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Analysis of water samples from the New York Bight area and Narragansett Bay reveals that a small fraction of
the total Pu (probably Pu (III + IV) species) is continuously removed to the sediments at a rate similar to that of the
particle-reactive isotope 228 Th. A more “soluble” Pu species appears to be released at times from the sediments to
the water column in these nearshore regions. Sediments in shallow areas of the New York Bight south of Rhode
Island and Narragansett Bay have high Pu inventories and relatively deep penetration of this element, although the
net sediment accumulation rate is generally low (<0.03 g/cm2 yr). The high Pu inventories can be explained if both
sediment resuspension and sediment mixing are assumed to be the major controlling factors for the effective transfer
of Pu from the water column to the sediments. By simultaneous modelling of the depth distribution of three tracers
which operate on vastly different time scales: 234 Th (half-life 24 days), 21°Pb (half-life 22 years) and 239:240py
(introduced into the environment during the past 30 years), bioturbation rates ranging from 4 to 32 cm?2 /yr in the
surface mixed layer (5—10 cm thick) and from 0.3 to 2.5 cm?2/yr in the layer below (up to 40 cm thick) and net
sediment accumulation rates of approximately zero to 0.14 g/cm? yr were calculated for these areas.

1. Introduction

The omnipresence of the plutonium isotopes
238py, 23%9py and 24°Pu (with respective half-lives of
88, 24 X 10° and 6540 years) in our environment is a
result of atmospheric nuclear weapon tests. Acciden-
tal stratospheric injection of 2®Pu in 1964 resulting
from the disintegration of a satellite nuclear auxiliary
generator (SNAP-9A) increased the global >*®Pu fall-
out almost threefold [1]. Releases of plutonium iso-
topes from uranium fuel reprocessing plants are also
responsible for the local contamination of coastal
marine environments [2]. In light of the probable
increased reliance on nuclear power, particularly
breeder reactors, for energy production in the future,
a deeper understanding of the biogeochemical behav-
ior of transuranium nuclides in coastal environments
is urgently needed. In this paper we present prelimi-
nary results of our study on the behavior of plutoni-
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um isotopes in the water and sediments of the New
York Bight and Narragansett Bay.

2. Materials and methods

Surface water samples from the New York Bight
were collected in January 1976 (R/V “Conrad” 19-
05) and in May 1977 (R/V “Cape Henlopen CH-77-
01). Narragansett Bay water was collected from the
seawater line of the Aquarium building of the Gradu-
ate School of Oceanography, University of Rhode
Island, Narragansett, R.I., from 1976 through 1978
(for a description of the sampling procedures see
Santschi et al. [3]). In general, 200 gallons of surface
seawater were acidified with 350 ml of concentrated
HCl and spiked with appropriate amounts of 24?Pu
(supplied by the EML Labs, New York) or 236Pu
tracers and 15—20 ml of FeCl; carrier. Appropriate
amounts of 23°Th spike and BaCl, carrier were also
added for subsequent Th and Ra analysis (Th and Ra
results are presented in separate papers [3—5]). After
5—7 hours of equilibration 500 ml conc. NH,OH
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were added to precipitate amorphous Fe(OH);, which
coprecipitated Pu and Th isotopes. The precipitates
were collected after 5—7 hours of settling, and
chemically separated and analyzed for Pu according to
Wong [6] and Simpson et al. [7], and for Th/Ra
according to Broecker et al. [8].

Sediment samples were taken in August 1978
(R/V “Cape Henlopen™), either with a Soutar box
corer (SBC-samples) or with a Hessler box corer
(HBC-samples). Subcores were taken and sectioned
immediately after collection; they were weighed,
dried (at 80°C) and aliquots were taken soon after
returning to the laboratory. In Narragansett Bay,
cores were taken by divers in 1976 and 1977, 1 km
north of Conanicut Island.

In general, 20—50 g of dry sediment were used for
Pu, Th and U analysis, and 5 g for 2!°Pb and ??°Ra
analysis. The procedures used for 23%:24%Pu analysis
are similar to those of Wong [6] and Simpson et al.
[7]. The 23*Th analyses were slightly modified from
procedures described by Aller and Cochran [9], and
the analysis of alpha-emitting Th and U isotopes were
carried out according to Ku [10]. The 2'°Pb analysis
was similar to [11,12] and 22°Ra was analyzed
according to Mathieu [13].

