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Abstract

Temporal changes in 239+240pu and 241Am inventories in the western Mediterranean have been
examined by making high resolution water column sampling and direct measurements of the vertical
flux of particle-bound transuranics using time-series sediment traps. Water column profiles of both
radionuclides showed well-defined sub-surface maxima (239+240pu between 100-400 m; ^'Am at 100-
200 m and 800 m). Time-series measurements of 239+240pu indicated a shift in the depth of the sub-
surface maxima which appeared to be related to a change in depth of the core of low-salinity
Levantine Intermediate Water. Total water column inventories for the western basin compared with
total fallout inventories for the same area show that by 1990, approximately 56% of the 239+24Opu and
20% of the 241 Am deposited in the basin still resided in the water column. Time-series measurements
of the downward flux of paniculate 239+240pu and 24!Am compared with transuranic removal rates
derived from observed total water column inventory differences over time, show that particles sinking
out of deep waters (1000-2000 m) could account for 26-72% of the computed total annual 239+240pu

loss and virtually all of the 241 Am removal from the water column. Computed upper water column (0-
200) residence times were 20-30 y for 239+240pu and 5-10 y for M A m in the open waters of the
northwestern Mediterranean. A comparison with data for the north Pacific Ocean indicate that
239+240pu resident times are shorter and those for 241Am much longer in open waters of the northeast
Pacific. 241Am/239+240Pu activity ratios in unfiltered sea water from the western Mediterranean which
are six times lower than those in the north Pacific indicate the existence of a mechanism for enhanced
scavenging and removal of ^ A m from Mediterranean waters. It is proposed that frequent
atmospheric inputs of aluminosilicate particles transported by Saharan dust events could enhance
geochemical scavenging and removal of 241Am to the sediments of the western Mediterranean basin.

1. INTRODUCTION

One of the main objectives of oceanic flux studies is to examine spatial and temporal variability
of the downward vertical transport of key elements and radionuclides involved in marine
biogeochemical cycles. Two long-lived transuranic elements, plutonium and americium, have
entered the marine environment as contaminants primarily via fallout from atmospheric weapons
testing. The different chemical behaviours of these artificial radionuclides in sea water have made
them unique tools for studying various particle-related processes in the ocean [1-4].

As a result of increasing interest in such anthropogenic tracers, a substantial database has accrued
on the distribution and behaviour of plutonium and americium in sea water, suspended particulates
and sediments. However, direct measurements of the particle-associated vertical flux of plutonium
and americium remain rare, even though such information is essential for quantifying their residence
times and removal rates in the water column [3-5]. Another method for deriving the downward
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movements of surface-introduced transuranic elements is to compare sea water radionuclide
inventories for given depth intervals over different periods of time. Based solely on sea water
profiles measured in the mid-1970s and early 1980s, it has been postulated that the association of
transuranics with sinking particles is responsible for the slow downward displacement of dissolved
plutonium and americium reported for Mediterranean waters [2]. In order to refine such critical
comparisons, we have measured high resolution depth profiles of plutonium and americium in the
northwestern Mediterranean basin during a series of cruises in 1989-90. The profiles were taken at
two offshore stations where time-series sediment trap experiments were also underway to quantify
the present downward vertical flux of transuranium nuclides and other elements.

2. METHODS AND MATERIALS

2.1 Sea water profiles

Unfiltered sea water samples were collected during three separate cruises at two locations in the
northwestern Mediterranean basin. During May and November 1989, two sampling cruises were
undertaken at the French DYFAMED station (43°25'N, 07°53'E) located approximately 30 nautical
miles southeast of Cap Ferrat, France. On each occasion sea water was collected at 17 depths by
casts employing 30 1 Niskin bottles mounted on a Rosette sampler. Approximately 60 1 of sea water
was taken at each depth to a maximum depth of 2250 m. In May 1990 during the 'CYBELLE' cruise,
19 depths were sampled by taking similar casts down to a depth of 2470 m at the EROS-2000
'ETRO' station (41°57'N, 05°56'E) in the Gulf of Lions approximately 60 nautical miles south of
Toulon, France.

