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Abstract

It is well established that the main source of the plutonium found in marinesediments throughout the Northern
Hemisphere is global stratospheric fallout, characterized by a typical **Pu/ ?**Pu atom ratio of ~ 0.18. Measure-
ment of perturbations in this ratio at various sites which had been subjected to close-in fallout, mainly from
surface-based testing (e.g. Bikini Atoll, Nevada test site, Mururoa Atoll), has confirmed the feasibility of using this
ratio to distinguish plutonium from different fallout sources. In the present study, the 240py 7 9Py ratio has been
examined in samples of sediment (and soil) collected at Thule (Greenland) and Palomares (Spain), where accidents
involving the release and dispersion of plutonium from fractured nuclear weapons occurred in 1968 and 1966,
respectively. The 240py / 29Py ratio was measured by high-resolution alpha spectrometry and spectral deconvolution,
and confirmed in the case of the most active samples by high-resolution X-ray spectrometry. Only samples which
displayed plutonium heterogeneities, i.e. hot particles or concentrations well in excess (at least two orders of
magnitude) of those expected from global fallout, were selected for analysis. The analytical results showed that at
Thule the mean 2*°Pu/ 2°Pu atom ratio was 0.033 + 0.004 (n = 4), while at Palomares the equivalent ratio appeared
to be significantly higher at 0.056 + 0.003 (n = 4). Both ratios are indicative of low burn-up plutonium and are
consistent with those reported for weapons-grade plutonium. It is noteworthy that the mean Z8py/ PPy activity
ratio in the Thule samples, at 0.0150 + 0.0017 (n = 4), was also lower than that measured in the Palomares samples,
namely, 0.0275 + 0.0012 (n = 4). The ?*'Pu/ ***Pu ratios were similarly different. Finally, the data show, in contrast
to Palomares, that not all of the samples from the Thule accident site were contaminated with plutonium of identical
isotopic composition. © 1997 Elsevier Science B.V.
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1. Introduction

In January 1966, four plutonium-bearing nu-
clear weapons were released at an altitude of
8500 m above the Mediterranean village of Palo-
mares (Spain) following a mid-air collision
between two US aircraft, namely a B-52 bomber
and a KC-135 refuelling tanker. Although two of
the weapons were reported to have been recov-
ered intact (one from the seabed in the nearby
Gulf of Vera), the chemical explosive component
of the other two detonated on impact on land,
and plutonium and uranium were dispersed over
an area of approx. 500 ha (NEA, 1981). To date,
the quantity of plutonium released does not ap-
pear to have been published. However, allowing
for clean-up, it has been estimated that the total
residual *?*"Pu inventory is in the order of 0.1
TBq (Aarkrog, 1995). A small fraction of this
would appear to have found its way to the local
marine environment as, recently, it has been re-
ported that traces of plutonium of accident origin
have been detected in sediments from the subma-
rine canyon system situated south of the mouth of
the (dry) Almanzora river (Romero et al., 1991).
Similar traces have been found in marine algae
sampled in the vicinity of Palomares (Manjon et
al., 1995).

Two years later, a second B-52 bomber also
carrying four plutonium-bearing weapons crashed
on Arctic ice in Bylot Sound (Greenland), 11 km
west of the Thule Air Base. The plane and the
chemical explosive component of all four weapons
exploded on impact, causing the release of kilo-
gramme quantities of insoluble plutonium oxide
to the snow-pack in the locality (Risg, 1970;
Aarkrog, 1977; Facer, 1980). Although it has been
estimated that ~ 90% of the plutonium was sub-
sequently removed in the ensuing clean-up opera-
tion, residual contamination totalling an esti-
mated 1 TBq(*°**"Pu) is now known to cover a
seabed area in the order of 1000 km? (Aarkrog et
al., 1984; Smith et al., 1994).

