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INTRODUCTION

THE PROGRAMME OF THE INTERNATIONAL LABORATORY OF MARINE
RADIOACTIVITY HAS CONTINUED LARGELY ALONG THE RESEARCH LINES OUTLINED IN
THE LAST PROGRESS REPORT (IAEA-163). IN ADDITION TO THE REGULAR INTER-
CALIBRATION PROGRAMME OF RADIONUCLIDE MEASUREMENTS, THE LABORATORY HAS
DISTRIBUTED A NUMBER OF REFERENCE MATERIALS FOR THE MEASUREMENT OF TRACE
METALS AND ORGANOCHLORINE COMPOUNDS. THIS LATTER EFFORT WAS, AND CONTINUES
TO BE, SUPPORTED BY THE UNITED NATIONS ENVIRONMENT PROGRAMME (UNEP). THE
FIRST RESULTS OBTAINED FROM THE PARTICIPATING LABORATORIES INDICATE THAT
WHILE COMPARABILITY FOR TRACE ELEMENT MEASURmhNTS ARE ENCOURAGING, THE
SAME CANNOT BE SAID FOR THE DETERr.INATION OF ORGANOCHLORINE COMPOUNDS.
THE EXPERIENCE OBTAINED TO DATE IN ALL OF THE INTERCALIBRATION EXERCISES
ATTESTS TO THE DESIRABILITY OF MAINTAINING SUCH SERVICES FOR THE BENEFIT OF
THE SCIENTIFIC COMMUNITY INVOLVED IN ENVIRONMENTAL RESEARCH.

BASELINE MEASUREMENTS OF SELECTED POLLUTANTS IN THE MEDITERRANEAN
SEA HAVE BEEN LARGELY CONCLUDED. THE RtSULTS WILL BE USEFUL IN PLANNING
A LARGER MONITORING PROGRAMME WHICH UNEP WILL INITIATE IN 1976. ON BALANCE,
THE RESULTS REPORTED HERE FOR BOTH COASTAL AND OPEN OCEAN SAMPLES DO NOT
INDICATE A DRASTIC DIFFERENCE IN CONCENTRATIONS OF EITHER TRACE ELEMENTS,
ORGANOCHLORINE COMPOUNDS OR SELECTED RADIONUCLIDES IN THE MEDITERRANEAN
SEA OVER THOSE MEASURED ELSEWHERE IN THE WORLD OCEANS.

INCREASED ATTENTION HAS BEEN GIVEN TO STUDIES OF THE BIOGEOCHEMICAL
BEHAVIOUR OF TRANSURANIC RADIONUCLIDES IN MARINE ECOSYSTEMS. THIS HAS BEEN
COMPLEMENTED BY COLLABORATIVE RESEARCH WITH THE UNIVERSITY OF CAPE TOWN, IN
WHICH CERTAIN ASPECTS OF THE BEHAVIOUR OF TRANSURANICS IN THE OCEANS ARE
CONTRASTED WITH THE BEHAVIOUR OF OTHER ALPHA-EMITTING RADIONUCLIDES WHICH
OCCUR NATURALLY. THE INTENT IS TO GIVE A MORE BALANCED ASSESSMENT OF THE
RADIOECOLOGICAL IMPORTANCE OF THE TRANSURANICS IN THE OCEAN.

IN 1975/1976 A MAJOR MODERNIZATION OF FACILITIES WAS UNDERTAKEN TO
IMPROVE THE WORKING SPACE WITHIN THE LABORATORY. WE WISH TO ACKNOWLEDGE
PARTICULARLY THE HELP OF MR. JEAN GALLIOT OF THE LABORATORY AND THAT OF THE
HUSEE OCEANOGRAPHIQUE AND THE GOVERNMENT OF THE PRINCIPALITY OF MONACO IN
THIS EFFORT, WHICH HAS MATERIALLY IMPROVED THE EFFICIENCY OF OUR RESEARCH.





BIOLOGY

AS IN THE PAST, THE MAJOR EFFORT OF THE BIOLOGY SECTION DEALT
WITH THE BIOKINETIC BEHAVIOUR OF RADIONUCLIDES AND STABLE ELEMENTS IN

MARINE ORGANISMS. SPECIAL EMPHASIS HAS BEEN ACCORDED TO TRANSURANIC

RADIONUCLIDES IN THAT AN INFORMATION BASE DESCRIBING THEIR BEHAVIOUR IN
MARINE ECOSYSTEMS WILL BE NEEDED FOR A PROPER ASSESSMENT OF THEIR

ENVIRONMENTAL IMPACT UPON RELEASE TO THE OCEANS. IN THE CASE OF PLUTONIUM,

EXPERIMENTS HAVE BEEN GREATLY FACILITATED BY THE AVAILABILITY OF PU-237

WHICH PERMITS IN VIVO MEASUREMENT OF THE ISOTOPE IN SELECTED MARINE

ORGANISMS AND THEIR METABOLIC PARTICULATE PRODUCTS. COMPARISON OF THE

BEHAVIOUR OF THE VARIOUS ISOTOPES OF PLUTONIUM IN MARINE ORGANISMS HAS BEEN

UNDERTAKEN TO DISCERN WHETHER OR NOT ANOMALIES EXIST IN THEIR BIOLOGICAL

UPTAKE OR LOSS AS A CONSEQUENCE OF SPECIFIC ACTIVITY DIFFERENCES. THE

RESULTS OF BOTH LABORATORY AND FIELD EXPERIMENTS IN EACH OF THESE SUBJECT

AREAS ARE PRESENTED IN THIS SECTION.





1.0 Heavy metal cycling studies

1.1 The cycling of mercury in shrimp and mussels

S.W. Fowler, M. Heyraud and J. LaRosa

With the current interest in mercury as a conventional

pollutant in the aquatic environment, researchers are commonly employing
203Hg in laboratory and field studies to measure the flux of this metal

I-1*
through marine biota . The majority of these studies have focused on

203estimating mercury turnover times by measuring the loss of Hg from

previously labelled animals. This approach operates under the assumption

that the radiotracer has adequately equilibrated with pools of the
corresponding stable metal in the organism so that radioisotope flux will

reflect the kinetics of stable metal excretion. Oftentimes, this criterium
is not met with the result that the array of different tracer labelling
techniques leads to different conclusions about the kinetics of the

J

corresponding stable element .

203In the case of Hg studies with marine animals, tracer
labelling times generally have been either relatively short (1 to 14 days

uptake from water, 1 to 3 days accumulation from radioactive food), or the

isotope solution has been injected directly into the organism. Radiotracer
injection is somewhat unrealistic in that while perhaps serving to tag the

mercury in a specific target issue, it fails to simulate in situ mercury
uptake and metabolism which, in fact, can strongly affect the subsequent

1,2
excretion of the metal . Short term radiotracer labelling from either
water or food can furnish information on excretion processes following acute
contamination by a metal; however, labelling in this manner may prove
inadequate for estimating the depuration of a metal following long-term

exposure or measuring total metal turnover from all pools of a given element
in an organism.

Few, if any, radiotracer studies have been designed to
measure mercury kinetics in aquatic organisms which have been chronically
exposed to this element from both water and food, a situation that certainly
obtains in the natural environment. Thus, a series of experiments were

designed in which mussels and shrimp were labelled with either inorganic
203or methyl Hg under conditions closely approximating those which would

be expected to occur in nature. Following radiotracer accumulation, the
animals were maintained either in running sea water in the laboratory or
in a cage anchored off the coast of Monaco in order to measure mercury
elimination under quasi-natural conditions.

11



203Radioactive media were prepared by adding HgCl,, (spec.
203act. = 0.12nCi/yg) or CH HgCl (spec, act=0.67 yCi/ug) to six liters

of sea water which contained mixed phytoplankton cells. Radiotracer

concentrations were 0.23 and O.luCi/fc for inorganic and methyl mercury,

respectively. Several shrimp and mussels were placed in the labelled
203media and allowed to accumulate Hg from a combined food and water route

for 35 days. Shrimp were fed radioactive mussels which were labelled in
identically prepared media. Phytoplankton cells, which were rapidly
filtered out of the sea water by the mussels, were periodically added to
the radioactive media to ensure a good food supply. Addition of phyto-

203plankton as well as losses of Hg through adsorption to container walls
and/or volatilization necessitated occasionally adding radiotracer to the -

203media in order to maintain the Hg concentration relatively constant
throughout the accumulation period. The temperature was held at 1̂ ° + 1°C.

Following uptake, the organisms were rinsed in clean sea
203water for several minutes, weighed, monitored for their Hg content, and

apportioned into groups in the following manner. Half of the shrimp
203labelled with HgCl- were maintained in the laboratory in large plastic

aquaria supplied with running sea water; the other half were held in their

natural environment in plastic cages which were anchored at a depth of
203about 4 meters near the port of Monaco. The shrimp tagged with CH HgCl

were maintained only in the laboratory running sea water aquaria. Mussels

were equally distributed between the laboratory sea water system and plastic
cages hanging from a buoy moored offshore in the same area from where the

animals were collected. Each group of mussels contained some small and
some large individuals to allow assessing the effect of size on rate of
metal excretion.

Periodically the animals were retrieved from the in situ
203containers and monitored for Hg content along with those individuals

held in the laboratory. Shrimp in both regimes received frequent rations

of mussel or dried fish; mussels in the laboratory were periodically

given mixed phytoplankton cells to supplement the natural particulate
material normally found in the sea water system of the Musee Oceanographique.

203
Results for loss are expressed as percentages of Hg activity in whole
individuals at the beginning of the experiment and therefore loss rates are
not directly influenced by changes in animal weight.

Mercury-203 was determined by whole body counting techniques

utilizing a 7.6x7.6cm Nal(Tl) well-crystal coupled to a single channel
analyzer. Using internal standards of appropriate geometry, corrections

were made for physic

all cases below 5%.

203were made for physical decay of Hg. The overall counting error was in

12



To assess the distribution of natural levels of mercury in

organisms like those used in this study, dissected tissues of shrimp and

mussels were analyzed for total mercury by neutron activation analysis at
the IAEA Seibersdorf Laboratory. The method was verified by simultaneously

analyzing Bowen's kale and NBS orchard leaves (SRM-1571). The detection

limit for mercury was 0.05 ppm.
203The accumulation of Kg in shrimp and mussels following a

35 day exposure is shown in Table 1. In order to assess relative differences
203in availability of the two chemical forms, Hg concentrations in organisms

203have been normalized to the Hg concentration in the respective sea water-
phytoplankton milieu.

