impurities in the spike.

Multicollector ICP-MS is not restricted to corrections using
the same element for two reasons. Firstly, elements of similar
mass and ionisation efficiency respond to ion beam fluctuations
in the same fashion in a plasma source, and secondly, elements
with these similar characteristics exhibit comparable levels of
mass bias during a run due to the constant sample flux. For
example, it is possible to measure the mass bias between lead
isotopes using 2*TI-?°°T1 of known isotope ratio.'” In this
study we present a method using multicollector detection of
uranium and plutonium isotopes. We use uranium as both a
reference signal and as an in-run measure of mass bias.

Experimental
Instrumentation and reagents

Data were acquired using an IsoProbe ICP mass spectrometer
(Micromass Ltd., Withenshaw, UK) at the Southampton
Oceanography Centre, UK. The instrument comprises an
argon plasma torch ion source, a hexapole collision gas cell, a
sector magnetic field and a multicollector array of nine
Faraday detectors and an ion-counting Daly detector. The
Daly detector is positioned after a retarding potential filter
(WARP), which reduces the tail from large ion beams to
<50 ppb at 1 u on the low mass side. Sample introduction to
the argon plasma was via a desolvating nebuliser (MCN 6000,
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CETAC, Omaha, NE, USA). All samples were run using argon
as collision gas (99.9999% purity; Air Products plc, Crewe,
Cheshire, UK) admitted into the hexapole at a rate of about
1.2 ml min~".

For comparison, Pu isotope measurements were also made
using a Sector 54 (Micromass Ltd.) TIMS at the Southampton
Oceanography Centre, UK. This instrument has seven Faraday
detectors and an axial ion-counting Daly detector. Pu solutions
were loaded onto single de-gassed Re filaments either directly
with a colloidal graphite suspension, or using anion resin
beads.>¢ Reagents used in all experiments were sub-boiled (in
Teflon) nitric acid (distilled from Aristar grade HNOj3, Merck
Ltd., Poole, UK) and high purity deionised water (resistivity
higher than 18.2 MQ c¢m) produced from a USF Elga Maxima
system (USF Elga Ltd., High Wycombe, UK). All chemical
work was undertaken in a Class 100 environment.

Sensitivity, background levels and interferences

On each measurement day the instrument was tuned for
optimum sensitivity using a 100 ppt natural uranium solution.
Typical analytical conditions are given in Table 1. Sensitivity
for 28U is typically in the range 0.3-0.4V ng 'ml [3-
4%107° A pg'mi).

Minor background signals were found at all masses from m/z
239 to 242 (Table 2). After cleaning of the nebuliser, torch and
cone assembly, the signal was optimised and, with an extract
potential setting of 40%, the count rates were <50 cps for all
Pu isotopes measured [Table 2 and Fig. 2(a)].

Interferences from 2*’PbOO ™", 2%PbO0O ™ and PbClt were
examined by admitting a 20 ppb solution of NIST SRM 981 Pb
isotope standard, but no increase in signal was observed in the
plutonium mass range. A potential matrix interference on >*’Pu
is uranium hydride (***UH ™). This was investigated using Pu-
free natural uranium solutions and monitoring **®*U in a
Faraday collector and m/z 239 simultaneously in the Daly. Two
mass scans from 238.5 to 244.5 using the Daly collector are
shown in Fig. 2. The upper trace (a) is a blank solution (0.3 m
HNOs3), and the lower trace (b) a solution with 2ngml ™"
uranium and a 7.2x 107> A *%U signal. In this case the
background-subtracted signal at m/z 239 is 42x10"'7 A
(about 262cps), which results in a UH"/U" ratio of
5.8x107°+3% [2 standard error (SE)]. The average UH™/
U™ ratio is 5.5 x 1076 +30%, which is a factor of two or more
lower than results reported using similar nebulisation (MCN
6000) without a collision cell.'’>®! The results of two

Table 1 Operating conditions used on the IsoProbe MC-ICP-MS

Solution uptake rate 68 pl min !
Argon flow rates

Cool gas 14.0 1 min ™!

Auxiliary gas 1.0 1min~!

Nebuliser gas 1.03 Imin~!
Collision gas flow rate (Ar) 1.2 ml min ™!
MCN6000 sweep gas flow 2.15 1 min~!
MCNG6000 N, gas flow 0.10 I min !
Forward power 1350 W
Reflected power <10 W

Table 2 Background signal at plutonium masses. Measurements taken
a clean instrument and aspirating 2% (0.3 M) HNO;. Equivalent
concentration assumes a signal of 300 V (3x 10”3 A) pg™' ml

Signal/uV Signal/counts s~' Equivalent concentration/fg ml™!

