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Hanford-Derived Plutonium in Columbia River Sediments

Abstract. Mass spectrometry data on plutonium isolated from Columbia River
sediments exhibit mean ratios of plutonium-240 to plutonium-242 consistent with
those observed for integrated global fallout. Ratios of plutonium-240 to plutonium-
239 show marked deviations from accepted fallout values, suggesting a second
source of plutonium-239. This additional plutonium-239 arises from the decay of
neptunium-239 produced in reactor effluent water from the old plutonium production
reactors located on the Hanford Reservation. An estimated 20 to 25 percent of the
total plutonium inventory in sediments behind McNary Reservoir, the first downriver
site of fine sediment accumulation below the Hanford Reservation, is ascribed to

reactor operations.

The lower Columbia River received
large amounts of artificial radioactivity
during the period from 1944 to 1970 as a
consequence of the operation of single-
pass plutonium production reactors lo-
cated on the Hanford Reservation in
Washington State (/, 2). Although much
information has accumulated concerning
the absolute activity levels and geochem-
ical behavior of elements with short and
moderately long-lived radioisotopes in
the river system, the same cannot be said
for the very long-lived transuranic radio-
nuclides, that is, *°Pu (half-life #;, =
24,131 years), *°Pu (1, = 6570 years),
and **?Pu (t;, = 376,300 years) (3). We
report here the results of mass spectrom-
etry and absolute activity determinations
of plutonium isolated from Columbia
River sediments for the period from 1944
to 1977. The data indicate that reactor-
derived plutonium constitutes between
20 and 25 percent of the integrated pluto-
nium inventories in sediments 100 km
downstream of the reactors. Further-
more, the plutonium contributed by the
reactors appears to have been only
239py,.

Sediment cores were raised during Au-
gust 1977 from McNary Reservoir on the
Columbia River (4) and from Ice Harbor
Reservoir on the Snake River (Fig. 1).
The Ice Harbor samples served as con-
trols since the plutonium present in these
sediments is derived entirely from atmo-
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spheric fallout. The absolute amounts of
2%, 24py in our samples were deter-
mined by the addition of known amounts
of #?Pu to 10 to 20 g of dry sediment
prior to processing and subsequent -
spectrometry measurements; no plutoni-

um isotopes were added to portions of
the same sediment (50 g) from which
plutonium was isolated for mass spec-
trometry measurements. These latter
samples were leached three times with
6N HCI, and the plutonium was isolated
and purified by our standard laboratory
procedures, Further purification at the
Savannah River Laboratory entailed
small-column (0.4 ml), ion-exchange
chromatography, the plutonium being fi-
nally concentrated onto two or three AG
1 X 4 resin beads (50 wm in diameter).
The dried beads were then loaded into
the mass spectrometer V filaments for
analysis. The mass spectrometer used
was a surface-ionization, three-stage in-
strument constructed at the Savannah
River Laboratory.

Table 1 lists the absolute concentra-
tions of 3% 24%Py at the various horizons
sampled and the isotopic composition of
the plutonium in both our Ice Harbor
Reservoir and McNary Reservoir cores
as of November 1980. The mean sedi-
mentation rate at the McNary Reservoir
coring site (~ 1.4 to 1.5 cm year™!) was
determined from the position of the
239, 240py;, subsurface maximum observed
at 19 to 20 cm, which we attribute to
maximum fallout delivery in mid-1963
(5). We observed a marked increase in
the ratio of **¥Pu to ** 24Py between
13.5 and 16.5 cm (Table 1), which we
attribute to the arrival of SNAP-9A (Sys-
tems for Nuclear Auxiliary Power) in the
Northern Hemisphere in mid-1966 (6).

Fig. 1. Sampling sites for
sediment cores raised from
the Ice Harbor Reservoir
and McNary Reservoir.
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Geochronologies based on the use of
219pb are not applicable to McNary Res-
ervoir sediments (4). Although not given
in Table 1, the plutonium profile for our
Ice Harbor core evidenced the same type
of distribution; sedimentation rates at
that location were ~ 2 cm year™', and
the total core length was 33 cm.