From the data in Table 1 it appears that small mussels tended

to accumulate somewhat more mercury than did larger individuals. The

observed enhanced accumulation in smaller whole mussels may be a result of
203Hg sorption to the mussel shell since smaller individuals have a greater

surface area to volume ratio than larger mussels. In fact, tissue
dissections of labelled mussels have shown that a large fraction of the

203incorporated Hg is located in the shell. Because of possible surface

sorption effects, the trend of enhanced mercury uptake by smaller
individuals will have to be examined in the soft tissues of mussels before

any metabolic significance can be atrributed to this observation, as has
6

been suggested for the uptake of other heavy metals by Mytilus

Table 1. Relative accumulation of 203,Hg by mussels and
shrimp following a 35 day uptake period

Isotope Organism

203HgCl,

CH32°3H8C1

Mussels

Small
Large

Shrimp

Mussels
Small
Large

Shrimp

n

8
8

10

8
6

avg.wet
weight (g)

1.7
5.0

0.73

3.3
6.8

0.79

Hg uptake
(Rel. units)

230
190

230

570
410

2270

13



Laboratory uptake studies with oysters have demonstrated higher mercury
levels in the soft parts of smaller individuals , nevertheless where

this possibility has been examined in natural populations, no significant
relationship between mercury content and mussel size has as yet been

8
established .

Comparison between uptake of the two chemical forms of
mercury indicate that methyl mercury is more available to mussels and

shrimp than the inorganic form (Table 1). This has been noted in previous
9,10

mercury studies on molluscs and other marine biota . Furthermore,

methyl mercury appears to be far more available to shrimp relative to

mussels than does inorganic mercury.
203The loss of both forms of Hg from animals in the two re-

OQO
gimeswas monitored for several weeks. Figure 1 depicts loss of Hg from

203small (1.6 g wet) and large (5.2 g wet) mussels labelled with HgCl. and

subsequently maintained in situ.

Over this particular weight range, the relative loss rate
of 203,Hg was not significantly affected by mussel size. Similar results

203were noted for the HgCl_ labelled animals held in the laboratory as well

lOOr

Q
LU

LU
CH

co
8

50

10
20 40 60 80 100 120

TIME (days)

203Figure 1. Loss of HgCl_ residue from small (•) and large (O)
mussels, Mytilus galloprov^noialisJ maintained in situ. Points
represent means and + la standard deviation from the measurement
of individuals.
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as with both laboratory and field mussels of different size labelled with
203CH_ HgCl. As loss rates were unaffected by the size of the individuals

used in these experiments, all mussels from any one regime were grouped
203and data were compared to assess differences in Hg loss due to either

the mercury compound accumulated or the regime under which the mussels were
maintained (Fig. 2).

203The results indicate that over the long term HgCl_ is

lost from mussels more rapidly than methyl mercury. Furthermore, mussels
living in the natural environment eliminated methyl mercury much more

rapidly than those individuals maintained in the laboratory sea water system.
203A similar tendency was noted with HgCl_ elimination; however, due to a

203relatively large degree of biological variation, differences in Hg

retention at the end of the experiment were not statistically significant

at the la level. Unfortunately, both experiments were terminated pre-
maturely owing to the loss of the animal containers during particularly

heavy seas.

Methyl mercury was also retained to a much greater degree
than inorganic mercury in shrimp (Fig. 3). No differences in loss rate

203were noted between the laboratory and field group in the HgCl9

lOOpr

Q
LLJ
Z

LLJce
en

noeg

50-

10

CH3
203HgCI o Lab

• Field

•""HgCI2

, I , I ,

* Lab
* Field

I , I , I , I
20 40 60 80 100 120

TIME (days)

203 203Figure 2. Loss of HgCl,, and CH_ HgCl residue from mussels,
Mytilus galloprovineialiSf maintained in situ and in the laboratory.
Points represent means and + la standard deviation from the
measurements of 6 to 8 individuals.
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100iJ-

10

TIME (days)

203,Figure 3. Loss of ""HgCl, (o) and CH tuJHgCl (•) residues from
the benthic shrimp, Lysarnata setioauda.ta. Points represent means
and + la standard deviation from the measurement of 6-10 individuals.

203Table 2. Biological half-times of Hg (days) computed for
organisms labelled by both food and water for 35 days and
subsequently maintained under quasi-natural conditions

Organism

Mytilus
go. 1 loprovincia. Us

Lysmata setiaaudata

Conditions

in situ
lab

in situ
and lab

CH3203HgCl

Tb̂ , % retained

63 99
377 89

529 91

20Vci2
Tb^ % retained

82 51
140 46

112 66

experiment; thus, data from both groups were grouped to construct the
203HgCl. loss curve in Figure 3. Biological half-times, computed for the
mercury containing compartments with slow turnover rates, are listed in
Table 2.

16



Differences in metal excretion between in situ mussels and

those maintained under simulated environmental conditions in the laboratory
11,12

have been noted previously . Sea water temperature varied only little
(16° to 13°C in situ, 18 to 15°C in the laboratory)in both regimes

throughout the experiment and thus, was not thought to be a determining
factor in the observed differences between excretion rates. More probably

the differences are related to food quality and/or quantity and resultant

growth of the animals. Periodic weight measurements showed that during the

course of the experiment, the in situ mussels increased their weight by
approximately 20% whereas the individuals in the laboratory lost an average
of 4% of their body weight despite periodic food supplements of mixed

phytoplankton. Active growth and tissue renewal would be expected to
enhance metal flux, especially organic compounds such as methyl mercury

which may be more closely linked biochemically to tissue constituents than
203inorganic forms. In any event it is evident that flux of HgCl_ residues

is only little, if at all, affected by these physiological parameters (Fig.2).
2

Miettinen et al. report a biological half-life for methyl
mercury of 1000 days following injection of the radioisotope into the
foot muscle of Mytilus. Our data in Table 2 indicate that when methyl

mercury is accumulated in a more natural manner by the same species, the

residues may be excreted at rates almost three times as fast (Tb̂  = 377 days)
in animals maintained under similar laboratory conditions. Furthermore,
excretion rates of these residues can be even more rapid in healthy, growing
mussels living in the natural environment. Although dosage techniques and
times differ considerably, other in situ studies have demonstrated relatively
short biological half-times for mercury in filter feeding molluscs. Following

a 12-hour labelling period, Jarvenpaa ?-t al. measured biological half-
times for methyl and inorganic mercury in Mytilus which ranged from 40 to
152 days depending upon the method of isotope administration. Seymour and

203Nelson report a biological half-time of 44 days for HgCl- residues in
oysters living in the natural environment, and Cunningham and Tripp

measuring the loss of stable mercuric acetate residues from in situ oysters

calculated values of 20 and 35 days.

The biological half-time for inorganic mercury residue
depuration in shrimp was somewhat longer than those reported for other
crustaceans. In studies involving the excretion of HgCl_ residues, Luoma

reports a value of approximately 16 days for the shrimp Palaemon debilis,
and Sloan et al. compute values between 20 and 25 days for the crab,

orio
Cancer mag^ster. Nevertheless, in both these studies HgCl was
accumulated directly from water for very short periods of time, two hours

17



for crabs and 3 days for shrimp. Studies have been reported which show

that short exposure times can result in relatively short biological half-
1,5,16

times for certain metals . Furthermore, total loss of a pollutant

from all contaminated compartments within an animal rarely follows a
simple negative exponential over the entire time course of the experiment;
hence, the biological half-life which is based on a single excretion rate

6,17
will depend on the period of time chosen for the calculation . Both

of these factors may explain the wide range of biological half-times

reported for inorganic mercury residues in crustaceans.
2

Hiettinen ei, al. report a biological half-life of 400 days
for crabs injected with methyl mercury. Our data from shrimp labelled

203with CH- HgCl through the food and water route also indicate that the

biological half-time for this compound is extremely long (Fig, 3, Table 2).

Contrary to the case of mussels, it appears that crustaceans living under
natural conditions will eliminate methyl mercury residues from slowly
exchanging compartments much more slowly than those derived from the

inorganic form.

In order to learn where the methyl mercury residues were

bound in these compartments displaying slow mercury turnover rates, one
shrimp was dissected after 4 1/2 months of loss. Monitoring the separate

203tissues for Hg indicated that by far the highest methyl mercury levels
were located in muscle (Table 3). The finding of substantial amounts of

methyl mercury in exoskeleton, which included endoskeleton tissue, is
noteworthy since molts from this individual retrieved during the loss period

203failed to show the presence of Hg. This suggests that the majority

of the methyl mercury residues measured in the dissected exoskeleton was
probably associated with the inner, non-calcified portion of this tissue.

Table 4 lists the concentration of natural levels of mercury

in various tissues of mussels and shrimps such as those used in our study.

The soft parts of mussels rontain a substantially higher

mercury concentration than the shell. This difference has been noted
18

previously by Bertinp and Goldberg , although the mean concentrations of
0.5 and 1.0 ppm dry in shell and soft parts, respectively, were somewhat

higher than those measured in mussels collected off Monaco. The highest

mercury concentrations in mussels were found in the viscera. Unfortunately,
the mercury in mussel shell was below the detection limit, however, if we

assume a maximum concentration of 0.05 ppm it can be calculated that up to

70% of the organisms's body burden of mercury may be contained in the shell.