2%py 0.75 46 25
24%py 0.33 21 1.1
241py 0.30 19 1.0
242py 0.08 5 0.3
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Fig. 2 Background mass scans m/z 238.5-244.5 admitting (a) a blank
solution (0.3 m HNO;) and (b) a solution with 2 ngml™' uranium
producing a 2*%U signal of 7.2x 10712 A (4.8 x 10® counts s !). The
resultant measured UH "/U™ ratio in this instance is 5.8 x 106 +/—3%
(2 SE).

determinations of UH*/U™" using differing U concentrations
are given in Table 3.

To achieve unbiased plutonium isotope ratios at ultra-trace
Pu concentrations, it is essential to correct for the uranium
interference at m/z 239. If UH ™ is not corrected for, it results in
low 2*Pu/*Pu and ***Pu/*°Pu ratios in samples with
28U/2°Pu >1000. For example, a sample with approximately
78 fg ml~! °Pu and approximately 200 pg ml~! U will have
too low a 2*°Pu/**Pu ratio by about 1.5%. An additional
interference at m/z 239 is tailing from >*®U. Abundance
sensitivity behind the WARP filter is about 50 ppb at 1 u on the
low mass side of a peak, but is about 200 ppb at 1 u on the high
mass side. The low mass tail is reduced because the WARP
filter eliminates lower energy ions caused by collisions, which
would normally appear on the low mass side of the peak. Thus,
the combined UH* and 2*¥U tail produces a signal at m/z 239
equivalent to about 5.7 ppm of the >**U ion beam for an
average level of hydride formation. In this study the magnitude
of the correction was determined three times during an analysis
period (every 2h) by measuring a 1x 1071 A 2¥U beam.
During each analysis, U was monitored by a Faraday
collector and a UH /U and ***U tail correction was applied to
%Py using the previously determined UH/U and tail
determination. To minimise the correction and hence the
propagated error, the >*U concentration in the measurement
solution is required to be <200 pgml~'. This can be achieved
by chemical separation of U from Pu, with a uranium
decontamination factor of >10° (atoms of U in final
solution/atoms of U in starting material), assuming soil or
sediment samples contain 2 pg g~ ' of uranium and 0.2 pg g~
of plutonium [equivalent to 646 uBq g~ ! 2**2*Py and a (U/
Pu)aciiviey =79, assuming 240py/2¥py =0.18].

Table 3 Levels of UH" at m/z 239 at three different uranium
concentrations on different days. All signals are blank subtracted.
Counts at m/z 239 are corrected for a >**U tail of 200 ppb, which is
reckoned as 0.32 times the counts measured at mi/z 238.5.
1V=1x10"'" A ion current

Nominal U B8y signal/ 239 signal/ BSUH/
content/ng ml ™! v counts s~ ! (uV) 28y

2 0.72 262 (4.2) 5.80x10°¢
12 5.25 1707 (27.3) 5.00% 10
25 9.50 3177 (50.8) 5.15%10°

Table 4 Isotope ratios and concentration of the Southampton
25U +233U double spike (DSU1). Ratios calibrated by static Faraday
measurement by TIMS against natural uranium and NIST SRM U500.
Concentration measured by TIMS isotope dilution against interna-
tional rock standards. Pu contaminants measured using MC-ICP-MS
on a 38 ngml~! DSUI solution

B8y P3y 0.06002 +0.00009 25 n=12
25336 0.000418 +0.000002 2s n=12
Bay vy 0.002400 +0.000007 2s n=12
Loy By 0.98725 +0.00024 2s n=12
239py/3oy 0.00000183 +2% 2sn=3

240py 236y 0.000 000098 +4% 2sn=3
Concentration/pg g~ ! 2.2306 +0.0008 2s n=06

Measurement systematics

An equal atom 2*U/”**U double spike (SOC DSUI, Table 4)
was added to the samples for two purposes: to correct for
instrumental mass bias; and to correct for instrument drift
between Daly peak-jumps.

The use of a 2°U/?3U double spike as a drift and bias
monitor has the advantage of not introducing significant
Z8UH™ interference on **Pu (DSU1 ~3% 2*%U, Table 4),
and, unlike the 2**U/**U ratio, can be relied upon to have a
consistent ratio in environmentally contaminated samples.
Furthermore, since the 2*°U/”*U is approximately 1 in the
double spike, the ratio can be measured at optimum precision.
The double spike contains small quantities of plutonium
(Table 4) that can be corrected for using the in-run U
measurements.

Pu isotope measurements in this study were made using a
combination of Daly and Faraday detectors in a peak-jump
sequence. Pu isotope masses were measured with the Daly
detector in the sequence ***Pu—>*’Pu—>**Pu. Faraday collec-
tors were positioned at 3, 4 and 6 mass units lighter than Pu to
receive the uranium ion beams, as shown in Fig. 3. Each
sequence was counted for 5, with a delay of 2 s before data
acquisition after each mass jump. 50 cycles of the peak jump
sequences were taken, each analysis lasting for about 18 min,
during which about 1 ml of sample solution was aspirated.