In interpreting our results, we have
relied extensively on the data of Krey et
al. (7), who reported plutonium isotopic
ratios from homogenized soil cores (30
cm) collected from around the world and
contaminated only by fallout debris,
Their mean plutonium ratios as of 1
January 1971 were as follows: 24P/
3%Pu = 0.176 = 0.014;  2*'Pu/**Pu =
0.0086 = 0.0017; and *?Pu/**Ppu =
0.0044 = 0.0011, From these data we
calculate a 2*Pu/*?Pu ratio of 40 = 10.
The mean **Pu/**Pu and %*°Pu/**?Pu
ratios for the fallout-contaminated sedi-
ments from the Snake River are
0.175 = 0.002 and 37 = 1, respectively
(o propagated error), in excellent agree-
ment with the soil data.

Our mean 2*Pu/*Pu ratio for the
sediments from McNary Reservoir (Ta-
ble 1) is 36 = 10, a value so consistent
with the terrestrial fallout data that addi-
tion of either isotope to the sediments
cannot be reasonably ascribed to reactor
operations, Low-irradiation plutonium
typical of uranium-fueled reactors exhib-
its 2°Pu/>*?Pu ratios near 500 (8). We
have analyzed various sediment hori-

zons from other cores collected through-
out the McNary Reservoir; the mean
240py/242pPy ratio in these nine samples
was 41 = 9,

The mean *°Pw/?°Pu ratio in the
McNary Reservoir sediments (Table 1) is
0.126 = 0.031, a value significantly dif-
ferent from that derived from terrestrial
soil data. Inclusion of the 2%°Pu/?*Pu
ratios from the additional cores men-
tioned above changes this ratio slightly
to 0.121 = 0,025. The difference in our
240py/239py ratios and those seen in glob-
al fallout must be due to additional >**Pu
contributed by the reactors. We believe
that this **Pu originated through the
decay of 2*Np (t;» = 2.3 days), one of
the isotopes of greatest abundance in
Columbia River water during the years
of reactor operation (/). This isotope is
produced by slow neutron capture in
uranium {>*U(n,y)***U] with subsequent
decay of the 2*°U (¢, = 23.5 minutes) to
29Np. The source of the uranium was
that present in river water (~ 1 png
liter'!) used to cool the reactor cores
plus uranium occluded to the outside
of the aluminum-clad fuel elements
(‘“‘tramp’’ uranium).

To calculate the amount of **Pu add-
ed to river sediments by the reactors, we
use the expression of Krey et al. (7);

(Pu activity); (R, — R) (1 + 3.67TR))

(Pu activity), (R — R)) (1 + 3.67Ry)
(N

where R is the atom ratio of **°Pu to
29py measured in river sediments, R, is
the atom ratio of **Pu to °Pu in the
products of the reactors, R; is the atom
ratio of ***Pu to 2*°Pu observed in inte-
grated global fallout, plutonium activities
1 and 2 are the absolute activity ratios
contributed by the reactors and global
fallout, respectively, and the constant,
3.67, is the ratio of the half-lives of ?**Pu
to Pu (9). As the **Pu/?°Pu ratio
contributed by the reactors is in this case
zero, Eq. 1 simplifies to

(Pu activity), R; - R 1

(Pu activity), R (1 + 3.67 Ry)
(2)

Using a mean 2*Pu/?**Pu ratio of 0.126
for our McNary Reservoir core and
0.176 for global fallout, we calculate
that, of the integrated inventory of 10
mCi km™ of 2*% %Py (Table 1), approxi-
mately 2 mCi km™ is reactor-derived.
Using a mean 2**Pu/>*Pu ratio of 0.121
obtained by averaging all sediment anal-
yses from McNary Reservoir increases
this estimate to only 2.2 mCi km™2. In all,
a reactor plutonium contribution to these
reservoir sediments of between 20 and 25
percent seems reasonable (/0).