18



Table 3. Distribution of incorporated methyl mercury
residues in shrimp tissues following long-term depuration

Tissue

Viscera

Muscle

Eyes

Exoskeleton

* Based on

203U ,cpm Hg/g

16411

41041
7200
13970

total weight of

wet % total tissue /
wet weight

7.3
43.2

1.1
48.4

dissected tissue from one

I total 2°3Hg
body burden

4.6
68.8

0.3
26.3

individual

Table 4. Tissue distribution of total mercury in mussels and
shrimp in terms of element concentration and percentage of total
tissue content

UgHg/g % total tissue I total Hg
Tissue dry wet wet weight' body burden

Lysmata setioaudata
(whole)

Viscera
Muscle

Eyes

Exoskeleton

(Molts)

Myt-ilus gafloprovinoialis
Shell

Mantle

Gills

Viscera

Muscle

*
1.58

2.96
0.53
0.23

0.29
0.07

<0.05

0.09
0.25
0.36

0.23
*

*0.379

0.935

0.104
0.057

0.091
0.016

<0.049

0.016
0.028

0.085

0.043
*

8.2
62.8
1.8

27.2
19.0

65,2
13.8

9.1
8.7

3.2

45.7
38.9
0.6

14.8
1.8

<70.1
4.8

5.6
16.3
3.1

(whole soft parts) 0.22 0.033 34.8 >26.4

* measured value, not reconstructed
t based on total weight of dissected tissues from several individuals
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A large fraction of mercury residing in mussel shell would support the
203contention that enhanced uptake of Hg noted in smaller whole mussels

may have been due to greater surface area per unit volume available for
isotope adosrption.

As with mussels, viscera also contained the highest concen-

tration of total mercury noted in any of the shrimp tissues examined.

The mercury content of exoskeleton was low, with the lowest concentrations
residing in molts which make up the outer layer of the exoskeleton.

18
Bertine and Goldberg found similar levels (1.3 ppm dry) in both dissected
exoskeletons and the remaining tissues of shrimp and suggested a possible
role of molts in the cycling of mercury in marine waters. Our data indicate
that molts which account for almost 20% of the shrimps wet weight will

contain only about 2% of the total mercury body burden. Results from our
radiotracer experiments, which showed that less than 2% of either incor-

porated inorganic or organic mercury was lost with the molt, also point to
a relatively minor role in mercury transport through crustacean molting.
Furthermore, the relatively low mercury concentration in molts compared
to other tissue would appear to rule out the possibility of surface

adsorption as a principal mode of mercury uptake. Closely related studies

on mercury kinetics in macroplanktonic crustaceans have led to similar
conclusions (see below).

1.2 Mercury kinetics in marine zooplankton
S.W. Fowler, M. Heyraud and J. LaRosa

Mercury, like many other heavy metals, is potentially
available to marine animals by uptake directly from water and/or through
the organisms food. Furthermore, bioavailability, assimilation and

subsequent retention in biota may be affected by the chemical species of

the element in sea water. While mercury is known to exist in the
inorganic form in sea water, recent work has indicated that, in certain

coastal areas, a good portion of the total mercury appears to be organi-
19

cally bound ; however, the exact chemical nature of the organic fraction
has yet to be determined. Methyl mercury may be one constituent of the

natural organically bound fraction since microbial mechanisms for in situ
20

methylation of mercury have been demonstrated in the aquatic environment .

Despite the fact that naturally produced methyl mercury probably comprises

only a small fraction of an aquatic ecosystem, the well-documented toxic

effects of this organo-mercurial, caused by man-made introductions into
marine food chains, make it an important compound to study.

20



As part of the programme dealing with the cycling of

pollutants by marine macrozooplankton, laboratory studies were designed

to delineate the kinetics of-different chemical forms of mercury in

euphausiids. To compare the bioavailability of methyl mercury with the

inorganic form, euphausiids (Meganyatiphanes norvegiaa) were exposed to
203 203CH_ HgCl and HgCl,, in sea water at a radiotracer concentration of

approximately 0.1 nCi/ml for a period of 4 weeks. Differences in specific

activity of the tracer solutions resulted in stable mercury additions of
0.25 and 1.6ug/Jl in the CH HgCl and HgCl experiments,respectively. The
natural mercury level in the water used in these experiments was approxi-

mately 0.02vig/& (Fukai, unpublished results). Loss of mercury from the
sea water solutions (measured -as loss of Hg) due to physical adsorption
on the container walls and volatilization necessitated changing the media

every 2 days. Fresh sea water solutions were prepared so as to maintain
the stable mercury concentration relatively constant throughout the

experiment. During the time when the solutions were changed, the
euphausiids were briefly placed in non-radioactive sea water and fed brine

shrimp (Artenria) to ensure good health throughout the uptake period. The
amount of stable mercury accumulated by the euphausiids was computed from

the known specific activity of the tracer solution. For purposes of
relative comparison of the bioavailability of the two chemical forms, the
results are given in terms of concentration factors which are defined as

the amount of stable or radioactive mercury taken up per gram wet euphausiid

divided by the added stable or radioactive mercury per ml of sea water.
Previous tests showed that over a stable mercury concentration range from

0.2 to 2ug/£ which encompasses that used in this experiment, mercury

accumulation was directly proportional to the concentration in sea water;

hence, any differences in concentration factors observed in the uptake
experiments utilizing methyl and inorganic mercury could be interpreted

as differences in bioavailability of the two forms and not to stable
mercury concentration differences in the two sea water media.

As an aid in interpreting the results, aliquots of the
radioactive sea water were filtered with 0.45ym membrane filters to assess
the particulate fraction of mercury added to the sea water.

A second experiment was designed to assess any differences

in assimilation and subsequent retention of mercury when the two forms are
administered through the food chain. Artewia were allowed to grow in a

203 203labelled phytoplankton suspension containing either CH_ HgCl or HgCl..

for a period of two weeks. Following labelling, the adult Artenria were
rinsed for several minutes in clean sea water to remove any loosely
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adsorbed mercury. Five euphausiids held individually in 750ml glass jars

each received 1.5 radioactive Artemia, all of which were consumed after
approximately 1 hour. Immediately following ingestion the euphausiids
were monitored for their Hg content, replaced in clean sea water and

fed ad libitum non-radioactive Artemia. Periodically during the next 3 days,
203the euphausiids were counted to follow the excretion of Hg and at the

same time their sea water medium was filtered to remove any radioactive

fecal pellets. Radioactive mercury on the filter paper and in the euphausiid
compared to the radioactivity contained in the animal at any previous period
allowed assessment of the fraction of total loss due to fecal excretion.

203In addition, retention of Hg by the euphausiids was measured for several
weeks in order to estimate the excretion rate of tissue incorporated mercury
following a single ingestion of labelled food.

In order to measure the total turnover rate of both chemical
203forms of mercury, several euphausiids were uniformly labelled with Hg

via the food and water route for 17 days. The experimental design was

similar to that for the uptake from the water experiment except that the
euphausiids simultaneously ingested radioactive Avtemia which had been
previously labelled in a phytoplankton suspension containing the same radio-

tracer concentration as that in the euphausiid medium. Radioactive feedings

ceased two days before the start of the excretion phase in order to allow
the euphausiids to clear their gut of any radioactive residue. Following

203uptake the organisms were rinsed for several minutes, monitored for Hg
and replaced in clean sea water. Throughout the 6-week excretion phase, the
water was changed daily and the euphausiids fed ATtemia. As a comparison

with mercury excretion kinetics in euphausiids labelled from both food

and water, the individuals which had accumulated the isotope only from
water were also transferred to clean sea water and their subsequent
elimination of mercury followed under identical conditions.

Several studies have emphasized the importance of released
zooplankton particulate products in the general cycling of certain

21-23
radionuclides and heavy metals in the marine environment . The fate

of mercury in these products was examined by studying the retention times
of the two forms of mercury in released radioactive feces and molts as well

as in euphausiid carcasses. During the course of the experiments described
above, fecal pellets, molts and dead euphausiids were kept in sea water and
frequently monitored to assess loss of the radioisotope to the surrounding
water. The water was changed frequently to reduce re-accumulation of the

203released Hg by the material and the duration of the experiments was lin
by the length of time the material remained intact. Counting techniques for

de

22

203released Hg by the material and the duration of the experiments was limited

igth
203measuring Hg were similar to those described in Section 1.1.



A preliminary study was initiated to measure the levels of

total mercury in euphausiids and their particulate products. Natural fecal

pellets and molts were collected in the laboratory by methods described
24,25

previously . In addition, several dozen individuals were dissected into
eyes, muscles, viscera and exoskeleton to study the tissue distribution of

mercury in M. norvegica. All tissues, whole individuals, particulate
products, and microplankton which serve as food for the euphausiids were
freeze-dried and analyzed for total mercury by neutron activation analysis

at the International Atomic Energy Agency's Seibersdorf Laboratory.

The results of the mercury bioavailability experiment are
presented in Figure 4. Methyl mercury was accumulated at a nearly constant

4
rate reaching a concentration factor of approximately 10 after one month.
Inorganic mercury, on the other hand, was taken up much more slowly and

appeared to be approaching a steady state toward the end of the 4-week period.

Concentration factors for both chemical forms were considerably higher

than those reported for several other metals and radionuclides in the same
22,26-28

organism . Membrane filtration of the labelled media indicated

that approximately 80% of both chemical forms of mercury was present in a
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201Figure 4 . Accumulation of HgCl, (O) and CH- HgCl (•) from
water by the euphausiid Meganyctipnanes norvegica. Points represent
the mean values of 4-12 individuals. C.F. = concentration factor.
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9.10

particulate form which could be retained on 0.45vim filters; hence, the
observed difference in bioavailability of the two species of mercury was
due most likely to the chemical form and not the physical state of this
element in sea water. Enhanced uptake of methyl mercury over mercuric

chloride has been described previously in other species such as molluscs .

The retention of ingested mercury in euphausiids is shown
in Figure 5. Clearly methyl mercury is assimilated and retained to a
much greater degree than inorganic mercury. The total amount of mercury

eliminated was quite different for the two chemical species; after 2 days
an average of 62% of the ingested HgCl- had been lost of which 67% was

excreted with the feces, whereas after 3 days only 3% of the methyl mercury
was eliminated from euphausiids with fecal pellet excretion accounting for

88% of this elimination.