The similarities between these accidents is ap-
parent. Both involved the dispersion of insoluble
plutonium oxide from fractured nuclear weapons
fabricated in the US, probably in the early- to
mid-1960s (Livingston et al., 1975; Aarkrog et al.,

1984; Holm et al., 1988). Both were similarly well
defined in time and space. Follow-up studies by
several researchers established the initial boun-
daries of the contamination zones at each loca-
tion (Ramos and Iranzo, 1966; Aarkrog, 1971)
and identified the #8Pu/ #%°Puy ratio character-
istic of each event (Aarkrog, 1971, 1977; Aarkrog
et al., 1984; Romero et al., 1991). Furthermore,
the presence of so-called hot particles, containing
anomalously high plutonium concentrations, was
confirmed in samples of seabed sediment from
both locations (Risg, 1970; Aarkrog et al., 1984;
Romero et al., 1991).

In this paper, we report the determination of
the *°Pu/*°Pu atom ratio by high-resolution
alpha spectrometry and spectral deconvolution in
a limited selection of sediment samples, each
containing an undetermined number of hot parti-
cles, from the Palomares and Thule zones. The
B8Py / PPy and 2*'Pu/ »°Pu ratios at both loca-
tions are also given and comparisons made with
previously published data for both sites, data for
nuclear test sites and global fallout ratios for
similar latitudes. Our principal objective in carry-
ing out these measurements was to determine,
with improved precision, the plutonium isotopic
signature of each of these source-terms.

2. Experimental

In the present exercise, sources (discs) contain-
ing plutonium plated in the course of previous
studies of sediment contamination at Palomares
(C. Gascé and J. Sanchez-Cabeza, personal com-
munications, 1994) and Thule (Aarkrog et al,
1984; Smith et al., 1994), were retrieved from our
archives and re-measured by high-resolution al-
pha spectrometry with a PIPS detector of the
highest quality (active area of 100 mm? and certi-
fied resolution of <12 keV FWHM). Prior to
re-measurement, plutonium was stripped from
each disc and re-purified to eliminate ingrown
21Am. Only discs prepared from samples which
displayed plutonium heterogeneities, i.e. hot par-
ticles, or concentrations well in excess (at least
two orders of magnitude) of those expected from
global fallout, were selected for analysis. In the
case of Palomares, two of the samples were recov-
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ered in 1991 by coring from between the 6- and
8-cm sediment horizons, approximately 5 km off-
shore at a water depth of 44 m, while the remain-
ing two were taken on land close to the village of
Palomares from what had been one of the most
heavily contaminated zones prior to clean-up. At
Thule, two of the samples were taken in 1979
from the top 3 cm of the most contaminated area
of the seabed, close to the original impact site,
while the remainder were recovered more than a
decade later between the 7- and 10-cm sediment
horizons in the same area.

The complex #*20Py muitiplet was unfolded
using a simple deconvolution technique based on
commercially-available software (MicroSAMPO)
originally developed for gamma spectrometry
(Aarnio et al., 1987). Full details of the technique
have been described elsewhere (Leén Vintrd et
al., 1996). Suffice, that in our approach the analyt-
ical or peak-shape function is defined (for each
spectrum) by fitting a modified gaussian function
with left- and right-handed exponential tails to
the partially resolved ***Pu doublet (used as
tracer) and, if present, the Z®Pu doublet. The
peaks so fitted are used to create an energy
calibration file with which, using published energy
data, the positions (in channels) of the compo-
nent peaks of the #°?*'Pu multiplet are pre-
dicted. These positions are not altered subse-
quently when MicroSAMPOQO’s interactive multi-
plet analysis facility is employed to quantify the
relative spectral intensities of the component
peaks (Fig. 1). The *°Pu/?°Pu ratio is then
readily determined from the fitted areas after
applying a small correction (~ 1%) for the coinci-
dence summing of alpha particles and conversion
electrons. Although not essential, this correction
leads to an improvement in the agreement
between the measured alpha-emission probabili-
ties and published values. Such agreement repre-
sents a useful test of the efficacy of the method.

In the case of the most active (> 5 Bq) sam-
ples, the ratio was confirmed by measuring the
Lx/a-ray activity ratio using the method of Ko-
mura et al. (1984). Finally, the *!Pu/ »°Pu ratio
was determined in most of the samples by the
technique of supported-disc liquid scintillation
counting (Ryan et al., 1993; Condren et al., 1996).

Note that all ratios have been decay corrected to
the respective accident dates.