Sample preparation was as follows: 20.g of dried
and pulverized sediment were leached with 100 ml
hot conc. HNO;, 5 ml H,0, (30%) and 10 g NaNO,
for 2—3 hours for the analysis of Pu, Th and U iso-
topes following addition of a few dpm of 292py asa
yield tracer. The supernate was subsequently split
into 75% and 25% aliquots; the 25% aliquots were
left unspiked, the 75% aliquots were spiked with
about 50 dpm of 232U/?28Th. U, Th and Pu were
separated by anion exchange in 8V HNO;: U passed
through the column in the 8N HNO; rinse solution,
Th and Pu isotopes were adsorbed on the resin. Th
was subsequently eluted with conc. HCl, and Pu with
conc. HCl and NH,41. The Pu fractions of the 75% and
25% aliquots were combined and analyzed together.
Subsequent purification procedures which involve
further separations on cation and anion exchange
resins are described in the references given above. Th
and U isotopes were evaporated on stainless steel
discs as a TTA benzene extract, and Pu isotopes by
electrodeposition. Discs were beta-counted in a gas
flow counter for 234Th (using a 15 mg/cm? absor-
ber) and alpha-counted in a surface barrier (silicon)
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detector, coupled with a 200-channel multichannel
analyzer for Th, U and Pu isotopes. Absolute activ-
ities of the isotopes under study were obtained by
comparing their peaks with those of the yield tracers
(332U, 228Th, 2*2Pu or 23%Pu) after correcting for
appropriate backgrounds, blanks, natural contribu-
tions (228Th only) and radioactive decay. No signifi-
cant blank corrections were necessary for Pu and U
analysis. Alpha and beta detectors were calibrated
using known amounts of 223U (from NBS), 2*2Th/
228Th (from Amersham/Searle) or 2'°Pb (from EML
Labs in New York), plated on discs. One of the
authors (R.T.) has participated in a laboratory inter-
comparison exercise [14]. Our analyses of river and
marine sediments for 239:24%Py and 23®Pu fell within
the errors of the median value of all participating
laboratories.

Samples for 2°Pb and >26Ra analysis were
leached with hot 6N HCl, and spiked with 2°®Po yield
tracers. The solution was subsequently diluted to
1.5N HCI, and plated onto a silver disc after adding
ascorbic acid. The activity of 2!°Pb was obtained by
comparing the 2!°Po and 2°%Po peaks in the alpha
spectrum, corrected for appropriate backgrounds,
blanks and radioactive decay. The assumption of
secular equilibrium between 2!°Pb and 2!°Po in the
sediments was verified by analyzing a few samples
separately for 2!°Po and 2!°Pb. The plating solution
was later measured for 22°Ra by the 222Rn method
[13].

Even though thermodynamic considerations [15]
favor the IV and VI oxidation states of Pu in natural
waters, there is still some uncertainty over the pre-
dominant oxidation state for the III/IV or V/VI
couples of Pu (see, for example, Wahigren et al. [16]
and Bondietti and Trabalka [17]). The analytical
methods for separating the different oxidation states
of Pu [16,18] do not distinguish between III and IV,
nor between V and VI oxidation states. We therefore
adopted the (III + IV), (V + VI) notation in the
subsequent discussion of Pu oxidation states.

3. Results and discussion

3.1. 239:2%0py in seqwater

The 239:2%Py concentrations of unfiltered surface
waters from two New York Bight cruises are sum-
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Fig. 1. Concentrations of 239,240py and 228Th/228Ra activ-
ity ratios in water samples from the New York Bight versus
salinity.

marized in Table 1. These data and the 228Th/2?®Ra
activity ratios of these samples are plotted against
salinity in Fig. 1. The daughter-parent ratio of 22®Th/
228Ra is a measure of the Th removal rate from the
water column [8,19]. This is because Ra is relatively
soluble in seawater, whereas Th is very “particle-re-
active” and is removed rapidly from the water
column of the New York Bight and Narragansett

Bay [3—5,19,20]. Both the 239:24°Pu concentration
and the 228Th/?28Ra activity ratios decrease from the
slope water (high-salinity region) toward the shore
(lower salinity) (Fig. 1), while 23%24°Pu and >2*Th/
228R4 are somehow linearly correlated (Fig. 2). Thus
it is likely that the mechanism which removes Th
from the water column (thereby controlling the
2287} /228R activity ratios), also removes a fraction
of the Pu. This mechanism requires a sorption step
onto suspended particles and the settling of these
particles [3—5,19]. As a major transport mechanism
for removal of 228Th from the waters of the New
York Bight, Li et al. [S] suggest adsorption on non-
living particles (detritus), originating from resuspen-
sion of surface sediments. The same removal mecha-
nism could also apply to 23%24CPu removal. The con-
clusion of Li et al. [5] is based mainly on significant
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Fig. 2. Correlation of 239:240py concentrations with 228Th/
228Ra activity ratios in water samples of the New York

Bight.