The data in Table 5 indicate that with time, as the labelled
food passed through the gut, fecal excretion represented an increasingly
smaller fraction of total radioactive excretion of both chemical forms of

mercury. Periodic monitoring of fecal pellets produced by certain indivi-

duals showed that only negligible amounts of radiotracer were associated

100
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10 20 30 40 50 60 70 80 90 100 110 120

TIME (days)
203,.Figure 5. Excretion of "" Hg from the euphausiid, Meganyotiphanes

norvegieaj after receiving a single ration of Artenria labelled
with 203Hgcl2 (O) and CH3203HgCl (•). Y-axis intercept of
extrapolated loss curve represents fraction of ingested 203jig
assimilated into tissue. Points represent mean of 1-5 individuals.
Bars = + la where applicable.
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Table 5. Meganyotip'hanes norvegiea. Percent of total
elimination of ingested mercury represented by fecal pellet
excretion during various intervals of time. Values represent
mean of 4-6 individuals

Time interval HgCl0 CH.HgCl2. j

0 - 5 hr 77%
5 - 23 hr 45%
0 - 22 hr 75%
22 - 48 hr 24%

23 - 46 hr 39%
48 - 72 hr 15%

with the faces after day 3 and that loss of radioisotope was principally
due to excretion of tissue-assimilated mercury. In fact, as a first

approximation, the curves in Figure 5 after day 3 can be treated as
single exponentials which represent turnover of the respective mercury

compound in the tissue compartment(s). Least squares analyses were

performed on the exponential segment of each elimination curve and it was
found that approximately 36% of the ingested HgCl2 was assimilated into
tissue and subsequently excreted in a soluble form with a biological
half-time of about 10 days. In the case of methyl mercury, 97% of the
ingested dose was assimilated from the food with subsequent excretion

resulting in a half-time of approximately 450 days.

The total turnover of soluble mercury was ^timated in
203euphausiids which had been labelled with Hg in a manner closely

approximating that which would occur with mercury in the natural environ-

ment, viz., contamination from both food and water. The uptake phase
closely followed the pattern displayed when mercury was accumulated directly
from water (Fig. 4), i.e., relative uptake of methyl mercury and mercuric
chloride differed by a factor of approximately 4.5. Although the

203euphausiids had probably not reached isotopic equilibrium with the Hg
in their milieu after 17 days, the animals were considered to be adequately
labelled with tracer in order to obtain first approximations of soluble
excretion rates from the different mercury pools within the organism.

203The excretion phase of Hg for each chemical form of

mercury is shown in Figure 6. For estimating the total excretion rate of

dissolved mercury, the loss curves have been resolved into major "linear"
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TIME (days)
20"?Figure 6. Excretion of a) HgCl2 and b) CH3 HgCl residues

from the euphausiid, Meganyctiphanes norvegioa, following labelling
from both food and water. Loss curves have been broken into "linear1
compartments each with their own characteristic loss rate. Points
represent means of 2-10 individuals.

compartments, and the excretion rates of each compartment summed to give
21

the total excretion rate after the method of Small et at. and
22

Benayoun et al. Inorganic mercury was excreted relatively rapidly with

the majority of the total excretion rate being governed by a compartment

containing 42% of the mercury burden which displayed a very rapid turnover
rate of about 9.3%/day (Fig. 6a). Summing the rates from three major

compartments gave a total excretion rate of 11.6% inorganic mercury
residues/day. Methyl mercury excretion followed a somewhat different
pattern (Fig. 6b). Total excretion was resolved into two compartments: one

containing approximately 15% of the incorporated methyl mercury which turned

over at a rate of about 1%/day and another containing 85% of the compound
with an insignificant excretion rate. Hence, euphausiids at steady state
with methyl mercury in their environment would turn over this compound at

a rate of approximately 1%/day.

The data have also been plotted on a semi-logarithmic scale
to obtain information on biological half-times of the two chemical species
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in zooplankton. Half-times for mercury pools displaying the slowest turn-

over rates were 13 days for a pool representing 57% of the body burden of

inorganic mercury and 250 days for a compartment containing 92% of the

incorporated methyl mercury. For purposes of comparison long-term loss from
203the euphausiids which had accumulated Hg from sea water only was also

monitored for two months. Elimination of the two forms of mercury followed

essentially the same pattern; pools with 60% of the inorganic mercury
and 93% of methyl mercury turning over with biologicalhalf-times of 30 and

223 days, respectively. The exact chemical nature of the excreted mercury

in these experiments is not known. Nevertheless, regardless of the manner
in which the isotope is administered, excretion rates for the two chemical
forms of mercury were distinctly different and remained constant over long

periods of time. This fact suggests that following uptake little biological

interconversion between these forms was occurring.

The concentration of total mercury in euphausiid tissues,
their particulate products and their natural food is given in Table 6.
The high mercury concentration in the viscera which includes the

hepatopancreas, a known storage organ for many trace metals in
29

crustaceans , is consistent with the high levels of cadmium, selenium and

Table 6. Total mercury concentration in euphausiid
tissues, particulate products and mixed zooplankton

**
Sample Hg Hg/g dry weight

Meganyctiphanes norvegica
Whole animal (gut empty) 0.35
Eyes 0.95
Viscera 1.67
Muscle 0.55
Exoskeleton 0.38

Particulate products
Molts 0.17
Stomach contents 0.07
Fecal pellets 0.34

Food
*
Microplankton <0.05

* Principally small crustaceans, phytoplankton and detritus
** Detection limit =0.05 ppm
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210 22,23,28
Po which also accumulate in these tissues . High levels of

zinc which have been found in the eyes of euphausiids are thought to be
30

associated with the animals' screening pigments ; similarly the relatively

high amount of mercury noted in this tissue may be bound in a like fashion.
By far the majority of the mercury in euphausiids resides in muscle and

exoskeleton which account for approximately 45 and 48% of the organism's

dry weight, respectively.

The higher mercury concentration in the entire exoskeleton
relative to the molt, which represents only the outer surface of the
exoskeleton, suggests that surface adsorptive processes are not the major
mode by which mercury is accumulated in euphausiids. From the data in

Table 6 it can be computed that molts, which represent approximately 8%

of the organisms dry weight, contain only about 4% of the euphausiid's
mercury content. This fact is corroborated by our radiotracer studies in

203which no more than 2-3% of the euphausiid's Hg content was lost with

cast molts.

In order to assess the importance of routes of mercury flux

in euphausiids, the data from the study have been inserted into a linear
21

model developed by Small et at. and used by others to study the flux of
22,23,28

several heavy metals and radionuclides through the same species

The model is based on the equation:

KE = yE + XE (1)

where K| is the mercury uptake rate and is equal to the mercury elimination

rate (X ) plus the rate at which the element is accumulated in tissues (p, ).h h
The M term is equivalent to the product oC the growth rate (p ) and the
concentration of mercury in whole euphausiids (Q ). The total elimination

8
rate (X ) is equal to the sum of separate elimination terms such as

h

mercury loss due to fecal excretion (Qf x p ), molting (Q x p ), and
soluble excretion (Q x p ). It has been reported that most of the mercury

§ e 20
in marine zooplankton is in the inorganic form . For this reason and as a

first approximation, we have used the excretion rate, p , for HgCl
G £-

residues in the model calculation. Knowledge on the distribution of

inorganic and methyl mercury in euphausiids will allow eventual partitioning

of p into rates for both chemical forms. Loss of mercury clue to egg
production occurs for only a short period during the year and will not be

considered here. Uptake, JL.,, in reality combines element uptake from both

food and water, however, for simplification we will assume for the moment
that all mercury uptake takes place through the foodchain, i.e., 1C, is

defined as the product of the food ingestion rate and the mercury concen-

tration in the food. Measuring the mercury concentration in the euphausiid's
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food and comparing a computed value of K_ with estimates of u_ + \^ derived
h h ti

from measurements irrespective of the original source of mercury can furnish

information on the relative importance of the food and water route as a
source of mercury to the organism.

The data necessary for the flux model calculations are given

in Table 7. All notation follows that used by Small et al. Inspection

of the data in Table 7 (lines 1, 4 and 5) shows that under norraal feeding

conditions only 29% of the total mercury released occurs by fecal
28

deposition. This is a far smaller fraction than in the case of selenium ,
22 21

cadmium and zinc in which feces accounted for 54%, 84%

and 93%, respectively, of the total elimination of the element in the

Table 7. Partial fluxes (Qp) of mercury through Meganyctiphanes
novoegica under varying conditions of feeding and growth

Line

1

2

3

4

5

6

7

8

9

Hg concen-
tration
(Q)

yg Hg/g dry

Qf = 0.34

Qf = 0.34

Qf - 0.34

Q = 0.17m

Q = 0.35
g
Qg = 0.35

Q = 0.35
O

Qg = 0.35

Qg = 0.35

Fractional rates
(P)

g/g dry animal/
day

pfl = 0.051

Pf2 = 0.038

pf3 = 0.018

pm = 0.009

*p = 0.116e
p , = 0.060

p 0 = 0.030g2

Pg3 = 0.015

Pg4 =0.007

Partial Hg fluxes
(QP)

Ug Hg/g dry
euphausiid/day

0.0173

0.0129

0.0061

0.0015

0.0406

0.0210

0.0105

0.0053

0.0025

Conditions

>3mg dry food,12h/day grazing

2mg dry food,12h/ "

Img dry food,12h/ " "

-

_
31

Maximum growth rate
21

Highest growth rate
21,31

Mean growth rate
31

Minimum growth rate

-1,* soluble inorganic mercury excretion (day )

same species. The majority of the mercury flux (68%) in this pelagic
crustacean takes place via soluble excretion processes. The importance of
soluble mercury excretion in euphausiids may, in part, be linked to the
relatively high degree of assimilation (36%) of this metal from food.

To assess to what degree Eq. 1 can be balanced, mercury
concentrations in natural euphausiid food can be compared with computed

29



values of this parameter derived from estimates of y + ^~ coupled with
£• EJ

food ingestion rates for this species. Maximum elimination and tissue
accumulation needed to balance mercury intake can be computed by summing
lines 1, 4, 5 and 6, i.e. u_, + X^ = 0.0173 + 0.0015 + 0.0406 + 0.0210 =h h
0.0804 ygHg/g dry euphausiid/day. By similar reasoning the minimum mercury

intake requirement is computed as the sum of lines 3, 4, 5 and 9 which
gives 0.0507 ygHg/g dry euphausiid/day. Assuming that these rates represent

upper and lower limits for mercury intake in nature, we can divide these
values by the maximum and minimum specific food ingestion rates (0.320
and 0.113g food/g dry euphausiid/day, respectively) calculated by

21
Small et al. to arrive at a range of estimates of the mercury concentration

in food needed to balance Eq.l. Computation indicates that a mercury
concentration in food falling within the range 0.25 - 0.45ygHg/g dry food
would adequately balance the amounts accumulated and eliminated by
M. norvegica under the conditions described above.