In this detector array 2*®U can be measured in a Faraday
detector at the same time as 2*°Pu, 2*°Pu and ?*’Pu. As the
fluctuations in signal intensity caused by plasma instability or
ion beam drift will affect uranium and plutonium to the same
degree, normalisation of each plutonium isotope to a
simultaneously measured ***U ion beam effectively eliminates
this source of error. Efficiencies of the Faraday detectors were
found to differ by <0.02%, and are thus a negligible source of
error. 28U is measured in low 2 Faraday during sequence 2,
which is then used to calculate UH* and 2**U tailing at m/z
239. During the second sequence 22°U is received in low 1
Faraday while low 3 detects >**U. From this static measure-

Sequence Sequence Sequence
1 2 3

Axial Daly 240 239 242

237y (236, (239

(236 ] 35 238

Low 1 Faraday

Low 2 Faraday

Low 3 Faraday [eED) 233J | 236

Fig. 3 Collector and peak jump array for measurement of plutonium
and uranium isotopes. Circled 236 measurements are used for beam
intensity normalisation and boxed 233 is used in conjunction with 236
in sequence 2 to calculate mass bias. 238 in sequence 3 is used to
calculate UH™ interference on **Pu.
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ment an in-run 2°U/23U value is determined to calculate
instrumental mass bias. 2**Pu/**°Pu and 2**Pu/**°Pu are
corrected for signal fluctuation and a linear mass bias using
eqns. (1) and (2), where the subscript t=corrected ratio,
2365;=2°U  measured in sequence 3, etc., and
0.98725=2%U/”*U of the double spike.

(@) B {24051 y 23652]
239/, 239, © 236,
y [ . { (0,98725 x 233,

236,

o

236, | [0.98725x233,,
236, 236,,

242\ 242,
(@)f {23952 x &)

Correction for mass bias using an exponential law was also
made using eqns. (3) and (4):

240\ _[(240,\ (236, /240.054 4 )
239/, [\239,/,, " \236, 239.052

242\ _[(242,\ (236, /242.059 4 @
239/, [\239,/,, " \236, 239.052

where:

1 [236.,/233,
g L 098725
n {236.046}
In

233.040

The exponentially corrected results are higher by about 0.008%
and are thus essentially identical to those corrected by linear
law.

The validity of using uranium to correct for plutonium mass
bias has been verified by static Faraday measurements of a
mixture of a 2**Pu/***Pu equal atom standard (UK-Pu-5, AEA
Technology, Harwell, Oxfordshire, UK) with our 2*¢U/?**U
double spike (Fig. 4). The results indicate that the mass bias
factors for each element are within 0.01% u ™", which should be
the maximum error on the 2**Pu/***Pu and equates to 0.03%
error on 2**Pu/*°Pu.

For samples with Pu >200 pgml ', signal levels of the less
abundant Pu isotopes could be reliably measured on Faraday
collectors. Such solutions were analysed using six Faradays,
simultaneously receiving masses 233, 235, 236, 238, 239, 240
and 242.

TIMS measurements were made using only the Daly detector
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242Py/239Py mass bias/u-1

0.7% , , . ,
-0.7% -0.6% -0.5% -04% -0.3% -02%
2361J/233) mass bias/u~1

Fig. 4 Comparative fractionation of plutonium and uranium expressed
as linear fractionation % u~'. Mixture of equal-atom Pu standard
(*Pu/”*Pu) and equal-atom 2*°U/***U double spike measured on five
separate days using static multicollector analysis. Internal errors (2 SE)
on each measurement are smaller than symbols.
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in a 240-239-240 peak jump sequence, counting for 2 s on each
peak and measuring between 10 and 30 cycles.

Blank measurement

Blank measurements were made on 0.3 M HNOj5 on each of the
peaks and for each of the collectors in an identical array to the
dynamic sequence used for sample measurement. The analysis
time for the blank was set to be 20% of the sample analysis
time. Blank peak intensities were subtracted from the matching
sample peak intensity array. Errors in the blank measurement
were <3% 2 SE for *’Pu at count levels similar to those in
Table 2. The errors on the blank measurements indicate that
the limit of detection (3 s error on the blank) for **’Pu is
<4fgml™!, #Puis <3 fgml~! and **?Puis <3 fgml L.

Measurement solutions

To provide a plutonium solution with a similar matrix to
environmental samples, Pu was purified from 30 g of a marine
argillaceous sediment from the Irish Sea, UK (Site 112), by acid
leaching followed by 5 stages of anion-exchange chromato-
graphy. This sample was chosen to test instrumental precision
because it has a 2*°Pu/?*’Pu ratio of about 0.22, which is close
to environmental ratios from weapons fallout (about 0.18) and
spent reactor fuel (about 0.23). A 120 ml mother solution
containing 70 ng of Pu was diluted with 0.3 m HNO; into
fractions containing a range of plutonium concentrations
between 100 fgml~ ' and the mother dilution of 580 pgml'.
The uranium double spike was added to each solution to
provide a 1ngml™ ' concentration of the ***U and **U
isotopes. Addition of the double spike at this level introduces
about 60 pgml~' of Z3U.