3. Results and discussion

It has been shown that the main source of the
plutonium found in marine sediments throughout
the Northern Hemisphere, well removed from the
influence of local sources, is global stratospheric
fallout, characterized by a typical *°Pu/?°Pu
atom ratio of 0.18 + 0.01 (Buesseler and
Sholkowitz, 1987). As one might expect, this value
is indistinguishable from the global fallout mean
of 0.176 £ 0.014 established following a worldwide
survey of terrestrial soils in 1970-1971 (Krey et
al., 1976).

In contrast, the mean *Pu/ #*°Pu atom ratio
observed in this study of marine sediments and
soils containing hot particles sampled in the vicin-
ity of Palomares was 0.056 + 0.003 (Table 1), while
the corresponding ratio for Thule, with one im-
portant exception, was considerably lower at
0.033 £ 0.004 (Table 2). It is noteworthy that the
exception (Sample 1) gave a ratio of 0.055 + 0.002
which, clearly, is indistinguishable from the Palo-
mares mean. High-resolution X-ray spectrometry
on this, our most active sample from Thule, pro-
vided confirmation of this result, giving 0.064 +
0.008. A similar measurement on sediment (Sam-
ple 1 from Palomares gave an almost identical
result, namely 0.054 + 0.004. These values are in
good agreement with the value of 0.058 + 0.008
reported for a sample of sediment from Thule by
Komura et al. (1984), who also used X-ray spec-
trometry. Somewhat lower values have been
recorded in three samples from Thule by Kolb
and Arnold (1993), using a similar technique
(Arnold and Kolb, 1995).

Statistically, the samples from Palomares are
isotopically identical, whereas this is evidently not
the case at Thule. In summary, our admittedly
limited data would appear to suggest that not all
of the weapons involved in the Thule accident
contained plutonium of identical isotopic compo-
sition. Although unlikely, we can not exclude the
possibility that the isotopic homogeneity observed
in the samples from Palomares is related to fac-
tors other than the isotopic composition of the
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Fig. 1. Unfolding the #°?**Pu multiplet. The spectrum shown is that of Sediment Sample 1 from Thule recorded at an energy
dispersion of 3.4keV /channel (note that the ordinate is non-linear, being a square-root scale). The listed energies of the component
peaks are 5105.5, 5123.7, 5143.8, 5156.7 and 5168.2 keV (components with relative intensities < 0.1% are not considered in the

fitting).

two weapons which reportedly disintegrated on
impact with the ground approximately 2.5 km
apart (Iranzo et al., 1987).

Overall, our #°Pu/ Z?Pu data are virtually in-
distinguishable from those reported for samples
from low-yield nuclear weapons (and safety shots)
test-sites. For example, a 2°Pu/ ®°Pu ratio of
~ 0.0315 + 0.0004 has been measured at Mu-
ruroa Atoll (Le6n Vintrd et al., 1996), while a
mean of 0.035 has been reported for the Nevada
test site (Krey et al., 1976). Similar values have
been reported at former UK nuclear weapons test
sites in Australia (Burns et al., 1994). Further,
measurements on surface soil collected in 1979
from the Nishiyama area in Nagasaki gave a ratio
of 0.042 +0.014 (Komura et al, 1984). The
Nishiyama area had been heavily contaminated,

having been subjected to ‘black rain’ precipitation
shortly after the nuclear weapon explosion of 9
August1945. Clearly, the measured *°Pu/ *°Py
ratios are typical of much of the weapons-grade
plutonium produced in western countries since
the mid-1940s and are quite distinct from the
global fallout ratio of ~ 0.18 (Krey et al., 1976;
Buesseler and Sholkowitz, 1987).

