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A thermal ionization mass spec~rometric procedure was developed for determination of
240/239 ratios in subpicogram quantities of plutonium (Pu), and was applied to Pu
extracted from Lake Ontario sediment. The detection limit was - 4 fg of Pu and the
precision of 240/239 ratio measurement was - 7% in the 0.07-0.42 pg range. Results of
sediment analyses at various depths showed in all cases 240/239 ratios near the mean global
fallout value of 0.176 ± 0.014. The lack of variability of the ratios with depth negated the
use of Pu, present in excess in the near-surface samples due to leakage from a nearby
reprocessing plant, as a geochronological meter. The 240/239 ratio of the leakage PU
appeared to be very similar to that of fallout Pu. (J Am Soc Mass Spectrom 1991, 2, 240-244)

~ lemental plutonium (Pu) has isotopes from mass
~ . 232 to 246, none of which are stable or naturally

.a....J occurring. The most well known are those from
mass 238 to 242, which are produced in relatively high
quantities by neutron-induced transmutations during
frssion of uranium. The major source of Pu in the
environment is stratospheric fallout from nuclear
vveapons testi;..lg/ which began in the late 19405 [1].
Stratospheric fallout is characterized by small parti
cles, < 1 /lm, that were expelled into the stratosphere
and remained in the atrTLosphere for at least one year.
A secondary source of environmental Pu is tropo
spheric fallout, which refers to particles, usually of
larger sizesr that did not reach Stratospheric altitudes
and that had atmospheric residence times ranging
from days to weeks [1]. The 240/239 ratio in both
types of fallout is dependent on the type of explosive,
and ranges from 0.035 for explosives from the Nevada
Test Site to 0.36 for the "Mike shot" at the Enewetak
atoll, Global fallout levels are dominated by large-yield
Soviet tests in the early 19605, and the global average
240/239 ratio is 0.176 ± 0.014 [2]. A third, more local
ized source of Pu in the environment may be leakage
from nuclear-powered generating stations, reprocess
ing plants, or other nuclear facilities. A wide range of
240/239 ratios is expected from these sources; for
example, the ratio: in fuel irradiated in a thermal
neutron reactor environment was reported to be 0.33
[3], whereas the ratio in reprocessing plant Pu may be
much less than 0.03.

Address reprint requests to L. W. Green, General Chemistry Branch,
Chalk River Nuclear Laboratories, Atomic Energy of Canada Lim
ited, Research Company, Chalk River, Ontario, Canada KOJ 1)0.

© 1991 Government of Canada

The isotopic composition of Pu in environmental
materials Ca.11 be used to understand the biogeocheIDi
cal fate of fallout Pu or to identify different sources of
Pu release. For example, Noshkin and Gatrousis [4]
discovered that 240 /239 ratios in sediment and biolog
ical samples from the North and South Atlantic ranged
from 0.11 to 0,24. They suggested that fractionation of
fallout material £0110'VL~g deposition to the ocean may
have caused this wide range of ratios. Beasley et al.
[5] reported a 240/239 ratio of 0.19 for cores from
'rAJashington state shelf and attributed the slight eleva
tion in ratio to the presence of small amounts of
higher ratio fallout from tests conducted by the Peo
ple's Republic of China. Buesseler and Sholkovitz [1]
reported a systematic decrease in 240/239 ratios with
increasing water depth, e.g., from 0.18 to 0.10 along a
transect of cores between Woods Hole and Bermuda.
They attributed the low ratios to the presence of some
tropospheric fallout from the testing done at the
Nevada Test Site in the early 1950s. Koide et al. [6j
have used unique 240/239 ratios as a geochronological
tool for polar ice sheets.

Joshi [7j has analyzed Lake Ontario sediment cores
for combined 239,240pU content by a-spectrometry and
has discovered inventories in excess, by 56%, of that
~ected from global fallout. He also reported that

Pul39,240 Pu and 241Am l 39,240pu activity ratios were
substantially different from those expected for fallout.
These anomalies were attributed to discharges from
the Western New York Nuclear Service Center located
at West Valley on the Cattaraugus Creek, which drains
into the eastern end of Lake Erie. The data show a
continuous accumulation of West Valley radionuclides
in Lake Ontario sediment since 1967, and are consis-
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tent with previous data that showed that nearly all of
the West Valley-derived 137Cs is present in Lake On
tario sediment [8].