Results and discussion

Plutonium isotope ratios for our test sample solution (Site 112),
determined using the multicollector ICP-MS, are presented in
Figs. 5 and 6. A summary of the precision and reproducibility
of the measurements is given in Table 5. 2**Pu/**°Pu and
242py/23°Py are consistent across the range of concentrations
(signal levels) with no systematic bias in the mean ratios for
each concentration range (Table 5). Internal errors, shown as 2
SE error bars in Figs. 5 and 6, increase with decreasing signal.
To assess the accuracy of the method, an equal atom Pu
standard (UK-Pu-5, AEA Technology, UK) was diluted to
10 pg ml~ ! and spiked with 2*®U/*3U at the same level as the
Site 112 solutions. As this Pu standard contains **°U
(P°U/A°Pu=0.0018704), a correction was made to the
measured >°U/”**U accordingly. Measurements were made
using the same dynamic measurement sequence used for the
Site 112 solutions. The results for UK-Pu-5 are presented in
Table 6. Both the 2*°Pu/?*’Pu and **?Pu/**°Pu ratios measured
using the dynamic Daly routine and the static Faraday
sequence are found to be within error of the recommended
value. However, it is interesting to note that both the Daly and
Faraday measurements resulted in fractionally lower value for
240py/2PPpy (about 0.18%) than the recommended value. This
could relate to the increased control on the mass bias resulting
from the simultaneous uranium measurement in this study.
For comparison, Fig. 5(b) shows the TIMS analyses for the
same Site 112 sample. The TIMS analyses were made using 1—
2 ng of plutonium, which generated 10-15 peak jump ratio
determinations. These data are uncorrected for mass fractiona-
tion, but this is expected to be <0.12% u~", and insignificant
compared to the in-run errors on these measurements, which
are about 0.5% 2 SE. 2*°Pu/?**Pu measurements made by TIMS
are all within the error range of the MC-ICP-MS data. In
general, a disadvantage of TIMS is that, at low sample levels
requiring peak-jump Daly detection, ion beam drift and signal
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Fig.5 (a) MC-ICP-MS 2*Pu/**Pu measurements for Site 112
plutonium solution plotted against ion beam intensity (**’Pu, volts).
Error bars are within run 2 SE on the 50 collected ratios. Horizontal
line is the average of all data. Approximate Pu concentrations of
solutions measured are shown at the tog of the diagram, assuming
normal instrument sensitivity. (b) TIMS 240py23py measurements for
Site 112 plutonium solution plotted against ion beam intensity (**°Pu,
volts). Sample loads are about 1-2 ng Pu. Error bars are within-run 2
SE on the 10-25 collected ratios. Dashed lines define 95% of the MC-
ICP-MS data, and solid line the mean MC-ICP-MS value.

instabilities increase the error on the ratio measurement. This is
compounded by the difficulty and inconsistency of the sample
loading technique, namely mounting resin beads on a rhenium
filament ribbon. Subtle variations in the loading characteristics
are responsible for the variable efficiency of ionisation® and
differences in amount of isotopic fractionation from sample to
sample.

A plasma ion source provides a reproducible level of
ionisation efficiency (0.2-1.0%) and consistent mass bias
between samples. These characteristics provide the platform
for precise isotope ratio measurement. In the presence of
multiple collectors, precision can be further improved by
eliminating signal fluctuation. The multicollector normalisa-
tion procedure described in this study provides a significant
improvement in analytical precision. Fig. 7 shows the differ-
ence in the internal precision (within each analysis) between the
un-normalised and double spike-normalised **°Pu/**’Pu mea-
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0.010 A

242py/239py
]
2
wm

0.0001 0.001 0.01
239pu/N

Fig. 6 MC-ICP-MS 2**Pu/**Pu measurements for Site 112 pluto-
nium solution plotted against ion beam intensity (***Pu, volts). Error
bars are within-run 2 SE on 50 ratios. Horizontal line is the average of
all data.
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Fig. 7 (a) Internal (within run) error on 2*°Pu/***Pu plotted against
23%Pu signal level. Errors are 2 SE (%) for the 50 ratios measured. Data
shown are both un-normalised and normalised to 2**U. Also shown are
the calculated counting errors (2s) on 2*°Pu/>**Pu with signal level. (b)
External (reproducibility of runs) error on 2**Pu/?**Pu plotted against
29py signal level. Errors are 2s (%) for the averages of the
concentration groups outlined in Table 5 from the un-normalised
and normalised data. Counting errors as for (a).