The mean **'Pu/?*°Pu ratio for the Ice
Harbor Reservoir sediments, corrected
to 1 January 1971, is 0.049 = 0.008, in
excellent agreement with the value of
0.049 = 0.010 calculated from the fallout

Table 1. Absolute 2% 2°Py activities and the plutonium isotopic composition in Snake River and Columbia River sediments. Uncertainties for
sediment activities represent lg¢ propagated errors in counting statistics for both photopeak and background a-spectrometry measurements.
Errors for mass spectrometry measurements represent lo errors in the total ion counts observed at each mass number. Samples were collected in
August 1977; we calculated the approximate deposition times for each sediment horizon by using sedimentation rates of 2 and 1.4 cm year™' for
the Ice Harbor core and McNary Reservoir core, respectively; N.M., not measured.

iﬁif\tzl Tirqe [;3:;1124}:59] 2;3853/ Pu isotopic composition (atom percent)
(cm) deposited (dry)] o Pu 239 240 241 242
Ice Harbor
0to?2 Early 1977 27 2 0.049 = 0.016 84.6 = 0.5 14.6 £ 0.4 0.44 = 0.05 0.39 = 0.04
6to7 Mid-1974 26 £ 1 0.067 = 0.016 84.1 = 0.3 15.0 £ 0.3 0.39 = 0.05 0.40 = 0.05
14to 15 Mid-1970 59 +3 0.049 = 0.006 84,4 £ 0.2 146 £ 0.2 0.40 = 0.04 0.62 = 0.08
16 to 17 Mid-1969 38 =1 0.049 = 0.006 83.4 £ 0.7 15.8 = 0.7 0.42 = 0.17 0.42 = 0.13
26.5 to 27.5 Early 1964 115 =+ 4 0.024 = 0.004 83.3 £ 0.1 158 £ 0.1 0.48 = 0.01 0.42 = 0.0t
27.5to 28.5 Mid-1963 120 = 3 0.026 = 0.005 83.5 = 0.1 15.4 £ 0.1 0.64 = 0.02 0.44 = 0.03
McNary
0to2 Early 1977 322 0.055 = 0.010 86.6 = 0.3 12.4 £ 0.3 0.6 =0.1 0.3 =0.1
4t06 Early 1974 31 =2 0.048 = 0.009 86.0 = 0.5 13.1 £ 0.5 0.44 = 0.05 0.44 = 0.06
7t08 Early 1972 302 0.056 = 0.013 85.3 £ 0.3 13.6 = 0.3 0.60 = 0.04 0.36 = 0.04
10 to 1t Early 1970 302 0.080 = 0.010 85.5 £ 0.4 13.5 = 0.4 0.65 = 0.07 0.33 = 0.04
13to 14 Early 1978 41 £ 2 0.080 = 0.011 1 86.5 0.2 12.4 = 0.2 0.57 = 0.03 0.40 = 0.04
16 to 17 Late 1965 92 £ 5 0.037 = 0.009 88.3 £ 0.2 11.0 £ 0.2 0.44 = 0.03 0.21 = 0.03
19 to 20 Mid-1963 181 = 7 0.032 = 0.004 88.4 £ 0.2 11.0 £0.2 0.41 = 0.01 0.25 = 0.01
22 to 23 Mid-1961 137 6 0.035 = 0.005 89.5 £ 0.3 9.9 £ 0.3 0.33 = 0.01 0.21 = 0.03
25 to 26 Mid-1959 58+3 0.035 + 0.008 88.1 £ 0.3 11.3 £ 0.3 0.30 = 0.03 0.29 = 0.03
28 to 29 Early 1957 27 =2 0.021 = 0.008 87.8 £ 0.3 11.4 = 0.4 0.33 = 0.03 0.39 + 0.06
31to 32 Early 1955 84 £ 3 0.018 = 0.004 87.8 = 0.3 11.5 £ 0.3 0.32 = 0.02 0.36 £ 0.02
34 to 35 Early 1953 352 0.010 = 0.006 93.1 = 0.2 6.6 + 0.2 0.13 = 0.01 0.15 = 0.02
38 to 39 Early 1950 3+0.7 N.M. 91.6 = 0.6 7.2 £0.6 0.41 = 0.12 0.59 = 0.16
49 to 50 N.M N.M. 94,0 = 0.4 54«04 0.3 =0.1 0.3 =0.1
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data of Krey et al. (7) for the same
reference date (**'Pu r,, = 14.4 years).
Between 16 and 39 cm (~ 1967 to 1950)
in the McNary Reservoir core the mean
21py 24Py ratio, corrected to 1 January
1971, is 0.049 = 0.010; this value indi-
cates no significant reactor contribution
of either isotope. However, between 0
and 15 cm, the mean **'Pu/**'Pu ratio is
significantly higher than 0.049. We be-
lieve that these surficial sediments re-
flect the input of 2*'Pu, principally from
aboveground tests conducted by the
People’s Republic of China, whose first
thermonuclear device was detonated in
June 1967 (11). That this perturbation in
the 2*'"Pu/***Pu ratio is not evidenced in
the Ice Harbor core we attribute to the
provenance of the material accumulating
there (12).