The objective of the present study was to deter
mine Pu 240/239 ratios as a function of depth in Lake
Ontario sediment at the same location as used in the
abovementioned studies. West Valley-derived Pu was
expected to have a 240/239 ratio sufficiently different
from fallout Pu so that it could serve as a long-term
~ochronometer in western Lake Ontario, since both

Pu and 240 p U have long half-lives. The geochrono
logical data would be comglementary and supportive
to that obtained using 13 Cs, which is also a fallout
radionuc1ide [8].

Activity data from the previous study [7] indicated
that 239p U levels would be in the 0.2-20 pg range per
100 g of sediment. Thermal ionization mass spectrom
etry was chosen for isotopic ratio measurements be
cause of its high and equivalent sensitivity for the
isotopes of Pu , However, even for this technique;
attainment of sufficient sensitivity for isotopic mea
surements at the picogram level is a challenge that
has been overcome by oply a few laboratories. Lager
gren and Stoffels [9] assembled a high-transmission,
triple-sector mass spectrometer with a Daly-type de
tector that, when used with resin bead-type sample
loading, had sufficient sensitivity to measure uranium
isotopes at the 0.36-pg level. However, the precision
for measurements at this level was not reported. Rec
and Myers [10] used a similar instrument but with
solution-evaporated samples overcoated with rhe
nium by radio-frequency sputtering. They reported
steady count rates of 90 per s for 10 min for O.01-pg
sample sizes heated to 1760 "C. Kelly and Fassett [11]
used resin bead loading with a mass spectrometer of
the National Bureau of Standards (NBS) design and
achieved count rates of 2 x 104 for 25 pg of uranium
(D) heated to 1650 GC. The precision for measurement
of biological and environmental samples in the
lOO-700-pg range was approximately 2% and was
dominated by the chemical blank. Perrin et al. [12]
used a platinum (Pt) overcoating technique with an
NBS-type mass spectrometer; both the Pu and the Pt
were deposited by eiectrodeposition and heated to
1450 ·C for analysis. They reported a precision of
0.06% for 240/239 ratios at the 1-ng level and a detec
tion limit of 2 x 105 atoms. Zhu [131 evaporated Pu
into small grains of activated charcoal that were heated
to 1675 "C, and reported a precision of 0.04% at the
10-ng level. Application of this technique to sub
picogram levels was not reported. Buesseler and
Halverson [14] used the same technique and instru
mentation as Lagergren and Stoffels [9]. except that
the rhenium filament was carburized prior to sample
deposition. They reported precisions of better than
10% for samples in the 2-4-fg range.

We have developed an anion exchange disk tech
nique for high efficiency analysis of actinide isotopes
[3,'15]. The technique is very similar to the resin bead

technique [11], except that the disks are much larger,
1-mm diameter, and easier to manipulate. We report
here the application of this technique, using a single
sector instrument with electron multiplier detection,
to the determination of the isotopic composition of Pu
at subpicogram levels in Lake Ontario sediment.

Experimental

Reagents and Materials

Nitric acid solutions were prepared from double sub
boiling distilled nitric add (Seastar Chemicals, Sid
ney, BC) diluted with double-distilled water deion
ized by a millipore ion exchange system. ft..45-mgJmL
aluminum nitrate solution was prepared from Ana
chemia (Anachemia Chemicals Ltd., Montreal, PQ),
->.J\1(!'-JOs) 3 . 9H 20 dissolved in 8 1-..1 HJ'.J0 3 " Sodium
nitrite, 0.2 g/mL, was prepared from Anachemia
NaN0 2 dissolved in distilled water. The concentrated
H'Cl used was Seastar double subboiling distilled hy
drochloric add.

The resin used in the ion exchange column was
analytical-grade macroporous anion resin (BIO.RAD
Laboratories, Richmond, CA) AGMP-1, which was
100-200 mesh and was in the chloride form.

Apparatus

The separation procedure was carried out in a lami
nar-flow clean air hood, Canadian Cabinets Model
DND-6-DM, with acid-washed labware. Pyrex beakers
were used for leaching the Pu from the papers and for
collecting the eluent, and plastic-tipped transfer
pipettes were used with all the reagents and solu
tions. The fmal evaporation step was carried out in
2-mL polypropylene microvials.

An ll-mL acid-washed polypropylene column con
nected to 30 em of 2,25-rrun (l.d.) polyethylene tubing
was used to isolate Pu. The tubing was used to slow
down the flow rate in the column, allowing efficient
adsorption and elution of the various components in
the solution.