positive correlation of removal rates of 223Th with
the concentrations of 222Th (which is an indicator of
inorganic detritus). Furthermore, no correlation of
228Th removal rates with chlorophyll-a concentra-
tions in the water samples, during times when zoo-
plankton grazing was insignificant, has been found.
The importance of zooplankton grazing as a mecha-
nism for Pu removal can be estimated the following
way. Using the Pu concentrations in fecal pellets of
0.3 dpm/g [21], an average feeding rate of 0.3 X
body weight per day, a food utilization of 50% of
carbon intake (both from Lowman et al. [22] and
references therein) and an average zooplankton stand-
ing crop of 1 g/m? in the shelf area of the New York
Bight (calculated from Walsh et al. [23]), we arrive at
a removal rate of 1.6 X 107 dpm/cm? yr. This figure
is considerably smaller than the total Pu removal rate
calculated from 228Th removal (see below). It
appears, therefore, that zooplankton grazing is not
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TABLE 1
Concentration of 239:240py in the New York Bight (unfiltered surface and subsurface water)
Ship station Latitude N Longitude W Salinity Temperature 239,240py
Yo0) €0 (dpm/100 kg)
R/V “Cape Henlopen’’, Aprit 29 to May 8, 1977
1 39°31’ 74°09’' 30.27 8.98 0.130 £ 0.011
2 39°27 73'56' 31.39 9.55 0.074 + 0.006
4 39°15’ 73°27 33.63 9.79 0.086 t 0.008
4 (25 m) 39°15° 73°27 34.09 5.90 0.093 £ 0.012
7 39°04’ 72°50' 33.80 8.97 0.137 £ 0.015
8 39°02 72°33' 35.01 12.70 0.148 £ 0.025
9 38°31’ 71°42' 35.80 13.60 0.113 £ 0.011
10 38°47 72°10 35.47 13.58 0.149 £ 0.013
14 39°18' 71°49' 35.07 13.33 0.145 £ 0.012
14 (28 m) 39°18' 71°49’ 35.76 13.48 0.117 £ 0.016
16 39°33' 71°26' ~35.20 ~13.30 0.115 £ 0.013
17 39°40' 72°29 33.30 9.84 0.090 + 0.012
18 39°39' 72°43' 33.15 10.10 0.080 + 0.010
19 39°53’ 72°40' 32.79 9.03 0.068 £ 0.007
20 39°46' 72°57 32.53 8.95 0.075 = 0.009
22 39°55' 73°13' 32.54 9.09 0.064 + 0.007
27 40°09' 73°11' 32.90 9.18 0.084  0.011
29 40°23' 73°02' 3145 9.40 0.085 + 0.008
30 40°30’ 72°37 31.81 8.96 0.120 £ 0.010
31 40°47' 72°29' 31.34 9.36 0.068 + 0.008
32 40°41' 72°20' 30.94 9.09 0.065 + 0.003
33 40°37' 72°13' 31.96 9.75 0.065 = 0.004
34 40°27 72°05' 32.26 9.77 0.082 + 0.008
34 (21 m) 40°27 72°05' 33.27 4.05 0.116 + 0.014
35 40°19’ 71°58' 33.30 9.12 0.075 + 0.008
35 (40 m) 40°19' 71°58’ 33.61 4.52 0.088 £ 0.012
36 40°12' 71°53' 33.30 9.30 0.094 + 0.005
36 (45 m) 40°12' 71°53' 33.62 4.51 0.107 £ 0.007
37 40°02' 71°50' 33.45 9.97 0.110 £ 0.013
42 40°00’ 71°44’ 33.31 9.62 0.121 £ 0.009
43 39°51’ 71°32' 33.73 10.90 0.119 £ 0.014
47 (50 m) 39°50 71°30' 35.50 12.50 0.079 = 0.006
R/V “Conrad”, January 1976
100 40°27 72°06' 32.570 8.26 0.13 +£0.02
104 39°58' 71°43’ 33.111 9.20 0.20 +0.02
125 38°46' 71°57 35.347 13.43 0.26 +0.03
136 40°12' 73°43’ 32.071 6.08 0.14 0.01
141 39°44' 73°14' 32.814 7.17 0.15 £0.02
148 39°34' 73°03’ 32.807 7.21 0.15 £0.02
166 39°22 72°34’ 33.874 9.90 0.21 :0.03

the dominant removal pathway. Our removal model
for Pu as described above is different from previously
published models for removal of Pu from the ocean
[24—26]. They are based on the vertical transport of

Pu attached to different populations of particles,

settling at various velocities.
The few samples closest to the shore, with rela-

tively high Pu concentrations, are exceptions to this
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Fig. 3. Concentrations of 239:240Py in surface water samples of the New York Bight (R/V “Cape Henlopen”, April 29 to May 8,

1977).

239,240p,,.228T/228R5 correlation (Fig. 1). One
would expect the high Pu concentration near shore
(Fig. 3) to be related to the high suspended particle
concentration there. However, a suspended particle
sample (>0.45 um) collected in the same nearshore
area contained a specific concentration of about 0.04
dpm 23%:24%Py/g and the suspended particle concen-
tration there was about 0.05 g/100 1. The concentra-
tion of Pu on suspended particles is therefore only
about 0.002 dpm/1001 (a few percent of the total
concentration) which is not large enough to explain
the higher Pu concentration near shore. The influence
of Hudson river 23%:24°Pu inputs is negligible, since
concentrations of dissolved 23?24°Py in the Hudson

River water are lower than those found in the New
York Bight area [7]. This fact suggests that an unre-
active Pu species, possibly an anionic Pu (V + VI)
species [15,18], may be injected into the water
column from the nearshore sediments. Nelson and
Lovett [18] have shown that about 85% of 23924°Pu
in the water of the Irish Sea is present as a relatively
unreactive, anionic Pu (V + VI) species, and only
approximately 15—20% as the “particle-reactive”,
highly hydrolysable Pu (III + IV). They report
furthermore that the distribution coefficient between
particles and water is up to 1000 times greater for
Pu (III + IV) than for Pu(V + VI).

In order to study further the cycling of Pu in
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Results from the 239,240py analysis in the water of Narragansett Bay (Aquarium seawater line at the Graduate School of Oceanog-

raphy, University of Rhode Island, Narragansett, R.1.)