Microplankton, the normal food of M. norvegiaaf were collected
at the same time as the euphausiids and analyzed for mercury along with the
euphausiids and their particulate products (Table 6). Unfortunately, the
mercury in the microplankton sample was below the detection limit; however,
the very low concentration of mercury in this population of microplankton
is corroborated by the low level measured in euphausiid stomach contents.

Assuming a maximum value of 0.05 ppm in the microplankton, it is evident
that the mercury concentration in food falls far short of what is necessary

to balance accumulation and loss of the element in A/, norvegioa. Considering
both the model calculations and the results of the uptake experiment (Fig. 4)
it seems clear that mercury uptake from water is of considerable importance
in achieving mercury body burdens in euphausiids.

If water is a major route for mercury uptake by plankton it
is difficult to explain why microplankton should contain lower levels of

mercury than macroplankton such as euphausiids. In general, for many metals
and radionuclides, smaller organisms with larger surface area to volume
ratios reach higher concentration factors when the element is accumulated

32 33
from water * . The data in Table 6 indicate the reverse situation may be
true. The fact that so little mercury resides in the outer surface of the
euphausiids (molts) suggests that adsorptive processes are of minor

importance; hence, mercury concentration in these species would not he

strongly influenced by variations in surface area to volume ratios between
plankton of different sizes. If this is the case, and our mercury values
are typical for these organisms, the possibility exists that the higher

levels in euphausiids compared to their food may be due to a biomagnification
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of mercury, or some chemical form of mercury, as the element passes from
microplankton to euphausiids following normal food chain processes.

To our knowledge, no published data on the methyl mercury
a

content of marine zooplankton exist, however, measurements in certain
34

species of phytoplankton and fish , which form part of the marine pelagic

food chain, indicate high percentages of methyl mercury may be typical in

pelagic species. Our data on methyl mercury assimilation in euphausiids

suggest that a build-up of this compound through the food chain could occur
due to the extremely high degree of assimilation coupled with long

retention times; nevertheless, it is difficult to envisage much of this
compound rapidly being incorporated into euphausiid tissue without eventu-
ally showing adverse effects. Clearly, data on methyl mercury content in

both euphausiids and microplanktor, which serve as their food are needed

and samples are now being collected in order to help resolve this question.

If, on the other hand, further analyses show the levels
measured in this study to be atypical and, in fact, concentrations in

euphausiids and their food are typically similar, then the interpretation
of m.ercury kinetics proposed above will have to be revised. In fact,

several studies have found similar or slightly lower mercury concentrations

in herbivorous zooplankton compared to those in phytoplankton upon which
34-36

the zooplankton feed . Their results suggest that food chain ampli-

fication of mercury does not occur at the lowest levels of the marine food
34

chain and in this respect Knauer and Martin have hypothesized the
existence of an efficient excretion mechanism in zooplankton which would

keep the organisms from accumulating large amounts of mercury from their

food. Two aspects of our data lend support to this hypothesis. First,
fecal pellets contain much higher concentrations of mercury than the

stomach contents which produce them. This fact implies some sort of mercury

concentrating process as the food passes down the gut, one of which may be
the reabsorption of mercury across the gut wall and into the feces before
release. During the excretion phase of our mercury assimilation experiment,
203Hg was not found in the feces produced after day 3; however, this may
have been due to the fact that certain mercury pools from which mercury

is excreted into the feces had not been tagged with the radiotracer after
a single ingestion of radioactive food. It is planned to examine the
possibility of reabsorption of mercury by feces in a future experiment

203which will employ euphausiids thoroughly labelled with Hg tracer.

Second, efficient excretion of mercury may be enhanced by the
rapid turnover of incorporated mercury via soluble excretion processes
(Fig. 6a). This mechanism will only be operative if the majority of the
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mercury taken up is in the inorganic form; hence, the relative importance
of its role in total excretion can not be precisely determined until more

information is available on the chemical forms of mercury taken up and

accumulated by plankton.

The release of particulate products from a plankton population,

Viz. molts, fecal pellets and carcasses, have been shown to be an important
parameter in the downward vertical transport of several radionuclides and

21-23,27
heavy metals . In the case of the vertical transport of mercury by

plankton, transport via particulate products will be of lesser importance
when compared with other elements which have been studied previously. The

degree to which mercury associated with particulate products reaches bottom
sediments will depend on the retention time of the element in these products.
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203,Figure 7. Loss of HgCl2 (O) and CH JHgCl (•) from euphausiid
molts, carcasses and fecal pellets. Points represent + la standard
deviation of several determinations.
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The loss of mercury from particulate products and dead euphausiids is shown
in Figure 7. Mercury-203 is released from these products relatively rapidly

203with half-times ranging roughly from 2 to 13 days. Fecal pellets lose Hg
203more slowly than either molts or carcasses. If Hg loss is assumed to

represent a net efflux of mercury, i.e., no mercury is reabsorbed by the
25

pellet, then fecal pellets which sink at rates between 126 and 862 m/day

and decompose only very slowly will have the potential to transport a large
fraction of their mercury content to the bottom in relatively shallow areas

of the sea. In deeper waters, much of the element will be released to the

water before the material disintegrates or reaches the bottom.
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2.0 Biokinetics of transuranics and other alpha-emitting
rad ionuclides

2372.1 Biokinetics of___Np in two marine benthic inye r t ebrates

J.C. Guary and S.W. Fowler
907 /•

The long-lived alpha-emitting actinide Np (T̂  = 2.2x10 y)

enters the aquatic environment directly from nuclear testing and repro-
241cessing plant wastes as well as indirectly by 7-n mtu generation from Am.

239Earlier studies on Np in the Columbia river ecosystem demonstrated that
neptunium accumulated in aquatic species such as algae, sponges and insect

37
larvae but was not detectable in higher trophic level organisms . Based
on these findings and the fact that neptunium is chemically similar to the

rare earth elements, it has been suggested that this actinide would not
38

easily become incorporated into aquatic biota
237

The few Np measurements made to date in the marine
environment indicate that its concentration in water is low at 2% or less

239 240 ^Sof the ' Pu present and that it is accumulated by certain marine
40

biota such as the green algae Fuous stratus . However, despite the
237

established presence of Np in the marine environment, virtually nothing
is known of its biogeochemical significance or its behaviour in marine
organisms. Projections of expected actinides in wastes from spent nuclear

237fuel predict the presence of relatively large amounts of Np in future
41 ,42

years . This fact coupled with knowledge of the long physical half-
237

life of Np would appear to merit establishing a basis for prediction of

its behaviour in marine ecosystems in the event of inadvertant releases.
237

The direct accumulation of Np from water was followed

during a 92-day period using benthic shrimp (Lysmata setieaudata) and
mussels (Mytilus galloprovinoial'is) collected near the port of Monaco. Two
groups each of several dozen shrimp and mussels, weighing on average 0.45
and 3.7g, respectively, were placed separately in four large plastic basins

containing 6 liters of cotton-filtered sea water and held at either
23713 + 1°C or 23 + 1°C in order to assess the effect of temperature on Np

uptake. The shrimp were maintained individually in perforated plastic tubes
to allow identification of individuals that molted. After a short

237acclimation period, the media were spiked with a calibrated Np solution
(in IN HNO-, most likely +V oxidation state) at a nominal concentration of

1150 pCi/£. During the first 50 days the radioactive media were changed

three times per week. During the changes shrimp and mussels were held in
non-radioactive sea water for two hours and fed Avtemia and mixed phyto-
plankton, respectively. Following day 50, the radioactive sea water was
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changed only once per week, however, the animals were supplied with food

on the same schedule described above. Periodically throughout the uptake
period, two to three individuals were sacrificed to make up a sample for
radioanalysis. Separate samples were made for shell and soft parts of
mussels, whereas shrimp samples were comprised of whole individuals which
were nearing the end of their intermolt cycle (stage D). Immediately

following the 92 day accumulation period the remaining individuals were
237transferred to clean sea water to measure the elimination rate of Np

under different conditions. Two groups of shrimp and mussels were main-

tained at either 13° + 1°C or 23° + 1°C. The sea water was changed daily
237

to eliminate back flux of Np lost to the water. The third group of
shrimp were placed in large aquaria receiving running sea water whose

temperature ranged from 16.8 to 17.8°C during the course of the experiment.

The remaining group of mussels was held in situ in a large plastic cage
anchored at a depth of approximately 2 meters off the coast of Monaco. All
animals maintained in the laboratory were fed frequent rations of either
Artemia or mixed phytoplankton throughout the study. As in the accumulation
experiment, samples were prepared by periodically sacrificing from two to
three individuals from each regime.

During both the accumulation and loss phases, cast molts were
collected to assess the importance of this material in the uptake and

237elimination of Np by shrimp.

Following sacrifice and dissection, all tissues were rinsed
with distilled water, weighed and oven dried at 90°C. The dried tissue was
reweighed, ground to a fine powder with a mortar and pestle, and packed onto

a scotch-tape "Perspex" ring- ZnS phosphor system as described by
43

Shannon . Tissue blanks prepared from uncontaminated mussels and shrimp
were treated in a like manner.

237The Np activity in the samples was measured by the thick
source alpha particle detection technique which has been used previously

it3,"ft
for marine organisms . In brief, this technique is based on the theory

that the alpha-emitters are homogeneously distributed in the medium and that
all alpha-rays with energies down to zero that strike the phosphor are
detected with 100% efficiency. To satisfy the former condition, the sample

must be ground to micron size. Provided that the area of the source is much
greater than the square of the dimensions of the alpha-range, and also that

the thickness of the source is greater than the range, then the number of

disintegrations emerging from the surface area will be , where A is the
2

surface area (in this case, 1.25cm ) of the sample, N is the number of alpha
particles emitted per unit mass per unit time in the sample and Rp is the

35



2
alpha range (g/cm ) in the sample. If all these alphas give rise to an output
pulse, the number of disintegrations will equal the count rate C, and the

equation becomes N = 4C disintegrations/hour/g dry matter, if C = counts/hour.
RpA

Calculation of the activity in the sample using this formula

requires knowledge of the Rp value in the sample material. This term is
derived from the semi-empirical formula

L £f A 2
Rp = 3.2x10 Ra i_i g/cm where:

———————2/3
Ef. Z.

f. = atom fraction of the elementi

A. = atomic weight of the element

Z. = atomic number of the element
237

Ra = alpha range in standard air (- 3.15cm for Np)

The different values of the stopping pov?er term Ef. A.