The mass spectrometer was a Nuclide (Nuclide
Corporation, State College, p",,~) 90°C magnetic-sector
instrument equipped with Cathodeon-type 553 triple
filament assemblies, an IBM PC-based automation
system,. a Cw-y 401 vibrating-reed electrometer (Cary
Instruments, Monrovia, CA), and a Vacumetrics
(Vacumetrics, Ventura, CA) ETP AEM 1000 electron
multiplier. The original center filament was replaced
with Rhenium Alloys (Rhenium Alloys Inc., Elyria,
OH) zone-refined Re ribbon. The electron multiplier
voltage was set to 2.5 kV, and the gain was 2.5 x 10 5

.

The electron multiplier was used in the analog mode
for this work.

Procedure

The Pu in the sediment samples had been previously
separated by anion exchange chromatography and
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co-precipitated with LaF3 for a-spectrometry at the
Canada Centre for Inland Waters laboratories [16].
This preparation included a 242 p U spike as a recovery
monitor. The precipitates were collected on 4.7-cm
diameter Tuffryn lIT-loo filter papers and sent to
Chalk River Nuclear Laboratories for Pu isotopic mea
surements. To liberate the Pu from the paper and the
LaF3 precipitate the paper was cut into small pieces
and transferred to a 1D-mL beaker, to which 1.5 mL of
hot B M HN03 and 1 mL of AI(NOah . 9H zO solution
were added. These were heated for 10 min and the
liquid decanted into a 3O-mL beaker. Another 1.5 mL
of the hot acid and 1 mL of AI(N03h were added to
the paperr heated for 10 min, and the liquid was
combined with the first leachate. Ten drops of NaNO z
solution were added to the leachates and the solution
was warmed for 20 min to ensure that all the Pu was
oxidized to the Pu(IV) state.

The anion exchange column was prepared and
washed with 15 mL of B M HN03, which converted
the resin to the nitrate form . The Pu solution was
added to the column and a slow, controlled flow rate
of 0.2 mL/min was established. The sample beaker
was washed twice with 2 mL of 8 M HNOa, and these
washings were added to the column when the solu
tion had dropped to the surface of the resin. The
column was then washed with 25 mL of 8 M HN03,

followed by 25 mL of 12 M HO and 1.5 mL of 1.5 M

HNOa. The Pu was eluted with 10 mL of warm 0.2 M

HN03 at 0.1 ml.Zmin. The eluate was evaporated to
200 ttL in a glass beaker under an infrared lamp,
transferred to a microvial and evaporated to dryness
with N 2 flow.

The Pu was re-dissolved in the microvial with 2 JLL
of 6 M HN03• A I-mrn diameter Acropor ion ex
change filter paper, which had been conditioned in 1
M HNOa, was transferred to B M HN0 3 for 10 sand
then placed in the 2 JLL of Pu solution for at least two
hours. The impregnated paper was placed on a rhe
nium center filament where it was dried by applying 1
A current across the filament and then burned with a
steadily increasing current up to 1.8 A. For mass
spectrometry, a filament temperature of 1500 °C was
used to focus the signals; this was increased to 1550
°C for isotopic measurements. Mass discrimination
factors were determined by analysis of standards at
nanogram levels. As such they may not have been
strictly applicable at femtogram levels, but they were
very small relative to the measurement uncertainty in
the femtogram-to-picogram range.

Results and Discussion

Chemical Preparation

Separation of Pu from the LaF3-fiJter paper matrix was
necessary because the matrix suppressed the Pu + ion
signal in the mass spectrometer. Aluminum nitrate in

nitric acid was used not only to solubilize LaF3 but
also to complex the liberated fluoride (F) so that com
plexation of PuJ + by F- would be avoided. Sodium
nitrite was subsequently added to oxidize all of the Pu
to the tetravalent state. The subsequent anion ex
change separation was based on the relatively strong
retention of anionic PU(lV) nitrate complexes in strong
nitric acid, and is similar to that described by Wick
[17J.

Thorium (Th) was present in the samples and fol
lowed Pu through the separation. Its presence on the
filaments was undesirable because it lowered the ion
ization efficiency for Pu. The HO wash of the column
was sufficient to remove Th.

A further purification/concentration of the Pu was
achieved in the anion exchange disk adsorption step,
because of the high distribution coefficient for Pu(IV)
[3]. Also, -88% of the Pu in the fmal Z ttL of solution
was extracted into the disk.

Procedural blanks did not show any Pu at the
levels studied in this work. There was a frequent
10-IOD-pg U blank, which was likely due to trace
contaminations durin~chemical preparations, and
which interfered with Pu signals . Interference from
UH+ at mass 239 was not observed.