Low 2*Pu/**Pu ratios were observed
in the deepest sections of our McNary
Reservoir core, which correspond in
time to the early atmospheric tests of the
1950’s. We believe that these ratios re-
flect a high 2**Pu reactor contribution
relative to fallout at that time.
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School of Oceanography, Marine
Science Center, Oregon State
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Fossil Molluscan Larvae: A New Biostratigraphic Tool

Abstract., Fossil molluscan larvae are less facies dependent and have a wider
geographic range than their adult counterparts. They are also easily recovered from
cores and small samples. With proper documentation, the study of fossil larvae can
considerably enhance the biostratigraphic potential of macrofossils.

A good biostratigraphic guide fossil
should be geologically short-lived, geo-
graphically widespread, and present in a
wide variety of sedimentary types. Be-
cause of their free-floating life habit,
pelagic microfossils, such as foraminif-
era and coccolithophorids, generally
meet these requirements and make good
biostratigraphic indices. They are also
small and easily recovered from cores
and well cuttings. Most macrofossils, on
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Fig. 1. Rarefaction curves for adult and larval
molluscs from two samples in Eocene sedi-
ments of Texas. There are more larval than
adult species for similar sample sizes.

the other hand, live in or on the substrate
which restricts them to particular sedi-
mentary facies. However, many macro-
fossils, such as molluscs, have planktic
larval stages that last several weeks or
even months. The larvae are in the same
size range as planktic foraminifera (mak-
ing them easily recoverable in small sam-
ples) and are often distributed over a
considerably larger area than the adults
(I, 2). The larval shells of molluscs are
often preserved in the fossil record (3-6),
and their recognition and use may help
overcome some of the drawbacks of the
use of macrofossils in biostratigraphy.

Samples taken from Eocene sediments
of the Gulf Coast, in environments rang-
ing from open marine to brackish estua-
rine, were analyzed for adult and larval
molluscan shells. In general, the diversi-
ties of larval shells are higher than those
of adult specimens both in absolute num-
bers of species per volume of sediment
(as might be expected because of the
small size of larvae) and in numbers of
species among similar numbers of indi-
viduals (Fig. 1). If larval shell distribu-
tions are considered, the known geo-
graphic range and facies independence of
a species can be greatly increased. Also,
because of the diversity among larvae,
they provide more biostratigraphically
useful species than do the adults.

There are several reasons why free,
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