Ef Z 2/3"i Li.
L+3

for each sample type used in this study have been derived by Shannon and

are listed in Table 3 along with the computed corresponding alpha ranges Rp.

Table 8. Stopping power terras of different tissue
types and corresponding alpha ranges (Rp)

Mussels

Shrimp

Tissue

Soft parts
Shell

Whole body
Molts

*
Ef. A.

Ef Z 2/3Ef . Z±

3.28
4.42

3.45
**4.20

RP

3.33x10
4,46xlO~3

3.48xlO~3
4.23xlO-3

* After Shannon 1+5 i
** Calculation based on data of Prenant and Lafon

Considering all sources of error inherent in the thick
source technique, accuracy on absolute activities has been estimated to be

43
good to + 10-15%

All samples were counted on a total alpha counter operated
at or near the alpha plateau. Total background (photomultiplier tube
noise plus natural radioactivity in the blank) which was always less than
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1 count/hour, was substracted from the sample count rate before computation
237of Np activity. Counting errors associated with samples and blanks

were propagated and averaged + 10%. Results of the accumulation experiments
~ 237are expressed as concentration factors which are defined as dpm Np/g

237wet tissue divided by the estimated dpm Np/ml sea water. Sea water was
237

not analyzed for Np and isotope concentrations in water were based on

activity levels supplied with the calibrated source. Owing to the frequency
with which the radioactive sea water solutions were changed during the three

237
month period, a constant Np water concentration (2.55 dptn/ml) was used to
calculate concentration factors. Results from the loss experiment are

237presented as percentages of the Np concentration in tissues or whole

animals at the beginning of the experiment.

The results of the accumulation experiment with shrimp and
mussels are given in Figures 8 and 9, respectively. Shrimp slowly

237accumulated Np over the 92 day period, reaching concentration factors of
about 15 to 20 at the end of the experiment. Over the 13° to 23°C range

employed in our study, uptake by whole shrimp appeared to be independent of
temperature.

One factor which may regulate the magnitude of the concen-
tration factor in shrimp, and presumably in other crustaceans, is molting.
Molts cast during accumulation were periodically radioanalyzed and found

2 37 v **to contain relatively high levels of Np vis a vis the shrimp. For
237

example, after a short exposure lasting 2-4 days at 23°C, Np concen-
237

tration in molts averaged 175 dpm/g, whereas the Np concentration in

whole shrimp was only approximately 5 dpm/g. Concentration factors
derived from these values as well as those measured at later times during
uptake ranged from 50 to 200, however, it must be remembered that these
values should be considered as maximum values since cast molts probably

237are able to further adsorb some Np between the moment they are released

from the shrimp and the time they are removed from the radioactive sea water.

301-
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Figure__8. Accumulation of Np by the shrimp, Lysmata seticaudata.
Bars represent counting errors at + la
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237
Nevertheless, it is evident that Np rapidly accumulates on the outer

237
surface of the exoskeleton and it follows that subsequent loss of Np

via molting will substantially reduce the whole body concentration factor
in shrimp. Similar experiments studying the accumulation of plutonium by

Lysmata showed that plutonium uptake was strongly dependent upon molting

with over 90% of the isotope being lost at molt even after an 18-day
47

accumulation period . Plutonium concentration factors in molts ranging
237from 94-160 were quite similar to those calculated for Np in our studies.

237As in the case of shrimp, uptake of Np by Mytilus did not

appear to be temperature dependent between 13 and 23°C (Fig. 9a). The
highest tissue concentration factors were reached in shell. However, the

apparent difference in tissue concentration between shell and soft parts is
principally a result of the low water content of shell (5%) compared to that
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of_the internal soft tissues (85%). Neptunium-237 concentrations expressed

on a dry weight basis were quite similar in the two tissue types.

If we assume that pallia! fluid of the mussel contained
237insignificant amounts of the incorporated Np, we can reconstruct whole

237body concentration factors based on Np concentrations in the separate
237

tissues (Fig. 9b). Whole body Np concentration factors after 92 days
47

were slightly lower than those reported for plutonium in the same species
From the similarity in the chemistry of the two elements, one would expect
similar chemical behaviour in marine biota. However, if the differences
in concentration factors between neptunium and plutonium are real, two

factors might be responsible for the different behaviour of the two elements.
237

First, at the Np concentration used in our experiment, the spiked sea
o

water media contained approximately 10 more neptunium atoms than may
39

normally exist in sea water containing fallout levels of this element
237

It is not known over what concentration range Np uptake is proportional
to the external concentration of this element in water, however, if

237saturation of binding sites in organisms occurs at high Np concentrations
in water, concentration factors would tend to decrease in proportion to the
degree of site saturation and may not be representative of those obtaining
in nature at much lower atom concentrations in sea water. Second, and
probably most important, is the fact that byssus threads can accumulate

i+7
plutonium to relatively high levels ; byssus threads were consistently

237removed from our samples and therefore our Np concentration factors may

be somewhat lower than those reported for plutonium simply as a result of
the absence of contaminated byssus.

When radioactive shrimp were transferred to clean sea water,
237Np elimination was very rapid with 12 to 18% remaining after 15 days
(Fig.10). By day 70, the percentage retained by the shrimp had decreased

237to about 2. Some of this loss is due to Np desorption from the outer
237surface of the exoskeleton as evidenced by the large difference in Np

concentration between molts sampled during the last day of uptake (225 dpm/g

wet) and those cast on the 5th day of loss (71 dpm/g wet). Nevertheless,
total loss was most strongly affected by molting. This can be seen by

237comparing Np concentrations in molts on day 5 of loss with those
estimated for whole shrimp at the same time (- 17 dpm/g wet). The experi-

237mental design did not permit assessing the fraction of the shrimp's Np
content lost with the molt, however it appears to be high and may be similar

47
to the value of 40% reported for plutonium in molts of the same species .

11,18
Previous studies have reported that loss of certain trace metals and

47
plutonium via crustacean molting may play an integral role in the
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Figure 10. Loss of """ Np from shrimp, Lysmata setioaudata3 maintained
at three different temperatures. Bars represent counting errors at
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biogeochemical cycling of these elements in the marine environment; it
237appears that the same will hold true for Np and, in fact, may be the

case with all transuranics.

Given the fact that molting can enhance the removal rate of
237 237Np from shrimp, one might expect to see more rapid Np loss at higher

temperatures since molting frequency is temperature dependent in crustaceans,
Individuals in our experiments maintained at 23°C molted approximately every
12 days whereas those held at 13°C cast their molts only every 25 days.
Nevertheless, as shown in Figure 10, temperature did not significantly affect

237
the total Np loss kinetics, although subtle differences between the three
elimination rates may not have been resolvable by our analytical technique.

Furthermore, our samples were comprised of a mixture of individuals
(all near the last stage of intermolt), some of which had molted more times
than others; this fact would tend to compensate for any large decrease in
radioactivity that would occur due to effects of simultaneous molting. If

237molting rates are much more rapid with respect to the soluble Np turnover
rates as may be the case with smaller crustaceans, the effect of temperature

237
on total Np elimination in crustaceans could become evident.

237Unfortunately, since Np elimination was so rapid, our
shrimp samples were too few to precisely define the shape of the loss curve;
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thus, no attempt was made to compute a biological half-time for this element.
Another experiment is now in progress which will help complete the picture

237of the total elimination curve and allow a more accurate assessment of Np

turnover rates in this species.
237The loss of Np from Mytilus shell and soft parts is depicted
237

in Figure lla. Although Np was eliminated from soft parts at similar

rates in the two temperature regimes, shells of individuals in the 13°C sea
water appeared to lose the isotope more rapidly than from those of animals
held at 23°C. The cause of this difference is not immediately evident,

however, some uncontrolled variable other than temperature may have been

responsible. Neptunium-237 elimination rates from the same two tissues of
Mytilus living in its natural environment were not significantly different
(Fig. lib). However, loss did appear to be somewhat more rapid than that

from tissues of mussels held at 23°C. Enhanced elimination from in situ
mussels may have been a result of the rapid growth of these individuals noted

during the course of the experiment. Periodic weight measurements indicated

that in situ mussels increased on average approximately 20% in body weight,
whereas negligible growth or, in some cases, weight loss was noted in
mussels maintained under laboratory conditions. Added tissue will

237
effectively reduce Np concentrations based on tissue weight and thus will

237result in lower percentages of Np retained when these values are compared
to tissue isotope concentrations measured at the beginning of loss.

Furthermore, in situ conditions which favor a normal secretion of byssus
237could enhance the total Np loss from mussels if much of the isotope is

incorporated into byssus. This possibility is presently being studied and
preliminary measurements made on byssus collected from these in situ indivi-
duals tend to confirm this hypothesis. Similar differences in heavy metal
elimination rates between mussels maintained in situ and in the laboratory

.11,12
have been noted previously (Section 1.1).

237Assuming negligible amounts of Np are lost with pallial
237fluid during dissection, whole body Np concentrations have been

reconstructed from known tissue concentrations and the values plotted as
percent of the levels retained by whole animals at the beginning of the
elimination experiment (Fig. 12). The portion of the loss curve for

in situ mussels was fitted by a least squares regression analysis between
237day 15 and 90 and a biological half-time of 50 days was computed for Np

elimination in actively growing mussels (Fig. 12b). This experiment is

still continuing and the computed biological half-time may change;
237nevertheless, over a comparable period of time Np loss is much more

K 7

rapid than that for plutonium in the same species
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237Figure 11. Loss of Np from the tissues of mussels, Mytilus
galloprovinoialis, maintained a) in the laboratory and b) held
in the sea. Bars represent counting errors at + la.