Date Particulate matter Temperature Salinity Sample 239,240p,,
concentration cO (o/oo) characteristics (dpm/100 kg)
(mg/)
6/1/76 65105 14.7 30.9 unfiltered 0.18 £0.02
7/15/76 6.6 £0.5 215 31.1 unfiltered 0.17 +0.02
9/28/76 5.0¢1 17.2 30.3 unfiltered 0.12 £0.01
filtered (<5 um) 0.085 + 0.01
12/1/76 5.2t0.5 4.5 322 unfiltered 0.19 +0.02
filtered (<0.45 um) 0.14 £0.01
4/19/77 4.1:0.5 8.5 30.0 unfiltered 0.065 + 0.01
filtered (<0.45 um) 0.08 0.0t
7/25/77 95¢1 214 30.0 unfiltered 0.265 ¢ 0.015
filtered (<€0.45 um) 0.25 $0.05
11/15/77 10521 11.0 30.0 unfiltered 0.19 £0.05
filtered (<0.45 um) 0.14 $0.05
7/25/78 6.8+0.5 22.0 30.3 unfiltered 0.136 ¢ 0.008
filtered (<0.45 um) 0.139 £ 0.015

coastal waters, we performed a series of experiments
with Narragansett Bay waters. We analyzed 23°-24°Pu
along with other natural radionuclides [3] in both
unfiltered and filtered (<0.45 um) water samples. The
239,240py results are given in Table 2 and are plotted
against the suspended particle concentration in Fig. 4.
Though the temporal variations in water column
inventories are dramatic, they are insignificant (less
than 1%) compared to the sediment inventory (see
later section). The particulate Pu activity (>0.45 um)
is calculated by subtracting the filtrate activity from
the total. The dashed lines in Fig. 4 represent the
predicted concentrations of particulate Pu and 2**Th
(dpm/100 kg of. water) if the particulate matter in
the water column is composed entirely of resus-
pended surface sediments. It is evident from Fig. 4
that the concentrations of total, and filterable (<0,45
um) 23%:29%py in the water of Narragansett Bay
increase with the suspended particle concentration.
The increase in the total or filterable fractions again
cannot be explained by the direct contribution of sus-
pended particles >0.45 um) alone. It is important to
note that in Narragansett Bay, while the concentra-
tions of “soluble” 23%:24%Py correlate positively with

the concentrations of suspended particles as stated

above, the opposite was found for “particle-reactive’

’

234Th (see Santschi et al. [3] and Fig. 4). High sus-
pended matter and Pu concentrations were observed
only during summer and fall seasons, when rates of
resuspension of surface sediments were high as well
[3,20]. Pu appears, therefore, to be released into the

03

292495, (dom/100Kg)

ments.

T T

4 Total
© Fiter(>045,
@ Fittrate(<045u)

o
)
T

o
T

==
OHLH n
5 10 o

Béth

4

\ 1
Pt
ol L

T T

o Filter(>045u}
e Filtrote(<045u)

n
3
o

2347 {dpm /100 kg)

- —0—
=o——a—-p

[[+]

Suspended Particulate Matter Concentration {mg/!)

Fig. 4. Concentrations of 239:240Py and 234Th [3] in water
samples of Narragansett Bay (on filter (>0.45 um) and in
filtrate (<0.45 um)) versus the particulate matter concentra-
tions. Dashed lines indicate expected concentrations if the
particulate matter has the same activity as the surface sedi-



254

water column, perhapsin the form of soluble (V + VI)
or as an apparently soluble Pu (III + IV) colloid. So
far, there are few convincing examples of back-diffu-
sion of Pu from marine sediments (e.g. [26]).
Assuming that the Pu speciation in the New York
Bight is similar to the Irish Sea [18], we attempted to
estimate the removal flux to the sediments. If the
average half removal times (¢.) of the particle-reactive
239,240py (III + IV) in the water column (15—20% of
the total) is similar to 228Th, i.e., about 22 days
[4,5,19], and the conversion of Pu (V, VI) to Pu
(111, IV) is rapid, an apparent flux of 23%:24°Pu from
the shelf water column to the bottom sediments can
be estimated to be about (7—14) X 1073 dpm/cm? yr
(= (In 2/¢.) - [Pulgheis * 7 - 0.05), where the average
239,240py concentration of shelf water, [Pugpers, is
about 0.1 + 0.05 dpm/100 kg, = average depth of
the shelf water = 50 m, ¢, = 22 £ 5 days. In steady
state, this flux should be balanced by inputs from
atmospheric deposition, rivers and open ocean waters.
The mean annual atmospheric deposition of *Sr
from 1972 through 1976 averaged 0.9% of the
cumulative deposition [27]. Assuming the same ratio
for 23% 240py atmospheric deposition of 239> 24%Py
during this time amounts to (4 * 1) X 107 dpm/cm?
yr. According to Simpson et al. [7], the average con-
centrations of “dissolved” (<0.45 um) and particu-
late >0.45 um) 23%:24%Py concentrations in the
Hudson River are about 0.066 dpm/100 kg water and
0.044 dpm/g sediment, respectively. Since the stream-
flow per unit area of shelf (<100 m isobath) on the
Middle Atlantic Bight is about 160 cm/yr [28], and
the average sedimentation rate for this area is prob-
ably not greater than 0.01 g/cm? yr (the sedimenta-
tion rate will be discussed in a later section), the “dis-
solved”” 23%:24%Py input of rivers to the Middle
Atlantic Bight is about 0.1 X 10~ dpm/cm? yr, and
the particulate input of 23°:24°Pu not more than
0.4 X 1073 dpm/cm? yr. The 23%:24°Py flux from the
slope to the shelf water by water exchange in the
Middle Atlantic Bight, F, is about (2.5 + 1.5) X 1073
dpm/cm? yr, as calculated by the following equation:

Fy=(0x/A) - ([Pu]slope — [Pulsherr)

where 0, = water exchange rate between the slope
and shelf = 2500 £ 800 km®/yr [19], 4 = area of the
Middle Atlantic Bight within 100-m isobath = 98 X
109 mz [28] ’ [Pu]slope - [Pu]shelf'_' 239’2401)“ con-

centration difference between slope and shelf

waters = 0.1 £ 0.03 dpm/100 kg (see Fig. 1). The
total inputs to the shelf waters are then approxi-
mately (7 + 2) X 10~ dpm/cm? yr. Therefore, it
seems that the 23%:24°Py flux to the shelf sediments is
approximately balanced by inputs from atmosphere,
rivers and open ocean. Since the standing crop of
239,240py in the average shelf water column (50 m) is
about 5 X 1072 dpm/cm?, the residence time of
239,240py in the shelf water column with respect to
removal to the sediments is about 1—3 years. Wahl-
gren et al. [29] report a 23%24%Py residence time of
2.5 years in the water of Lake Michigan, which has a
similar mean depth (84 m) and fractionation of dis-
solved Pu (III + IV)/Pu (V + VI) (~0.2).

The concentrations of 23%-24%Py in the nearshore
waters are maintained at levels similar to those found
for surface waters of the Atlantic Ocean, measured
between 1963 and 1970, i.e., 0.04—0.31 dpm/100 kg
[6,30], even though a significant fraction of the fall-
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Fig. 6. Sediment analyses for 234Thy, 219Pbys, 239:240Py (all in dpm/g) and porosity (cm® water/cm® wet sediment). Absolute
values can be obtained from Table 3. Best fits from the numerical mixing and sedimentation model are shown for comparison
(except for (e) and (f), where the lines connect only the data points). For 7-334-00-900, the two different mixing parameters in
the top mixed layer, which have been used in the model runs (1) and (2), are given in Table 4.

out 239:240py has already been removed to shelf sedi- concentration profiles of 239:24%Py, excess 2!°Pb and
ments on very short time scales [24,31,32]. Our ob- excess 234Th in the various cores are also plotted in
servations are consistent with evidence from other Fig. 6. As suggested by Benninger et al. [33], the
parts of the ocean [2,26,28], that an important frac- cores from nearshore environments (SBC-1, -5, 6-240-
tion of 239:24%Py in coastal waters is presently much 00-900 and 7-334-00-900, see Fig. 6) can be sepa-
less “particle-reactive” than when it was first intro- rated into at least three layers. The top layer is a zone
duced into the environment. of rapid mixing where 2!°Pb, and ?3%:24°Pu concen-
trations are more or less constant, and the 23Thy
3.2. 23%°24%Py in sediments decreases exponentially. The sediment mixing coeffi-
cient_or bioturbation rate (Dy) in this layer can be
The analytical results of plutonium isotopes and easily calculated by fitting the 23*Th,, profile to the
pertinent natural radioisotopes for four cores from equation:
the New York Bight south of Rhode Island and two
L 172
cores from Narragansett Bay are summarized in Table C, = Co exp [—z (_7\_) } 1)
3. Locations of these cores are shown in Fig. 5. The zo 0 Dy
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where A = decay constant of 2**Th [34], z = depth
(cm) and C, and C, = concentrations at depth z and at
the surface, respectively. The second layer is a zone
of slower mixing where the 2!°Pb_¢ and 23%:24%Py
concentrations decrease almost exponentially with
depth. From the 2!%Pb,; profile in this layer, the
apparent sedimentation rate (S,pp) can be estimated
by fitting the 2! ®Pby, profile to equation (2):

C, = Co exp(—A2/Sapp) ° )

where \ = decay constant of 2!°Pb [35]. The appar-
ent sedimentation rate obtained this way is a maxi-
mum, since some of the 2!°Pb,, is mixed downward
by the burrowing behavior of benthic macrofauna.
The net sedimentation rate (S) and the sediment
mixing coefficient in the second layer (Dyy) can be
estimated through simultaneous model fitting of
210pp_ . and 23%24%Py profiles, as will be shown
below. The third layer is a no-mixing zone where
210pp,_. and '*C concentrations would, if available,
decrease exponentially with depth due to sedimenta-
tion and radioactive decay only [35].