2.2 Particle fluxes

Automated time-series sediment traps were used to collect sinking particles at both stations
during various periods between June 1988 and July 1990. At the DYFAMED station from June 1988
to December 1989, traps moored at 100, 200, 1000 and 2000 m collected material for time intervals
ranging from 14 to 27 days. In spring-summer of 1990 sediment traps were moored at the EROS
2000 'ETRO' station in the Gulf of Lions at depths of 200, 500, 1000 and 2000 m. Each of the six
collection cups sampled a consecutive 13-day period between 14 April and 1 July 1990. Trap design,
sample preservation methodology and protocols for treatment and preparation of the particulate
samples are described in detail elsewhere [7].

2.3 Radionuclide analysis

Unfiltered sea water samples were acidified with HNO3 to pH 1, spiked with appropriate yield
determinants (^Pu and 243Am), and the transuranium nuclides carried down by an Fe(OH)3

precipitation. The precipitate was subsequently dissolved and 239+240Pu and M1Am chemically
separated and purified by methodologies described previously [1,6]

Freeze-dried particulate samples from the sediment traps (20-110 mg dry) were ground to a fine
powder in an agate mortar. Aliquots were then spiked with yield determinants, digested in a
concentrated HNO3-HCIO4 mixture and evaporated to dryness. Any siliceous residue remaining after
the initial dissolution was further treated with HF until a clear solution was obtained. All samples
were subsequently taken to dryness, brought to volume with dilute HNO3 and co-precipitated with
Fe(OH)3. The separated and purified 239+240pu and 241Am from the particulates were electrodeposited
onto stainless steel discs and measured by alpha spectrometry using silicon barrier detectors.



3. RESULTS AND DISCUSSION

3.1 Transuranium profiles and inventories

Concentration profiles for the radionuclides are shown along with the 241Am/239+240Pu activity
ratios in Figure 1. All three high resolution profiles of 239+240pu show a distinct sub-surface maximum
in concentration. The DYFAMED Nov. 1989 and EROS plutonium profiles are quite similar in
shape with sub-surface maxima evident between 100-400 m. The May 1989 profile at the
DYFAMED site was somewhat different from that taken at the same station six months later in that
during May the sharp sub-surface maximum was centered at 100 m, whereas in November 1989 it
had shifted to a depth of 400 m. The sub-surface plutonium maximum in November was observed at
the same depth as the salinity maximum (38.57 PSU; Fig. 1) which closely reflects the depth of the
core of Levantine Intermediate Water in this region. During May of the same year, the salinity at 100
m (38.49 PSU; Fig. 1) was much higher than that measured during November (38.13 PSU) and most
likely was responsible for the maximum 239+240pu levels observed at the same depth in May. This
feature, which has been observed previously, is generally attributed to the downward vertical
transport and subsequent mineralization of plutonium-enriched organic particulates which release the
radionuclide back into the water column. While such a biogeochemical mechanism is probably of
primary importance in maintaining the presence of this feature in the upper water column, the
temporal data from the DYFAMED station indicate that hydrodynamic changes in water mass
distribution in the northwestern Mediterranean may influence its exact positioning in the upper 400
m.

The ^'Am profile shows two sub-surface maxima, a smaller one between 100-200 m that
corresponds to the Pu sub-surface maximum and a much sharper maximum centered at 800 m depth
(Fig. 1). The significance of the deep sub-surface maximum is not clear but may be related to
enhanced scavenging of M1Am by particles at this depth; however, whatever the process involved, it
does not affect the corresponding vertical distribution of 239+240Pu.

Interpretation of these profiles would be greatly facilitated by knowledge of how the
concentrations have changed at various depths in the water column over time. To do this, historical
data prior to 1989 from the entire western Mediterranean were assembled and inventories for various
depth intervals computed. Most of the earlier profiles were comprised of very few sampling depths,
which limits the accuracy of determining water column inventories; therefore, only two deep water
column profiles, which were taken very near our 1989-90 stations and included at least 7 sample
depths, were selected for purposes of detailed inventory comparisons.

The 239+24Opu inventories based on measurements made to at least a depth of 2000 m show that
very little decrease in total inventory (-2 Bq m'2) had occurred during roughly the decade over which
the measurements were made. However, 239+240pu inventories in the lower 1000-2000 m depth
interval of the 2000 m water column have clearly increased over that time interval. Computations
indicate whereas in the 1976-82 time frame only 33% of the 239+240Pu water column inventory resided
within the lower 1000 m depth interval, by 1989-90 the percentage had increased to 46%. With the
increase in deep water plutonium inventories, there was a concomitant decrease of approximately
35% in the upper mixed layer (0-200 m) during this time. These data show that plutonium is slowly
being removed from the surface layers and accumulating in the deeper waters of the western
Mediterranean.