Mass Spectrometry

The accuracy and precision of isotopic analysis of
subpicogram quantities of Pu was determined by
replicate analysis of NBS SRM 949f. The standards
were loaded in the same manner as samples, the
loading achieving a high degree of separation of Pu
from Am because of the high distribution coefficient
for Pu on the anion exchange disk (3]. The precision
was dominated by the instrumental noise associated
with the minor isotope. The internal, instrumental
precision of a single determination was estimated
from 30 replicate mass spectra of each sample, and
ranged between 10 and 20% rsd. The precision of a
mean ratio was determined from the means of six or
more replicate loadings of the standard, and the re
sults (Table 1) show that this precision was ~ 7% rsd
in the 0.07-0.42-pg range. The average measured ra
tios were corrected for a mass discrimination factor of
0.0029 /u, and were in agreement with the certified

Table 1. Accuracy and precision of Pu isotopic ratios at sub
picogram levels

Quantity of
Isotope ratioPu minor Isotopes

isotope (pg) measured Known' Measured ± 1 s''

0.420 241 /240 0.01430 0.0144 ± 0 .0009
0 .290 240/239 0.02887 0.0294 ± 0 .0004
0 .06B 242/241 0.14960 0.1390 ± 0.01

" NBS SRM 9491 with 2 4 1p U levels corrected f<l' decay.
bprecision of mean, estimated from six or more separate loadings.
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242pu
(spike)

ratios within the measurement precrsion. Large iso
topic fractionation effects were not observed.

Mass spectra of Pu extracted from sediment showed
suffIcient signal-to-noise ratio for isotopic composition
measurement, even at the 3-fg level for 240 pU (Figure
1). The precision of 240/239 ratio measurement at this
level was also between 10 and 20% rsd for a single
determination, which is comparable to that achieved
by the few other laboratories that have reported Pu

n.,8U
I I(f ilament

contaminant)

23~pul I

112'~cl1ll
J lIJ~ II

Figure 1. Mass spectrum of trace Pu (0.02 pg 239 PU) in Lake
Ontario sediment.

Table 2. Pu 240/239 ratios for sediment core samples from
Lake Ontario

Quantity of
Sample Depth 239p U Ip9) 240/239

no. tern] ratio

1 0.0-1.1 0.10 0.18
2 1.1-2.3 0.10 0.19
3 2.3-3.5 0.10 0.17
4 3.5-4.7 0.10 0.19
5 4.7-5.9 0.30 0.20
6 5.9-7.1 0.30 0.19
7 7.1-8.2 0 .30 0 .19
8 8.2-9.4 0.50 0.18
9 9.4-10.7 0.50 0.19

10 10.7-11.9 0.50 0.19
11 11.9-13.1 0.10 0.20
12 13.1-14.2 0.05 0.17
13 14.2-15.4 0.10 0.18
14 15.4-16.6 " ",. " ...,V.IV V.II

15 16.6-17.8 0.10 0.17
16 17.8-19.0 0.10
17 19.0-20.2 0.02 0.17
18 20.2-21.4 0.02 0.14
19 21.4-22.7 0.02 0.16
20 22.7-23.9 0.02

<llnsufficient signal.

isotopic data at these low levels {9-14]. The relatively
large amount of 242pu signal in the spectra was due to
the addition of this isotope as a recovery monitor for
radiochemical separations. The isotope purity of this
spike was > 99.99% 242 pU, and thus corrections for
spike 239 pU and 240pU isotopes vvere not necessary.

Sediment Samples

A 95% confidence interval of 0.18 ± 0.02 for 240/239
ratios in the sediment was estimated from the preci
sion obtained for separate loadings of t~BS SRrv1 949£.
Results (Table 2) for 18 samples from the same core
showed that for only one sample, 18, was the 240/239
ratio outside this range. This one deviation was not
considered to be sufficient evidence for an isotopic
anomaly in the sediment, and furthermore, sample 18
was much deeper than expected for West Valley Pu,
Hence, if there was measurable leakage of Pu from
the reprocessing plant located at West Valley, its iso
topic composition was not sufficiently different from
the mean global value to cause a significant change in
the 240/239 ratios measured in this work. An estimate
of the precision required to detect a shift in 240/239
ratio would be possible if the Pu isotopic composition
of West Valley effluent were known, but this informa
tion, if known, has not been reported and the collec
tion of samples in the Cattaraugus Creek and Lake
Erie was beyond the scope of this work. The use of
the leakage Pu as a geochronometer in Lake Ontario
sediment appears to require a high-precision fern
togram-Ievel technique.
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