Table 5 2*°Pu/**°Pu and >**Pu/**Pu isotope ratios of Site 112 sediment at fg to pg ml~! concentrations. External errors quoted as 2 standard
deviations [2s (%)], average in-run errors (internal errors) are quoted as 2 standard errors (SE). Each in-run error is calculated from the 50 ratios
measured during each analysis, except the TIMS analyses, which are from 10-20 ratios

Method and Pu concentration 240py/23%py +/- 25 (%) n Average in-run 2 SE (%)
Daly: 100 fg ml ™! 0.2265 0.0031 1.36 12 1.44

Daly: 500 fg ml™! 0.2263 0.0021 0.94 13 0.66

Daly: 1-5 pgml ™! 0.2262 0.0010 0.45 22 0.32

Daly: 5-10 pgml ™ 0.2262 0.0007 0.32 7 0.18

Faraday: 100 pg ml™! 0.2262 0.0003 0.11 10 0.12

Daly: TIMS 1-2 ng 0.2264 0.0024 1.04 10 0.50

Method and Pu concentration 242py/23%py +1/- 2s (%) n Average in-run 2 SE (%)
Daly: 100 fg ml™! 0.0101 0.0027 26.9 12 7.3

Daly: 500 fg ml ™! 0.0095 0.0008 8.3 13 2.0

Daly: 1-5 pgml ™! 0.0095 0.0002 2.1 22 1.6

Daly: 5-10 pg ml™! 0.0095 0.0002 1.7 7 0.7
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Table 6 2*°Pu/>*Pu and 2**Pu/**Pu isotope ratios of UK-Pu-5. Errors
quoted as 2 standard deviations [2s (%)] for Daly measurements and as
internal error [2 standard error (SE)] for the Faraday measurement

240py2¥py +/- 2s (%) n
Recommended value 0.9662 0.0011 0.11
Daly (10 pgml™ 1) 0.9645 0.0013 0.13 7
Faraday (1 ng ml™ ") 0.9642 0.0001 0.01 1
242py2¥py +/- 2s (%) n
Recommended value 1.0253 0.0019 0.19
Daly (10 pg ml™ 1) 1.0252 0.0034 0.34 7
Faraday (1 ngml ™) 1.0250 0.0001 0.01 1

surements. At low signal levels (10-100 pV) the un-normalised
and normalised errors are similar, the normalisation providing
an improvement in precision to around 0.1-0.2%. At higher
signal levels (>200 puV) the normalised data are 2-3 times more
precise. Expected counting errors on *°Pu/?*’Pu are shown as a
curve in Fig. 7. The normalised internal errors form a curve
that approaches the level of the expected counting error,
particularly at higher signal levels (>80 puV). The reproduci-
bility of the 2*°Pu/**’Pu (external error) before and after
normalisation is also shown in Fig. 7. The un-normalised and
normalised data have similar reproducibility at 10 pV 2**Pu,
but the normalised data have a significantly smaller error for
2%py signals between 100-1000 pV (e.g., 0.45% normalised,
0.76% un-normalised).

Conclusions

Plutonium isotope ratios can be precisely measured by
multicollector sector-field ICP-MS in solutions of between
0.1 and 100 pgml~'. Reproducibility of ***Pu/**°Pu in this
concentration range is between 1.3% and 0.12% (2s). Limita-
tions of peak-jump single collector analysis common to plasma
ionisation instruments can be reduced by normalisation to a
simultaneously = measured reference peak, such as
236y, Beneficially, uranium is found to have similar mass
bias characteristics to plutonium, and hence in-run measure-
ment of *U and >**U added as a double spike can be used to
correct for mass bias on plutonium. Accurate corrections can
also be made during each analysis for UH™ interference and
28U tail at m/z 239. The sensitivity of the technique, low
consumption of the analyte and the rapid sample throughput

284 J. Anal. At. Spectrom., 2001, 16, 279-284

indicate that this technique is applicable to analysis of
environmental samples.

Acknowledgements

The IsoProbe at the SOC was funded through the PRISMS
project, EC contract SMT4-CT98-2220. The work was
improved by discussions with Patrick Turner and Dave
Churchman at Micromass.

References

1 M. Koide, K. K. Bertine, T. J. Chow and E. D. Goldberg, Earth
Planet. Sci. Lett., 1985, 72, 1.

2 C. Gasco, M. P. Anton, A. Espinosa, A. Aragon, A. Alvarez,
N. Navarro and E. Garcia-Torano, J. Radioanal. Nucl. Chem.,
1997, 222, 81.

3 Y-f. Yu, H. H. E. Bjornstad and B. Salbu, Analyst, 1992, 117, 439.

4 L.K.Fifield, A. P. Clacher, K. Morris, S. J. King, R. G. Cresswell,
J.P. Day and F. R. Livens, Nucl. Instrum. Meth. B, 1996, 117, 295.

5 R.S. Strebin Jr. and D. M. Robertson, Anal. Chim. Acta, 1977, 91,
276.

6 D. H. Smith, D. C. Duckworth, D. T. Bostick, R. M. Coleman,
R. L. McPherson and H. S. McKown, Proceedings of the 42nd
ASMS Conference on Mass Spectrometry and Allied Topics,
Chicago, 1L, 1994, 839.