Inventories in different depth intervals were constructed and compared with a detailed 241Am
profile taken in the northwestern basin nearly 14 years earlier [1]. The data show that the depth
distributions of 241Am are more complex than those of plutonium. Except in the upper mixed layer
(0-200 m), there has been a clear decrease in the inventories over time. The entire 2000 m water
column inventories indicate that there was roughly a 24% decrease in 241Am during the period 1976-



90. Nevertheless, the fraction of that inventory residing in the deeper 1000-2000 m depth interval
was the same (-56%) at both times. Thus, whereas 239+240pu has shown a slow increase in the amount
retained in the lower half of the 2000 m water column over this time period, the corresponding 24!Am
data suggest a rapid transfer from the water column, most probably into the sediments.

These transuranic inventories deal only with the measured concentrations within the upper 2000
m of the water column in the western Mediterranean. However, nearly one half of the surface area of
this region is represented by depths greater than 2000 [8], thus, any realistic computation of total
transuranic inventories for the western Mediterranean must include inventories for these depths. In
order to estimate inventories at depths greater than 2000 m, the cumulative inventories for 239+240pu

and 241Am at each station were plotted and were found to increase linearly with depth; therefore,
inventories below this depth were derived by extrapolation of this relationship.

239+240pu i n v e n t o r j e s t 0 depth were determined in this fashion for three separate time periods, i.e.
1976, 1981-82 and 1989-90. The cumulative inventories in different depth intervals were then
multiplied by the areas of those depth intervals in the western Mediterranean basin to arrive at
estimates of the total water column transuranic inventory for each time period. In the case of ^'Am,
profile data for the western basin are fewer, hence, a comparison of total water column inventories
has only been made using the measured inventories from only two stations. The differences in total
water column inventories of 239+240pu and ^'Am over time and the computed mean annual loss of
these radionuclides from the water column are given in Table 1. From this assessment it is evident
that a greater fraction of the M1Ani inventory has been removed from the water column over the years
than for 239+240Pu.

From known deposition rates in the northern hemisphere and observed 241Am/239+240Pu ratios in
soil samples [9,10], it can be calculated that total integrated 239+240pu and 241Am delivery by 1990 was
54.3 and 20.1 TBq, respectively. Comparing the total water column inventories for 1989-90 with the
total delivery values indicates that 56% and 20% of the deposited 239+240Pu and ^Am, respectively,
were still present in the water column at that time.

3.2 Vertical Fluxes

Concentration of both radionuclides in the sinking paniculate matter were similar at the two
stations ranging from approximately 0.3 to 8 Bq kg"1. The 24!Am/239+240Pu ratios in the particles were
all higher than were observed in bulk sea water, and some very high ratios (1.9 - 2.4), more typical of
Mediterranean sediments [11] were recorded in particles fluxing through 2000 m.

During the course of the 2Vz month EROS experiment from April to July, the 239+240pu

concentrations in particles at 200 m steadily increased from 1.92 - 8.45 Bq kg"1. Corresponding
241 Am levels varied by a factor of 10 throughout this period but did not follow the same increasing
trend as 239+240Pu. Both 241Am concentration and flux increased with depth suggesting enhanced
scavenging of the radionuclide throughout the water column. Preferential scavenging of 24!Am
relative to 239+240pu is a i s 0 reflected in the increasing 241 Am/239+240Pu ratio in the sinking particles with
depth. The maximum fluxes of both 239+240pu and ^ A m coincided with the period of maximum
sedimentation indicating that mass flux was the main factor controlling transuranic flux. These
fluxes measured at both stations were similar to those recorded in the same region off Corsica during
spring 1986 [3] but they were an order of magnitude lower than 239+240pu and 241Am fluxes measured
in the high sedimentation regime of the Lacaze-Duthiers Canyon in the Gulf of Lions [4]. Clearly,
variations in the flux of these radionuclides largely depend on the sedimentation rate.
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FIG. 1. Vertical profiles of2iV+240Pu (DYFAMED & EROS 2000 stations), M1Am (EROS 2000) and
salinity (both stations) measured during 1989-90 in the northwestern Mediterranean Sea.