Fig. 7A summarizes our multi-box sediment mixing
model which is similar to that of Peng et al. [36]. The
time dependence of the concentration in the top box
at a time step J is:

Ry- At
+1 - + I____.__ —
- (1—¢1)'P'AZ[C2 ¢l
S - At
—_——— [C; = Co]l =N\ -Cy - A 3
(1—¢1)-p-Az[l ol 1 (3)
in the bottom box of the first layer:
(n =Ly/Az)
R;- At
tlof g 720 -
Cz c{l (l—d)n)p'AZ (Cn—l Cn)
Ry - At
——————(Cp41 — G
(l—¢n)p~AZ( n+1 n)
S - At
_————(C, = Cp_1))—A-Cp- At (4
(l—‘¢n)'p'AZ(n l) n ()

in the bottom box of the second layer:
(m=(Ly+Lp/Az)
Ry - At

CJ+1=CJ+
m i (1 —=¢m)-p-Az

(Cm—l - Cm)

s-[C] Sout-[C1]  Sin+[Col
Azl Rx‘l é "[C)] R ]f ! i L 'A[CI]
+ 4 v !
% T[C2] , R’ 5=(Sin-Soun™T
1 + 1
N . N Lt
T ¥ 1
i & 4
R MGl R ¥
) T
\Rg #i \CilRg, Sam
e os left
T el
1 v T
——
N 4 4 Lo
L ¥ "
v ¥ T
1 i A
N 1 !
e g
,RlI M Rm,
¥ v ! 1
+ 3
S (A) (8)

Fig. 7. The numerical mixing and sedimentation model is
explained in A, and the model which includes resuspension of
surface sediments in B.

S - At
T 5 T
-Gy, - At (5)

and in the rest of the boxes:
(i=2ton—1,orn+1tom— 1, respectively)

o =d+R[(or Ryp) - At

i iTA=a)-p- Az Cin1 +Ci—1 =2y
]

S - At
—— (Cii—-C)—N\-C; -
(l—(i),-)-p-Az(' 1 Cz) Ct At (6)
where

c = specific concentration in sediments (dpm/g
dry sediment)

Co = specific concentration on suspended particles
(dpm/g dry sediment), assumed to be propoi-
tional to the input function

S = constant sedimentation rate (g dry sediment/

cm? yr)
Ry, Ry = constant sediment mixing rate in the first and
second layers (g dry sediment/cm? yr)

¢ - = porosity of sediment (cm?® water/cm> wet
sediment)

P = density of dry sediments (2.5 g/cm®)

Az  =depth step interval (0.3 cm)

At = time step interval (1 day)

Ly, Ly = thickness of the first and second layer (cm).



The distinctive features of our model are:

(1) C, S and R are all expressed on a unit mass
basis instead of the usual unit volume basis.

(2) The porosity profile is assumed to be in a
steady state and can be expressed by ¢ = ¢, exp(—a "
z), where ¢, = porosity at the core top, a = inverse of
characteristic length, and z = depth.

(3) R can be related to the common diffusion
coefficient, D, (cm?/yr) by the relationship:

R-Az
(1-¢)p

Consequently, since the porosity decreases with
depth, D also decreases with depth. The initial condi-
tion of our model is to set C; = 0 at time zero. The

D= )

TABLE 4
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time dependence of C, (the specific concentration in
the depositing sediment particles) is set constant for
the simulation of the 2!%Pb,, profile. Our numerical
model has been run for 200 years to attain steady
state conditions as a check against the analytical solu-
tion for 21%Pb, profiles assuming constant porosity
[33]. Differences were insignificant between the two
models when the same parameters were used. For
239,240py; profiles, two boundary input functions
were tried: (1) C, proportional to *°Sr fallout in New
York City [37] assuming a constant 23°:240Py/9%Sr
ratio (0.02), and (2) C, proportional to 23%:24%Py
fallout as determined in a Greenland ice core [38].
Since the two input functions are similar, we found

Parameters resulting from model runs which best fitted the radioisotope data of sediment cores *

Core no. Water depth 1 a Ly Ly 2234Th,(s E“onxs £239,240p,
(m) (cm™) (cm) (cm) (dpm/cm?) (dpm/cm?) (dpm/cm?)

Narragansett Bay

6-240-00-900 10 0.63 0.0048 5 30 - 21 0.60

7-334-00-900 10 0.75 0.0020 9 30 3.9 15 0.42

New York Bight

SBC-1 69 0.74 0.0105 7.5 30 6.7 58 0.93

SBC-5 87 0.80 0.0107 7.5 40 3.9 76 0.87

SBC-2 850 - - - - 7.9 75 0.09

HBC-3 1800 - - - - 03 80 0.05
Ry Ry s Dy Dy s’ Sapp
g/em®yr) (glem’yn)  (g/em?yr) (em?/yr) (em?/yr) (cm/yr) (cm/yr)

Narragansett Bay

6-240-00-900 2085 7.2 £2 0.009 £ 0.03 7525 25 :0.6 0.01 £ 0.03 0.28 £ 0.07

7-334-00-900

(1) 9.4 5.0 Y
@ 59.1 0.64 £ 0.2 0.006 t 0.03 315 0.32 £ 0.1 0.01 £ 0.03 0.10 £ 0.03
New York Bight
SBC-1 209 +4 48 t1 0.009 10.7£2 20 04 0.01 0.23 £ 0.05
(0-0.05) (0-0.05)

SBC-5 571 35 :09 0.140 £ 0.04 3.8:0.8 1.7 £0.5 0.14 £ 0.04 0.32:0.10

SBC-2 1.3+0.25 0.07 £ 0.015

HBC-3 0.1 £ 0.05 0.05 £ 0.025

* The meaning of the symbols is explained in the text. Indicated errors are estimated confidence levels based on simultaneously
varying as many parameters as possible (uncertainty in input function not included) to best fit all radiotracer profiles equally

well.