7 R. E. Perrin, G. W. Knobeloch, V. M. Armijo and D. W. Efurd,
Int. J. Mass Spectrom. Ion Processes, 1985, 64, 17.

8 J. D. Fassett and W. R. Kelly, Anal. Chem., 1984, 56, 550.

9 K. O. Buesseler and J. E. Halverson, J. Environ. Radioactivity,
1987, 5, 425.

10 R. Fiedler, D. Donohue, G. Grabmueller and A. Kurosawa, Int.
J. Mass Spectrom. Ion Processes, 1994, 132, 207.

11 J. M. Kelley, L. A. Bond and T. M. Beasley, Sci. Total Environ.,
1999, 237/238, 483.

12 1. S. Becker and H.-J Dietze, Fresenius’ J. Anal. Chem., 1999, 364,
482.

13 Y. Muramatsu, S. Uchida, K. Tagami, S. Yoshida and
T. Fujikawa, J. Anal. At. Spectrom., 1999, 14, 859.

14 S. Sturup, H. Dahlgaard and S. C. Nielsen, J. Anal. At. Spectrom.,
1998, 13, 1321.

15 C.-S. Kim, C.-K. Kim, J-I. Lee and K. J. Lee, J. Anal. At
Spectrom., 2000, 15, 247.

16 A.J. Walder and P. A. Freeman, J. Anal. At. Spectrom., 1992, 7,
571.

17 T. Hirata, Analyst, 1996, 121, 1407.

18 R. Chiappini, F. Pointurier, J. C. Millies-Lacroix, G. Lepetit and
P. Hemet, Sci. Total Environ., 1999, 2371238, 269.

19 J. S. Becker, R. S. Soman, K. L. Sutton, J. A. Caruso and H.-
J. Dietze, J. Anal. At. Spectrom., 1999, 14, 933.



Appendix 10

Manuscript:

The record of uranium and plutonium isotopes in nuclear fallout at northern

temperate latitudes

Warneke T., Croudace I.W., Warwick P.E. and Taylor R.N.



Therecord of uranium and plutonium isotopesin nuclear fallout at northern
temperate latitudes
Thorsten Warneke, lan W. Croudace, Phillip E. Wakv& Rex N. Taylor
Southampton Oceanography Centre, Southampton SO14 3ZH, UK

Plutonium and uranium isotope ratios can be used to differentiate the sources of
nuclear contamination from nuclear weapon establishments !, weapons fallout 2°,
reprocessing plants, reactor or satellite accidents ®’ and in addition they provide
markers for post-1952 isotope geochronology. Using recently-developed mass
spectrometric techniques ® the first northern temperate latitude ground level record of
#0pu/>Pu and **U/**U is presented. Grass samples taken from the | ACR-Rothamsted
herbage archive in England and an ice core from Mont Blanc glacier reveal hitherto
unseen fluctuations in *®U/”*U relating mostly to nuclear testing. Plutonium
contamination originating from Nevada Desert atmospheric weapons testsin 1952 and
1953 is identified in England for the first time by its characteristic low 2*Pu/**Pu
isotope signature. Later samples (1954-68) show isotope ratios reflecting mostly

stratospheric fallout from thermonuclear tests.

Atmospheric nuclear testing occurred at severaitlons (Figure P1) mostly in the
Northern Hemisphere from 1945-1980. Until 1952naitlear tests were in the kiloton range,
with radioactive debris only penetrating the trq@uere, but the advent of sub-megaton and
above thermonuclear weapons in late-1952 led teciign of contamination into the
stratosphere. Radioactive debris from >500 kt (THduivalent) nuclear explosions
partitioned into the troposphere and stratosphecerding to particle size and the power of
the explosion. Latitude, total yield and season influenced tite of fallout from these tests.
Fine debris from small yield tests (< 100 kt) proed fallout that had a mean residence time
of less than 70 days in the troposphér&allout from large yield tests (> 500 kt), howeve
was almost wholly derived from material injectedbithe stratosphere and, though falling
mostly in the hemisphere of injection, was disttédaliglobally. The transfer of fallout from
the stratosphere to the troposphere is seasonalligdaied and occurs mostly in the late

winter and sprindthe spring peak".