The degree to which large particle transport is responsible for the removal of 239+240pu and M1Am
from the water column can be examined by comparing measurements of mean annual transuranic
fluxes, particularly those in deep waters, with the estimates of changes in total water column
plutonium and americium inventories over time (Table 1). Comparing these deep water (1000-2000
m) particulate transuranic fluxes in the open waters of the western basin (0.10 - 0.28 for 239+240Pu;
0.10 - 0.22 for ^ A m ) with the derived annual loss rates suggests that from 26-72% of the estimated
plutonium loss can be accounted for by the sinking out of large particles, whereas virtually all of the
241 Am removed could have occurred by this mechanism.

TABLE I. SUMMARY OF WATER COLUMN INVENTORIES (TBq) FOR TRANSURANICS IN
THE WESTERN MEDITERRANEAN SEA AND MEAN ANNUAL TRANSURANIC LOSS
(Bq m-yx) DERIVED FOR DIFFERENT TIME INTERVALS

Inventory for years

Inventory decrease
between years

*Mean loss per year for
different time intervals

Overall mean loss

1976 (T,)
1981-82 (T2)
1989-90 (T3)

T2-Ti
T3-T2

T3-T,

T2-T,
T3-T2

T3-T,

239+240pu

34.1 TBq
33.2 TBq
30.3 TBq

0.9 TBq
2.9 TBq
3.8 TBq

0.24 Bq m-y1

0.53 Bq m"2y4

0.41 Bq m y
0.39 Bq my 1

MIAm

5.19 TBq
-

3.95 TBq

-
-

1.24 TBq

-
-

0.13 Bgjn2^1

0.13 BqmV
• The difference in inventories between any two-year intervals is computed as the inventory

decrease divided by the total surface area of the western Mediterranean basin (681xl09m2)
divided by the average time interval between the years when measurements were made (i.e. 5.5, 8
or 13.5 years).

The average 239+240pu and M1Am flux through 200 m during the two-and-a-half month EROS-
2000 study was 0.688 and 0.273 mBq m"2d"\ respectively. Transuranic concentration profiles in sea
water measured at this site during early May resulted in corresponding radionuclide inventories above
200 m of 5.9 and 0.53 Bq m"2. Such fluxes would result in a residence time for 239+240pu a n c i 2 4 1 Am in
the upper mixed layers of approximately 24 and 5.3 y, respectively. These residence times are
considerably longer than those (2.5 and 0.14 y, respectively) reported for a 17-day deployment in the
Lacaze-Duthiers Canyon [4] and are therefore more representative of average transuranic flux in open
waters of the northwestern Mediterranean. Mean upper layer (0-200 m) residence times of 239+240Pu
and 241Am have been computed for various areas in the northwestern Mediterranean and were found
to be approximately 5-10 years for M1Am and 20-30 years for 239+240Pu.

Comparison of transuranic residence times in the Mediterranean with those derived from north
Pacific Ocean data shows that the residence times for 239+240pu in the Pacific were shorter than those
measured at the open Mediterranean stations. Comparable data for 241Am are fewer; nevertheless, in
oligotrophic waters of the north Pacific gyre station, the ^ A m residence time (37 y) is roughly twice
as long as that of 239+240pu which is the opposite of that observed in the western Mediterranean. Thus,
it appears that the biogeochemical behaviour of these fallout radionuclides in the upper water column
of oligotrophic waters from these two open ocean regions is quite different. An examination of
24IAm/239+240Pu ratios measured in a variety of unfiltered sea water samples from the two oceans



demonstrates that ratios in western Mediterranean waters are on average some six times lower than
those in the north Pacific. Such a large impoverishment of M1Am relative to 239+240pu in
Mediterranean sea water points to a mechanism for effecting much more rapid removal of 241 Am from
Mediterranean waters. It is proposed that the frequent atmospheric inputs of massive amounts of
aluminosilicate particles to the Mediterranean via Saharan dust storms furnishes a particle type for
which ^'Am has a greater binding affinity than 239+240pu which, in turn, leads to higher vertical
transport rates relative to 239+24Opu j n the Mediterranean, and higher 241Am transport in general
compared to that in the open north Pacific.
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