237Studies on the metabolism of Np in marine organisms are

continuing. Experiments are under way to measure the tissue distribution
of this element in shrimp and crabs following uptake either from water or
from ingested labelled food. The results from these experiments will be

237
compared with those from closely related tracer studies using Pu and

Am to assess differences and/or similarities in the behaviour of

transuranics in marine invertebrates.

2.2 Accumulation and retention of plutonium by marine zooplankton

S.W. Fowler, M. Heyraud and R.D. Cherry

Recent studies suggest that plutonium entering the marine

environment is rapdily depleted from surface waters and eventually becomes
1+8

incorporated into marine sediments . The proposed mechanism for this

removal is that plutonium rapidly becomes associated with biogenous
particulate matter which, in turn, enhance the sedimentation rate of this
radionuclide in the water column. Plankton, which comprise the bulk of

49,50
marine biomass, are typically good concentraters of plutonium and, as

42



IUU

50

Q
UJ
Z
< 10p
LLJ

: i j- * I i
: f 5
; i f

• 23 °C
o 13 "C 3

, 1 . 1 , 1 i I i 1

20 40 60 80

o:
Q.

oF 10°
CVI

\pcK
50

10

,—
I
-%

~ ̂ \^

^ \̂. b

H,5'C 145°C 13'C H'C 135'c
1 , 1 , 1 i 1 , 1

20 40 60 80 100

TIME (days)
237Figure 12. Whole body loss of Np from mussels, Mytilus

galloprovincialis, maintained a) in the laboratory and b) in the sea.
Bars represent counting errors at + la.

such, are likely to play the major role in the accumulation and biological
removal of this radionuclide from surface waters. Several reports have

indicated the importance of marine zooplankton in the bioaccumulation and
23,27,51 21,22

vertical transport of certain radionuclides and heavy metals ;
this study examines the behaviour of plutonium in a typical macrozooplankter,

the euphausiid crustacean Meganyotiphanes novvegica3 and assesses its
potential in affecting the vertical transport of this radionuclide in marine
waters.

To facilitate studying the kinetics of plutonium accumulation
237

and elimination in zooplankton we have used Pu (T̂  = 47d) which permits
whole body counting of live animals by standard Nal(Tl) scintillation

237techniques. The preparation of the two different oxidation states of Pu
as well as the counting technique used to measure the isotope have been

47
described in detail elsewhere

An experiment was designed to follow the direct uptake of

plutonium from water and the combined uptake from a radioactive food and
water milieu. Eight similar-sized euphausiids were placed individually in
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237200 ml of sea water containing a nominal concentration of 370 pCi Pu (VI)/

ml. Every day during the uptake phase the euphausiids were transferred to
non-radioactive sea water for 1.5 hours where they were fed several

dozen juvenile Artemia. One group of four individuals always received

unlabelled Artemia, whereas on days 4, 9, 11, 13 and 14 of uptake the
second group ingested labelled Artemis, which had previously accumulated
the isotope for several days from an algal suspension also containing

237370 pCi Pu/ml. Approximately every other day throughout the 15-day
uptake phase, the animals' media v/ere replaced with fresh radioactive sea
water which had been prepared in advance in a large 10 liter plastic

237
bottle. Periodically, the euphausiids were monitored for their Pu
content along with an aliquot of their media. The particulate fraction

237of Pu in the water was determined by filtration through a double layer
237of 0.45 ym membrane filters. Relative Pu uptake for both groups is

reported in terms of concentration factors which are defined as cpm/g wet
euphausiid divided by cpm/ml sea water.

The degree of assimilation of plutonium ingested with the

organism's food was examined in the following manner. Artemia were
237labelled for several days in phytoplankton suspensions containing Pu in

either the IV or VI oxidation state at a concentration of 1 nCi/ral.
Following a thorough rinsing, several labelled Artemia were fed to
euphausiids, the latter usually consuming the prey within a period of about

2371 hour. The euphausiids with full gut were then monitored for Pu

content and placed individually in jars containing 1 liter filtered sea
water and a copious supply of non-radioactive Artemia, At various times
during the next two days, fecal pellets were filtered from the sea water

and both the filters and the euphausiids were monitored to assess what
fraction of total plutonium excretion was due to defecation. In some cases

237only the loss of Pu from the animal was followed.

The soluble excretion of plutonium was measured in three
237

individuals which had accumulated their Pu body burden after 15 days

uptake from a combined food and water route (see above). Immediately

following the uptake phase the euphausiids were transferred to fresh sea
water and fed brine shrimp ad libidim for 24 hours to ensure that the gut
was largely purged of residual radioactive food. The animals were then

237periodically monitored for loss of tissue-associated Pu during the next
26 cid/s.

237At the Pu levels used to label the organism for the

excretion experiment, some 5x10 plutonium atoms/I were added to the
sea water. This is approximately 10 more atoms/2, than normally exist
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47 52
in sea water . Results from mammalian studies in which different

masses of plutonium were used, have raised the question about the

possibility of a "number of atom" effect on resultant excretion rates.
To check this possibility we labelled euphausiids in a similar manner

236 239 9with Pu-VI and Pu-VI at atom concentrations of approximately 3x10

and 3x10 atoms/X., respectively. During the excretion phase groups of

2 to 3 animals were periodically sacrificed and counted by a thick source

total alpha counting technique, the details of which have been described
43,53

elsewhere , (Section 2.1).

When euphausiids molted during either the accumulation or loss
237

experiments, cast exuviae were retrieved and their Pu content measured

to assess molting as a means of removing plutonium from the animal. The

ability of molts as well as euphausiid carcasses to retain incorporated

plutonium was examined by placing labelled molts and dead individuals in

fresh sea water and following the loss of the isotope with time. Likewise,
labelled fecal pellets which were produced during the assimilation experi-

ment were also transferred to fresh sea water to measure retention of
plutonium in this particulate product. The experiment with molts and

carcasses were of a short-term nature due to the rapid decomposition of

these products.

The accumulation of plutonium (VI) from water and the combined

food and water route is shown in Figure 13. Uptake proceeded at a

relatively rapid rate during the first few days after which time the rate

gradually diminished reaching concentration factors of about 80 after
23715 days. As Pu concentration in water slowly decreased during the

experiment due to uptake by euphausiids and sorption to the walls of the

container holding the prepared solution, concentration factors were computed
237

using average Pu concentrations for given time intervals. Throughout
237the experiment the particulate fraction of Pu in fresh solution averaged

roughly 15%.

Although individuals accumulating the radionuclide from the

combined food and water route only received radioactive rations periodically

during uptake, for the first 10 days where comparisons can be made, the
additional input of plutonium through the food chain did not significantly

237increase the Pu body burden over that reached by direct uptake from
237

water (Fig. 13). Individual variation in Pu whole body content at any

one time was large; this was due principally to the different times at

which individuals molted during uptake. Molts cast throughout the 15 days
237contained on average 53% (range 42-63%) of the euphausiid"s Pu content

at the time of molt. The fact that such a large fraction of the accumu-
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237Figure 13. Accumulation of Pu (VI) from sea water (• ) and
from food and sea water (A) by the euphausiid, Meganyotiphanes
norVegica, Points represent mean + la standard deviation of
2-4 individuals.

lated plutonium resides on the outer portion of the exoskeleton suggests
that surface sorption phenomena are operative in the uptake of this element
from sea water. As individuals in this weight range molt every 8 to 9 days

it seems probable that final plutonium concentration factors achieved by
euphausiids in nature will be highly dependent on the organism's intermolt

stage. Similar conclusions were reached concerning the uptake of the
27

lanthanide cerium by the same species

Apparently, the availability of plutonium to euphausiids
does not depend to any great extent on the oxidation state of the isotope;

237a single euphausiid exposed to Pu(IV) in water for 9 days reached
237concentration factors similar to those computed for Pu(VI) over a

comparable period of time (Fig. 13). It is perhaps noteworthy that concen-
tration factors reached in both these experiments were quite similar to an

in situ value of 70 based on natural levels in both water and M. norvegica
(Section 2.3, Table 12).

Assimilation of plutonium ingested with the euphausiids' food
appears to be extremely low irrespective of chemical form (Table 9).

237
In fact, in most cases, no Pu activity was detectable in the animals

237after the first day. Furthermore, the majority of Pu lost from
the animals was found in the fecal pellets. Poor assimilation of ingested
plutonium would explain the similarity in uptake curves during the

first 10 days as shown in Figure 13. The results showing rapid and

virtually total loss of ingested plutonium from euphausiids are somewhat
different from those reported for benthic shrimp in which a much slower

2"+
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Table 9. 237Pu retained in whole body and feces of individual

237

euphausiids at successive times during excretion experiments. Values
represent percentages of the euphausiids initial radioactivity

Time
Pu(IV) (h) animal-1 feces-1 animal-2 feces-2 animal-3 feces-3 animal-4 feces-4

0
3
5
24

2^7Pu(VI) Time
(h)

0

3

5
6
24
48

100
2

0

animal-1

100

71
45
28
2

0

85

0

feces-1

28
21
20
17
0

100

0 99

animal-2

100

11
8
0

100 100

0 84
0 99

animal-3

100

6

0

_L I i I
4 8 12 16 20 24 28

TIME (days)
237

Figure 14. Soluble excretion of Pu(VI) from euphausiids,
Meganyotiphanes norvegica. Points and bars represent means
and range of 1-3 individuals.

loss is noted . If plutonium assimilation in crustaceans is related to
the time in which labelled food resides in the gut, then the apparent
difference may be merely a reflection of the more rapid metabolism and food

turnover times in the smaller euphausiids. However, because of poor counting
237

statistics associated with the low Pu levels employed in the euphausiid
experiments, the percentages in Table 9 are subject to some error and, hence,
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237a small significant fraction of Pu assimilated and retained by these
individuals may not have been resolvable by our counting techniques. Future

237experiments which will employ much higher Pu activities, are being
planned to investigate this possibility.

A typical excretion curve for plutonium is depicted in
Figure 14. The majority of the isotope (>90%) was rapidly lost during the

first week. Although the experiment was terminated prematurely due to
death of the animals, after about two weeks a small fraction of the
incorporated isotope appeared to be excreted at a somewhat slower rate.