Uranium and plutonium are both essential componeitsiclear weapons although
somewhat surprisingly there are no published adsoof®*®U/***U in global weapons
fallout. The two primordial isotopes of uranium &t and®**U with **®U/**U = 137.88"
and this ratio has no significant variation in matexcept in fossil natural reactors
Deviations from this ratio in environmental matéyiean therefore only be explained by the
addition of technologically-modified uranium (ervex and depleted uraniumh)Plutonium,
unlike uranium, is virtually entirely anthropogenfdn origin and its main isotopes found in
the environment®®u, #%Pu, **°Pu, *Pu and **Pu, are derived from civil and military
sources. Approximately 6 tonnes BfPu were introduced into the environment from 541
atmospheric weapon test§ having a total explosive yield of 440 megatons TN
equivalent), with 25 tests accounting for two thirdf the yield. Fallout was distributed

globally at a ~3:1 ratio between the Northern Hemése and Southern Hemispheles

Techniques based on highly sensitive multi-collect€@P-mass spectrometer
measurements enable precise determinatidffRd/*°Pu and®*U/*U in terrestrial samples
at normally-encountered environmental concentratidfor the more demanding case of
determining thé*Pu/**Pu isotope ratio, a precision of better than 1%d2dor sample
sizes of 300 fg Pu is achievable. This is approtéfgeequivalent to an activity of 1mBq for
240+23py having a typica™Puf**Pu fallout ratio of 0.18. Annual samples of 1945¢98ss,
including separate summer and autumn harvests wheatlable (IACR-Rothamsted
Archive, Hertfordshire, UK) were used to determiti€s, plutonium (alphaf;Pu/*®Pu and
23U/ U. The existence of samples from both harvestmmitant because they provide a
means of identifying the source and timing of somelear tests due to the 'spring peak'. The
first harvest samples should include stratosphatiout (from the 'spring peak’) while the
second harvest should mostly include tropospheiilodt from summer tests or residual
stratospheric fallout in the same year (Table R%)confirmation of the Rothamsted grass
record for temperate latitudes a 116-cm ice coomfiDome du Gouter (4300m), Mont

Blanc, France, shown by Vincesital **to have a good fallout record, was also investitjate

The concentration results of the current study egtesely with records of device-

1617 and radiochemical monitoring of fallotff? that took place at the time (Figure

testing
3). The main stratospheric events that dominateaties during 1952-1962 are the U.S. and
UK tests on Bikini, Eniwetok and Christmas Island 854, 1956 and 1958 and 1962 and

Soviet tests in the Arctic in 1958, 1961 and 1962November 1958 the Partial Test Ban



Treaty inhibited nuclear testing until the resuroptiof atmospheric testing first by the
U.S.S.R. in September 1961 and then by the U.8pnl 1962. The U.S. and the U.S.S.R.
finally ceased atmospheric testing in October 1862 December 1962 following the
ratification of the International Test Ban Trealysing a linear age-depth relation for the
Mont Blanc ice core th&Pu/*Pu profiles for the ice core and the Rothamstedsyeae
almost identical for the period 1955-1970. This@yagreement indicates that & u**Pu
record is generally representative of northern tae latitudes. This conclusion may not
hold for areas influenced by relatively significainbpospheric fallout derived from a
particular testing site. One of these is the Nevadaert Test site NTS where eighty-four
kiloton-range atmospheric nuclear tests were ahoig between 1951-62" (Table P1). A
1953 air sampling study of NTS-derived radioacti@bout showed northeasterly dispersal
of the test plume toward W. EuropéFigure P1). Hitherto the only record of this faiton
the UK was from measurements of beta/gamma actiivigyr carried out by UKAEA™. The
current work shows that the 1952 Rothamsted grhasse(July harvest) has*8Pu?*Pu of
0.06. This grass was harvested before the first tharmonuclear test at Eniwetok Atoll
(10.4 Mt 'Mike' shot; 31 October 1952) which hadd®®uf**Pu greater than 0.30, as inferred
from ice cores'® Similarly there were no USSR-tests in 1952 argtefore the 1952
Rothamsted ratio can only be due to fallout fror@ on more of the eight tests at the NTS
between April-June 1952. The time-lag between aaNavest and subsequent deposition in
the UK could have been as short as 5 days if deitabather conditions existétd The 1952
second harvest (Sep-Nov) sample shows no measptabdmium, which is consistent with
the records of no summer testing at the NTS. hbtsible that low ratios have been reported
in North Atlantic, Gulf of Mexico and Mississippidlia sediment$® and attributed to NTS
testing but they did not have the good time cordfdahe grass samples. Additional evidence
for tropospheridallout is also seen for later samples. For exanffteu/**Pu in the 1953
grass is 0.154 for the first cut and 0.135 for sleeond cut. Since fallout from the 1952
“Mike”-Shot had a?%Puf*Pu greater than 0.30 the lower 1953 ratios mustesemt
mixtures of tropospheric fallout and stratosphéaitout. There were no NTS tests carried
out between the two 1953 grass harvests and aatpspheric fallout*®Pu/**Pu would have
remained close to 0.30 so there must have beememtvbopospheric input. This could be
from the first Soviet thermonuclear test (Kazakhssite) that occurred in August 1953
(440kt) and this could have contributed I8Puf**Pu material to the second 1953 harvest.



Chinese and French atmospheric thermonucleartesescarried out between 1964-
1980 and 1966-1974 respectivéfyand can also be related to the ratios seen inrtes.
The small increase in the ratio during the late0E93een in N-stratosphere and Rothamsted
data must be due to Chinese tests. There are nooreg*Pu/**Pu data for this period
although stratospheric aerosol measurements exi46f75, 1977 and 1979. The Rothamsted

isotope ratio data provide a useful alternativetliis hiatus in the record.