* Dy and S’ are values at water-sediment interface, and Dyj at the boundary between the top mixed layer and the second mixed layer (L}).
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no substantial differences between the 23%:24%Py
model profiles using either input function. We there-
fore used New York City fallout values. This choice,
we feel, is a realistic one because Noshkin and Bowen
[24] and Livingston and Bowen [32] observed that
Buzzards Bay sediments contained 80—90% of the
total atmospheric fallout inventory for 23%:24%Py in
1964, just one year after the peak fallout of
239,240py Input function (1) and (2) would both
predict 80 £ 10% of the total fallout deposition for
the year 1964. A comparison of the 23%:24%Py
inventory in the two cores from the Buzzards Bay
sediments taken in 1964 with 7 cores taken between
1972 and 1974 (both data sets from Livingston and
Bowen [32]) indicates that this sedimentary basin
did not accumulate Pu significantly between 1964
and 1974 (increase of only 20 * 20%).

The dotted or solid lines in Fig. 6a—d represent
the best fit model curves (the model curves are always
normalized to the observed surface concentration).
The various parameters used or calculated are sum-
marized in Table 4. In shallow coastal environments
(<100 m) the thickness of the surface rapid mixing
layer, Ly, can vary from a few centimeters to 10 cm,
and its mixing coefficient, Ry, from 6 to 60 g/cm?
yr (or Dy = 4—32 cm?/yr at the sediment-water inter-
face). The thickness of the second layer, Ly, can be
as great as 30 cm, and its mixing coefficient, Ryj,
varies from 0.6 to 7 g/cm? yr (or Dyj = 0.3—2.5 cm?/
yr at the depth Ly). L;j has been chosen to extend to
a depth where both 23%:240py and 2!°Pb, activities
become non-detectable (by actual measurement or by
extrapolation). Qur model is not sensitive to Lyj.
However, the selection of Ly is of critical importance
for both profiles, and is one of the parameters result-
ing from the simultaneous model fitting of the
210pp . and 23%:24%Py profiles.

Our estimates of recent sedimentation rates for the
“mud hole” area of the New York Bight, south of
Rhode Island, agree well with those of Bothner et al.
[39], which were derived using **C (0.025 cm/yr).
The most interesting result is that the sedimentation
rates obtained from our model (see S and S’ in
Table 4) are always much lower than the apparent
sedimentation rate, S,pp, obtained from 2!°Pbyg pro-
files alone, even though the uncertainties in S and S’
are large (Table 4). Very similar results were obtained
by Benninger et al. [33] from a Long Island Sound

core. They gave Dy = 6—38 cm?/yr, Dy; = 0.6—1.0
cm?/yr and ' < 0.05 cm/yr compared to Sapp = 0.11
cm/yr, assuming porosity to be constant with depth.
Therefore, as cautioned by Benninger et al. [33], one
should be very careful about using S, to estimate
the actual net accumulation rate of sediments and the
pollutants they contain in coastal marine environ-
ments, where the effect of sediment mixing has often
been neglected in the past (e.g. [40]). In order to
obtain reliable S or §’, we would need a longer core
(down to the historic layer where bioturbational
mixing is absent) and use the '*C dating technique.

The somewhat irregular shape (subsurface
maxima) of the 23%:24%Py profiles in Fig. 6 is prob-
ably caused by the variable feeding and burrowing
behavior of benthic macrofauna [33,34].

The cumulative 23*-24°Pu deposition is about
0.44 + 0.11 dpm/cm? in the northern latitude
between 30° and 50°N [1]. Narragansett Bay, then,
has accumulated approximately 100% of atmospheric
fallout 23%:24°Py, and the New York Bight shelf sedi-
ments contain almost twice the atmospheric fallout
inputs (Table 4). With very low net sediment accumu-
lation rates (<0.03 g/cm? yr), how can the coastal
sediments efficiently accumulate 23°:24°Pu? The fol-
lowing is our explanation: Let us consider a thin layer
of well-mixed sediments at the water-sediment inter-
face (Fig. 7B). The sediments continuously receive
settling particles from the water column at a sedimen-
tation rate of S;, (g/cm? day) and a specific 23?°24%Py
activity of Cy (dpm/g). Sediment particles are resus-
pended into the water column at a resuspension rate
of Sout and specific 22%:24%Py activity equal to that in
the top sediments (C,). The net gain of 23%:24CPu by
sediments F ¢, is:

Fnet =Sin : CO - Sout : Cl
=8 -Co +Sout(Co — C1) (®)

where S = S, — Sout (net sedimentation rate).
Remobilization of soluble Pu is neglected in this
model, since it is probably insignificant compared to
the total sediment inventory as shown above. Two
terms contribute to the accumulation of Pu in the
sediments. The first term is simply the burial of Pu
adsorbed on particles through net sedimentation

(S - Cp). The second term reflects the fact that a frac-
tion of the particles which are resuspended to the



overlying water column is mixed down into the sedi-
ments by bioturbation and therefore creates a con-
centration gradient (Cp — C;) between freshly sedi-
mented and resuspended particles. Therefore, the flux
of Pu also increases with the sediment resuspension
rate Sqy¢ and with the concentration gradient Co —
C,, both of which are affected by the bioturbation
rate of bottom sediments: an increase in the benthic
fauna activities increases both the sediment mixing
rate (R) and the sediment mixing depth, which tend
to decrease C, (due to mixing with less contaminated
sediments below), thus making the (Co, — C,) term
larger. The churning of the surface sediments by
benthic fauna can increase the erodibility of the sur-
face sediments and, therefore, the resuspension rate
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Fig. 8. 239,240py inventories in coastal marine sediments
versus the depth (L) where 239:240Py activities are below
5% of the surface activities. For Narragansett Bay, one core
described by Goldberg [40] and re-evaluated by Santschi [44]
has been included.
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of sediments [41]. The resuspended sediment
particles, in turn, scavenge more “particle-reactive”
pollutants from the water column down to the water-
sediment interface. Though there are not many mea-
surements of Sy and R to quantify the benthic
faunal activity in sediments, the penetration depth of
239,240py in sediments, Ly, (defined here as the depth
at which the concentration of 23?:24%Py is about 5%
of that in surface sediment) can be roughly taken as
an indicator for the intensity of benthic faunal activ-
ity. The linear correlation between the total cumu-
lative inventory of 23%:24%py (Z23%:24%Py dpm/cm?)
and L, (but not with the net sedimentation rate) for
nearshore and offshore cores (Fig. 8) supports our
contention that the accumulation of plutonium in
marine sediments is modulated by benthic faunal
activity.

The surface shelf sediments from the New York
Bight south of Rhode Island are high in fine-grained
particles (greater than 20% by weight in particle size
<63 um). Therefore, the area was nicknamed the
“mud hole” [42]. But the total area of the “mud
hole” is not more than 20% of the whole New York
Bight Shelf area {43]. The rest of the shelf is mainly
sandy (less than 10% by weight in particle size <63
um). Since the “mud hole” sediments have accumu-
lated at most only about twice the atmospheric fall-
out input of 23%:24°Py one would expect the sandy
sediments to accumulate some of the a atmospheric
239,240py inputs. Unfortunately, we have no sedi-
ment core samples from those areas. Also, most of
the atmospheric 239:24%Py inputs to the shelf may
have been deposited in the bays along the shore or
transported out to the slope areas by currents.
Further studies are needed.

A few final comments on our two cores from the
New York Bight slope area (Fig. 6¢, f) are necessary:
The mid-depth maxima of 2!°Pb,, and 23:2%°Pu in
core HBC-3 from the continental slope suggest a very
recent slumping of sediments, probably caused by
turbidites. Subsequent bioturbation of variable
intensity would smooth out the original signal in such
a way as to suggest an increase in apparent sedimenta-
tion rates with depth. The occurrence of 23%:24%Py at
depth in these two cores indicates that these slumping
events must have occurred within the last 15 years.
Alternative explanations such as bioturbation alone
or analytical and sampling errors cannot be excluded.
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4. Conclusions

The apparent correlation between “dissolved”
239,240py, (<0.45 um) and the suspended particle
concentrations in the New York Bight nearshore and
Narragansett Bay waters can be best explained by the
injection of more soluble, less reactive species
(anionic Pu (V + VI) or colloidal (Pu (III + IV)
species) from the bottom sediments to the overlying
water column during the resuspension of surface sedi-
ments in warmer seasons. 222:24%Pu input and output
fluxes in the New York Bight waters can be approxi-
mately balanced if it is assumed that (1) only about
15—20% of the total 23%:24%Pu is “particle-reactive”
as Pu (II + IV), and (2) Pu (III + IV) behaves simi-
larly to Th (IV) and is therefore removed at a similar
rate from the surface waters to the sediments.

Our estimates of recent sedimentation rates for the
“mud hole” areas in the New York Bight, south of
Rhode Island, agree well with those of Bothner et al.
[39], which were derived using 14C dating techniques
(0.025 cm/yr). Despite the very low net sediment
accumulation rates of approximately zero to less than
0.03 cm/yr which were often found in the New York
Bight shelf area south of Rhode Island and Narragan-
sett Bay, and of less than 0.05 cm/yr in Long Island
Sound [33], the cumulative >3°-24°Pu inventories in
these areas are between one and two times the atmo-
spheric fallout inputs. The continuous resuspension
of particles from surface sediments, which adsorb
239,240y from the water column, and sediment
mixing by bioturbation, which effectively mixes and
dilutes the polluted surface sediments with less
contaminated sediments below, can explain the ob-
served high sedimentary inventory and deep penetra-
tion of 23%:24%Py in these areas
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