The mean *Pu/?°Pu activity ratio in the
Thule samples was found to be 0.0150 + 0.0017
(Samples 2-5), while the corresponding ratio in
the Palomares samples was 0.0275 £ 0.0012, in
broad agreement with previously published data
for both zones (Aarkrog et al., 1984; Holm et al.,
1988; Romero et al., 1991). These values are
clearly inferior to the cumulative (through 1971)
global fallout means of 0.041 and 0.061 reported
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Table 1

Plutonium isotopic ratios in contaminated Palomares sediment and soil sampled in 1991. Quoted uncertainties are 1 S.D. (reference
date: 17 January 1966)

Sample B9240p, u0py /29py u0py 29py B8py 29py
coordinates (Bg)* atom ratio activity ratio activity ratio
1991
Sediment 1 8.6 0.059 + 0.003 0.219 £+ 0.010 0.0271 + 0.0012
37°10'N 01°49'W
Sediment 2 15 0.057 £ 0.002 0.209 + 0.008 0.0266 + 0.0010
37°10'N 01°49'W
1991
Soil 1 7.6 0.052 £+ 0.001 0.192 + 0.004 0.0269 4 0.0007

37°15'N 01°52'W

Soil 2 28 0.055 + 0.002 0.203 + 0.007 0.0292 + 0.0014
37°15'N 01°52'W

Mean (n = 4) — 0.056 + 0.003 0.206 + 0.011 0.0275 + 0.0012

? The activity on each disc.

Table 2
Plutonium isotopic ratios in contaminated Thule sediment sampled in 1979 and 1991. Quoted uncertainties are 1 S.D. (reference
date: 21 January 1968)

Sample B92U0p, Hop, 239py u0p,, 239py 28py 29py
coordinates (Bg)?* atom ratio activity ratio activity ratio
1979

Sediment 1 5.9 0.055 + 0.002 0.202 + 0.006 0.0248 + 0.0007

76°30'N 69°25'W

Sediment 2 0.6 0.037 + 0.003 0.137 + 0.009 0.0171 + 0.0006
76°31'N 69°17'W

1991
Sediment 3 24 0.029 + 0.001 0.107 + 0.003 0.0131 1 0.0004
76°31'N 69°17'W

Sediment 4 14 0.031 £ 0.002 0.113 + 0.009 0.0144 + 0.0006
76°31'N 69°17'W

Sediment 5 0.8 0.034 £+ 0.001 0.125 + 0.003 0.0155 + 0.0006
76°31'N 69°17'W

Mean (n=4) - 0.033 + 0.004 0.121 + 0.013 0.0150 £ 0.0017
Samples 25

# The activity on each disc.
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for the latitude bands 70-80°N and 30-40°N,
respectively (Hardy et al., 1973; Krey et al., 1976;
Perkins and Thomas, 1980). Again, the
8Py / %Py activity ratio in the atypical sample
from Thule (Sediment 1) was statistically indistin-
guishable from the mean Palomares ratio. Similar
differences were found in the case of the
#1Pu/ B9Pu activity ratio, where the respective
means were 2.3+ 0.9 (Thule Samples 2-5) and
6.1 + 0.5 (Palomares Samples 1-2), with the atyp-
ical sample from Thule giving 4.1 + 0.2.

Although small, these differences are signifi-
cant and more than likely reflect variations in the
conditions under which the plutonium was origi-
nally produced (type of reactor, operating history,
integrated neutron flux, etc.). This may be the
explanation for the considerable scatter in the
values of the Z®Pu/ #%20Py ratio reported by
previous researchers in samples of sediment and
biota from the Thule impact zone (Aarkrog, 1971,
1977; Aarkrog et al., 1984; Risg, 1988; Kolb and
Arnold, 1993). Again, we stress that in each of the
samples analysed in this study, the contribution
from global fallout was insignificant being less,
and in most cases much less, than 1%.

Finally, the mass isotopic composition of the
plutonium in the samples from Palomares and
Thule is given in Table 3. Note that in all cases
the percentages of *'Pu and »®Pu are very low,
being less than 0.5% and 0.01%, respectively. For
comparison, data for contaminated soils at Rocky
Flats, Colorado (Krey and Krajewski, 1972) and
the Nevada Test Site (Krey et al., 1976), as well as
for sediments from Chernaya Bay on the SW
coast of Novaya Zemlya (Smith et al., 1995), have
also been included.