Uranium isotope ratio data for atmospheric fallboin weapons testing have not
been previously reported, perhaps because the amallints of isotopically-altered uranium
contamination are masked by the presence of naitmaium. The variation of tH&%U/?*U
in the Rothamsted grass show three distinct negatilections (enriched U ratio) at 1952,
1958 and 1963 and two small but significant positiaflections (depleted U ratio) at
1977/78 and 1983. The two negative inflectionshiea 1958 and 1963 grass data are also
present in the ice record but no positive infleasi@re seen later in the ice core. The 1952
deviation in the Rothamsted grass, where Pu wasfag detected, is likely to have been
caused by tropospheric fallout from NTS. The 19%%iation is likely to result from a
mixture of tropospheric and stratospheric fall@stalso inferred from the Pu data, while the
1954 data can be attributed mostly to stratospHaliiout. The strongest deviations 3tiU/
2% in the grass record occur in 1958 and 1963 whiihcide with the years of greatest
atmospheric falloutrom weapons testing by the U.S. and the U.S.S9Re.measured ratios
in both cases are about 0.55% lower than the ratatep but the magnitude of the
deviations for 1958 and 1963 are greater in the tMBdanc ice. Enriched uranium isotopic
ratios in the ice persist for the whole period ighhyield atmospheric testing. It is likely that
the reason for the differences between ice and gsaes higher content of natural uranium in
the grass compared with the ice. The deplé&t&d %**U in the grass in 1977, 1978 and 1983
is probably due to a local, but presently unidéedifsource, since no evidence of depleted
ratios can be seen in the ice core. A possibleghantirely speculative source for these
very small perturbations could be from industrisés of depleted uranium and/or the testing

or fabrication of uranium-based weapofity

Acknowlegements: We are grateful to IACR Rothamsted,particularly Baul Poulton, for providing
access to their valuable grass sample and we apgrethe help of Dr Pourchet from CNRS
“Laboratoire de Glaciologie et Geophysique de liBament” Grenoble for the ice core samples.



Table P1: Nuclear test data and *°Pu/ **Pu for Rothamsted gr ass samples (1945-1957)"

Stratos- Potential tropospheric Jun-Jul Rothamsted Sep-Nov Rothamsted
pheric input harvest harvest
input
Y ear Global K azakhstan Nevada Dateof | #29%°py | *py/ | Dateof | **°pu | 2°pu/
fallout** Tests USSR Desert harvest | Bg/kg | *°Pu | harvest | Bag/kg | *Pu
20py/2py (vield) Tests USA
(yield)
1945 - 16Jul n.re - - n.r - -
(19kt)
1951 - 24Sep - 21 Jun - - 2 Oct - -
(38kt)
1952 - - 1Apr-5Jun| 19 Jun 0.05| 0.060 22 Segp - -
(104kt)
1953 | 0.33-0.34 12Aug- 17Mar- 21 Jul 0.04 | 0.154 19 | 0.08 | 0.135
10Sep 4Jun Nov
(440kt) (253kt)
1955 | 0.25-0.27| 29Jul-5Aug 18Feb- | 28 Jun 0.26 | 0.273 15 Segp 0.5 0.2
(15kt) 15May
(163kt)
1957 | 0.19-0.22| 8Mar-16Apr 28May- 18 Jun 0.19 0.16% 24 Sep 0.4 0.1
(1142kt) 70ct
22Aug- (340kt)
13Sep
(526kt)

* Only for the years where samples from both cutsentaken
* hased on Arctic and Antarctic ice core measunets@
n.r. - not recorded
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Figure P1. Locations of the main atmospheric test sites. The contou lines show thi
distribution of the Nevada Test Site fallout in 395 relative units.
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Figure P2. Yearly yields of atmospheric tests greater than 500 kt ***.
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Figure P3a. *'Cs concentration in the Rothamsted grass (Bg/kg) and deposition flux at

Milford Haven (Bg/m?yr) from AEA monitoring from 1957-1991%.

Figure P3b. 2**°Py concentration in the Rothamsted grass and in Alpineice.
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Figure P4a. *°Pu/?°Pu atom ratio in an ice core from the J-9 Ross | ce Shelf, Antarctica

18 and in the northern Stratosphere ™.

Figure P4b. *°Pu/?°Pu atom ratio in Rothamsted grass and Alpineice. Full details of the
mass spectrometer and the analytical proceduredajed for uranium and plutonium are published

elsewherd??
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Figure P5a. “*U/**U in Rothamsted grass samples. The green lines represent the boundaries

of the 3 s.d. analytical limit.

Figure P5b. *U/?U in Alpine ice from Dome du Gouter (4300m), Mont Blanc, France
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