4. Conclusions

The mean *°Pu/?°Pu ratios observed at
Palomares and Thule, though distinct, are both
indicative of weapons-grade plutonium. Similar
observations apply to the *Pu/**Pu and
2Py s B9Pu ratios. However, in contrast to the
Palomares data which showed that the samples
from this zone were isotopically homogeneous,
significant variations were identified in the iso-
topic ratios for the Thule samples. It is suggested

Table 3
Mass isotopic composition of weapons-grade plutonium at
Palomares and Thule

Zone Percentage of total plutonium
238p, 29p. 20, Mlp,

Palomares 1-4 0.0094 94.4 53 0.34
Thule 1 0.0085 94.6 5.2 0.23
Thule 2-5 0.0053 96.7 32 0.13
Rocky Flats 0.04 93.3 6.0 0.58
Nevada Test Site — 93.8 6.0 0.25
Chernaya Bay — 97.0 29 0.12

that these can be attributed to the use of plu-
tonium produced under different conditions in at
least one of the weapons which disintegrated in
the Thule accident. It is, therefore, appropriate to
caution against the adoption of a ‘unique’ iso-
topic ratio when attempting to ‘fingerprint’ a po-
tentially complex source-term.

Acknowledgements

We gratefully acknowledge the support pro-
vided by the European Commission within the
framework of the Nuclear Fission Safety Re-
search Programme, 1992-1995 (Contract F13P-
CT92-0046). We also wish to thank Drs. J.N.
Smith and KM. Ellis (Bedford Institute of
Oceanography) for providing the ‘1991 Thule
samples, and our colleagues, J. Merino and M.
Paz Antén, for their assistance in preparing the
Palomares samples for alpha spectrometry.

References

Aarkrog A. Radioecological investigations of plutonium in an
Arctic marine environment. Health Phys 1971;20:31-47.
Aarkrog A. Environmental behaviour of plutonium acciden-
tally released at Thule, Greenland. Health Phys

1977;32:271-284.

Aarkrog A. Inventory of nuclear releases in the world. In:
Proceedings of the NATO Advanced Study Institute Ad-
vanced Course on Radioecology. Zarechny, Russia, 19-28
June 1995.

Aarkrog A, Dahlgaard H, Nilsson K, Holm E. Further studies
of plutonium and americium at Thule, Greenland. Health
Phys 1984;46:29—-44.

Aarnio PA, Routti GT, Sandberg JV. MicroSAMPC — perso-
nal computer based advanced gamma spectrum analysis
system. In: Proceedings of the American Nuclear Society



P.I Mitchell et al. / The Science of the Total Environment 202 (1997) 147-153 153

Topical Conference on Methods and Applications of Ra-
dioanalytical Chemistry. Kona, Hawaii, 5-10 April 1987.
Arnold D, Kolb W. Determination of plutonium content and
isotopic ratios in environmental samples by L X-ray and
a-particle measurements. Appl Radiat Isot 1995;46:

1151-1157.

Buesseler KO, Sholkowitz ER. The geochemistry of fallout
plutonium in the North Atlantic: II. #*°Pu/ ®°Pu ratios
and their significance. Geochim Cosmochim Acta
1987;51:2623~2637.

Burns PA, Cooper MB, Johnston PN, Martin LJ, Williams
GA. Determination of the ratios of *°Pu and *°Pu to
#Am for nuclear weapons test sites in Australia. Health
Phys 1994;67:226-232.

Condren OM, Le6n Vintré L, Mitchell PI, Ryan TP. A new
approach to quench correction when measuring 2!Pu in
the presence of Pu-alpha by supported-disc liquid scintilla-
tion spectrometry. Appl Radiat Isot 1996;47:875-878.

Facer G. Quantities of transuranic elements in the environ-
ment from operations relating to nuclear weapons. In:
Hanson Wayne C, editor. Transuranic elements in the
environment. US DOE /TIC-22800. Office of Health and
Environmental Research, 1980: p. 86.

Hardy EP, Krey PW, Volchok HL. Global inventory and
distribution of fallout plutonium. Nature (Lond.)
1973;241:444-445.

Holm E, Gastaud J, Oregioni B, Aarkrog A, Dahlgaard H,
Smith JN. Chemical partitioning of plutonium and ameri-
cium from the Thule region (Greenland). In: Guary JC,
Guegueniat P, Pentreath RJ, editors. Radionuclides: a tool
for oceanography. London and New York: Elsevier,
1988:351-361.

Iranzo E, Salvador S, Iranzo CE. Air concentrations of 2°Pu
and **°Pu and potential radiation doses to persons living
near Pu-contaminated areas in Palomares, Spain. Health
Phys 1987;52:453-461.

Kolb W, Arnold D. Plutonium content and isotopic ratios in
soil and sediment samples from Europe and Western
Siberia (in German). In: Winter M, Wicke A, editors.
Umweltradioacktivitdt, Radiodkologie, Strahlenwirkungen.
Cologne: TUV Rheinland, 1993:587-592.

Komura K, Sakanoue M, Yamamoto M. Determination of
240py / B39Py ratio in environmental samples based on the
measurement of LX/a-ray activity ratio. Health Phys
1984;46:1213-1219.

Krey PW, Krajewski BT. Plutonium isotopic ratios at Rocky
Flats. USAEC: Health and Safety Laboratory Report,
HASL 249,1, 1972:67-94.

Krey PW, Hardy EP, Pachucky C, Rourke F, Coluzza J,
Benson WK. Mass isotopic composition of global fall-out
plutonium in soil. In: Transuranium nuclides in the envi-
ronment, JAEA-SM-199 /39. Vienna: IAEA, 1976:671-678.

Ledn Vintrd L, Mitchell PI, Condren OM, Moran M, Vives i
Batlle J, Sianchez-Cabeza JA. Determination of the
240py / B9Pu atom ratio in low activity environmental sam-
ples by alpha spectrometry and spectral deconvolution.
Nucl Instr Meth Phys Res A 1996;369:597-602.

Livingston HD, Schneider DL, BowenVT. ?*!Pu in the marine
environment by a radiochemical procedure. Earth Planet
Sci Lett 1975;25:361-367.

Manjén G, Garcia-Leén M, Ballestra S, Lépez JI. The pres-
ence of man-made radionuclides in the marine environ-
ment in the south of Spain. J Environ Radioact
1995;28:171-189.

NEA. The environmental and biological behaviour of plu-
tonium and some other transuranium elements. Report by
an NEA Group of Experts, September 1981. Paris: OECD,
1981:110 pp.

Perkins RW, Thomas CW. Worldwide fallout. In: Hanson
Wayne C, editor. Transuranic elements in the environment.
US DOE /TIC-22800. Office of Health and Environmental
Research, 1980:53-82.

Ramos E, Iranzo E. Experiencia sobre un caso de contamina-
cion accidental por elementos radioactivos. In: Second In-
ternational Civil Defense Symposium on Nuclear Radiation
Hazards, Monaco, 1966.

Risp. Project crested ice: a joint Danish-American report on
the crash near Thule air base on 21 January 1968 of a B-52
bomber carrying nuclear weapons. Risp Report No. 213,
1970:97 pp.

Risg. Environmental radioactivity in the North Atlantic region
including the Faroe Islands and Greenland, 1986. Risp
Report No. 550, 1988:68.

Romero L, Lobo AM, Holm E, Sinchez JA. Transuranics
contribution off Palomares coast: tracing history and routes
to the marine environment. In: Kershaw PJ, Woodhead DS,
editors. Radionuclides in the study of marine processes.
London and New York, Elsevier, 1991:245-254.

Ryan TP, Mitchell PI, Vives i Batlle J, Sanchez-Cabeza JA,
McGarry A. Low-level *!'Pu analysis by supported-disc
liquid scintillation counting. In: Noakes JE, Schonhofer F,
Pollack HA, editors. Liquid scintillation spectrometry 1992.
Radiocarbon (special edition), 1993:75-82.

Smith JN, Ellis KM, Aarkrog A, Dahlgaard H, Holm E.
Sediment mixing and burial of the 2%2**Py pulse from the
1968 Thule, Greenland nuclear weapons accident. J Envi-
ron Radioact 1994;25:135-159.

Smith JN, Ellis KM, Forman S et al. Radionuclide sources in
the Barents and Kara Seas. In: Strand P, Cooke A, editors.
Proceedings of the Second International Conference on
Environmental Radioactivity in the Arctic. Oslo, Norway,
21-25 August 1995:179-185.