<+7
Biphasic plutonium loss curves have been noted in other species .

236 239Data points from the Pu and Pu excretion experiment
were plotted and treated as single exponentials. Excretion rates were
computed by regression analysis and compared to an excretion rate similarly

237
derived from the Pu experiment over a comparable period of time (Table 10),

Table 10. Excretion rate, X, for three separate plutonium
isotopes determined over the first 18 days of loss

*
Isotope labelling media excretion rate

atoms/Si (fraction/day)
A + 2o

Pu-236 3 x 109 0.08 + 0.04
Pu-237 5 x 1010 0.16 + 0.04
Pu-239 3 x 1013 0.14 + 0.06

* - 3x10 atoms/A normally found in sea water

The error terms associated with the X values are due only to the dispersion
of the data points and do not include measurement errors or inherent
biological variation such as molting. In fact, two euphausiids which molted

237 237early in the Pu excretion experiment lost 29 and 41% of their Pu

body burden with their first molt. Thus, differences in the intermolt stage
of the euphausiids comprising the samples can strongly affect the total
plutonium concentration in a particular sample. Given these considerations,
we feel that the X values obtained from all three experiments are reasonably
similar and that subtle differences which may arise from atom concentrations
differing by 4 orders of magnitude would not be detectable by the methods
employed in our experiments.

237Loss of Pu from freshly released particulate products and
dead euphausiids was followed for several days (Fig. 15). Loss is generally
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rapid from molts and carcasses (half-times - 4 days), and is somewhat slower
from fecal pellets (half-times - 7-15 days). In order to evaluate the
effectiveness of these products in transporting plutonium to bottom
sediments, information on sinking rates and decomposition times of the

5»f
products is essential. From laboratory experiments Small and Fowler have
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237TFigure 15. Loss of Pu from euphausiid molts, carcasses and
fecal pellets. Bars represent + la of the mean of several
determinations. Numerals in parentheses indicate oxidation
state of isotope used.

derived sinking times of these products as a function of their state of
decomposition. Using their values which pertain to the Ligurian Sea, it
can be calculated that these products sinking under ideal conditions
(uniform sinking rate, not eaten) could feasibly transport 65 to 75% of
their original plutonium content to a depth of 2500 m.

Considering the poor assimilation of this radionuclide by
crustaceans as well as its affinity for their body surfaces, it is not
unreasonable to assume that metabolically produced particulate products
from pelagic crustaceans could accelerate the downward transport of
plutonium in the water column. However, to accurately estimate the degree
to which zooplankton and their particulate products participate in the
total removal time of plutonium from surface layers, it will be necessary
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to have information on the natural levels of this radionuclide in these
products. This question is currently under study and the results to date
are reported elsewhere (Section 2.3).

2.3 The role of marine zooplankton in the vertical
oceanic transport of alpha-emitting nuclides

R.D. Cherry, M. Heyraud, J.J.W. Higgo, S.W. Fowler
and J. LaRosa

This project aims at studying, in quantitative detail, the
role played by marine plankton in the vertical oceanic transport of
alpha-emitting nuclides. The common Mediterranean euphausiid,
Meganyotiphanes norvegicas for which the necessary quantitative biological
data are available as a result of previous work in the Monaco Laboratory,
has been selected as the typical macrozooplanktonic species which is the
focus of this work.

The model used to describe the flux of an alpha-emitting
nuclide through M. norvegioa is based on a simple linear model used
previously for other elements21'22 in the same species. A detailed
description of the model is given in these references and will be discussed
only briefly here. Basically the model is generated from the equation:

KE = y£ + XE (1)

that is, nuclide taken up (K£) must equal nuclide released (X£) plus that

actually accumulated in or on tissues (yE).

The principal term we are concerned with here is the total
elimination rate (X_) which comprises the individual rates from all routes

by which the element is released from living zooplankton. In the case of
euphausiids, loss of an element such as the nuclides in question may occur
by molting, defecation, egg release and soluble excretion. The nuclide

loss rate associated with these terms is simply the product of the concen-
tration of the nuclide in the substance and the rate constant for release
of this material from the organism.

The value of X_ can be used to estimate the contribution
made by living zooplankton to the total removal time of the nuclide from
the upper mixed layer of the ocean. This total removal time is the
reciprocal of the rate constant R, where R is the probability per unit
time of a nuclide being removed by any process other than radioactive decay.
R can be regarded as the sum of separate probability terms whose reciprocals
represent removal times by the various possible routes. We then have
R = £R , where the subscript i designates a particular route, and where the
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summation is over all possible i. We are interested here in the contri-
bution of living zooplankton to the total R, and we designate this contri-
bution by R . If we assume that X_ for M. nowegica is typical of X_ forz ii el
a significant portion of the total zooplankton biomass, then we can

0 D
calculate R from the equationz

Rz = ̂ E_ (2)
C

where C is the concentration of the nuclide in the upper mixed layer and W
is the zooplankton biomass in the same volume. C is expressed as nuclide
concentration per unit volume and W as dry mass per unit volume; R has

Z

the dimension of time,and can be called the "zooplankton metabolic activity
removal time". R is, of course, greater than the total removal time R,

Z
but if it is only slightly greater than R it implies that removal by
zooplankton metabolic activity is a route of major importance for the nuclide
concerned.

In order to utilize the model outlined above, one needs to
know the concentration of the nuclide in the animal and their particulate

products as well as the production rates of the products. The production
21,24,56

rates have been determined previously in laboratory experiments
with M. norvegica. The primary experimental task in the present project
is, then, to determine the natural levels of the nuclides of interest in
samples of fecal pellets, molts, eggs and whole euphausiids. The remaining
release rate, i.e. the elimination of soluble nuclide, is determined by
performing "soluble excretion" experiments of a type similar to those used

21,22
previously for other elements . Living euphausiids are labelled by
maintaining them in individual bottles filled with sea water spiked with
the nuclide concerned; at the same time, the euphausiids are fed on brine
shrimp (,Avtemia), which have been spiked with the nuclide at the same water

concentration. After about two weeks of uptake, the aniamls are transferred
to bottles containing unlabelled sea water and are fed with unlabelled
Artemia. The loss of the nuclide from the labelled animals is then followed
for several weeks; in the case of the alpha-emitting nuclide experiments
reported here, this was done by sacrificing animals at regular intervals
and determining the nuclide content of the whole animal by the total

H 3 » 53
alpha-counting technique . The logarithm of the nuclide concen-
tration is plotted versus time; in the case of a single (or a dominant)
soluble excretion pathway the slope of this curve is equal to the excretion
rate.

The nuclides with which this project is primarily concerned
210are Po and the alpha-emitting nuclides of Pu, U, Th and Ra. Polonium-210
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deserves particular attention if only because of its clearly established
importance as the major contributor to the radiation dose received by

50 210most marine organisms ; moreover, since the natural concentrations of Po
in marine zooplankton are high, the measurements on this nuclide are

210relatively easy to perform. The Po measurements are essentially complete
23,56

and have already been published .

Attention is now being turned to the other alpha-emitting
nuclides, vi-z. those of Pu, U, Th and Ra. The soluble excretion experiments

210for these elements are performed in the same manner as for Po with the

euphausiids being labelled at activity levels which pose no detection

problems. These experiments have now been completed for Pu, U, Th and the
Ra experiment will be performed shortly. The isotopes used for labelling

236D 237D * 239+240., 2327T , 230_were Pu, Pu , Pu, U and Th; the results are summarized in
Table 11. It is seen that the soluble rates are of the same order of
magnitude for all isotopes studied so far.

Table_ __11 . Fractional dissolved releases per day as
determined for various nuclides by soluble excretion
experiments.

Nuclide fraction/day

232U 0.65 +0.09

23°Th 0.58 + 0.05
210Po 0.123 + 0.013

The determination of the concentration of Pu, U, Th and Ra

nuclides in euphausiids and their particulate excretion products will be
210very much more difficult than the corresponding determination of Po,

210 50
for the simple reason that the level of Po in zooplankton is, typically ,

about two orders of magnitude higher than that of the other alpha-emitters.

Much larger quantities of sample material - the collection of which is
extremely time consuming - will, of course, be required. An indication of

the amounts of sample material needed has been obtained by measuring Pu, U

and Th isotopes in whole euphausiids; the dried samples were acid-digested

* This isotope was also used in determining the soluble plutonium
excretion rate. Details are given in Section 2.2.
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and then subjected to previously described ion exchange and solvent
57,58

extraction techniques in order to. isolate Pu, U and Th. Thin sources

were prepared from the extracts, and these were measured alpha-spectro-
metrically using silicon surface-barrier radiation detectors and multichannel
pulse height analysis. The results are given in Table 12.

Table_J_2. Concentrations of Pu, U and Th nuclides in
whole euphausiids. Values indicate mean of three
replicate analyses on a single sample

Nuc^lide pCi/g dry

23Q 240 * -3"' uPu 0.32 + 0.08 x 10 3

238U 20 +2 x 10~3

234U 23 +2 x 10~3

232 -3Th 0.4 + 0.2 x 10 J

7 ?R —^
Th 2.8 +1.4 x 10 J

* Using an average plutonium concentration in Monaco waters
of 1 fCi/£59, an in situ concentration factor of about 70
is computed for whole M. norvegica.

A value of 560 x 10~3 pCi/g dry has been reported for 21°Po
£. O

in similar-sized euphausiids . When comparing this value with the concen-
239 240

trations in Table 12, it is seen that » Pu is the nuclide which is likely
to give rise to the most severe detection problems, and that the concen-

tration of ' Pu is about 2000 times lower than it is for 21°Po. This
large factor highlights the necessity of obtaining adequate quantities of

sample material if ' Pu is to be detectable. Long counting times will
be inevitable; on the credit side is the fact that solid state detector

alpha-spectroscopic equipment is extremely stable and extremely sensitive

("blank" count rates for ' Pu of the order of 1 count per day per 125 keV
channel width are attainable). Fecal pellets are likely to be the most

23
important particulate excretion product, since (a) the production rate

for fecal pellets is much larger than those for molts and eggs and (b)
60 210fecal pellets are known to be enriched in many elements , of which Po

23
is only one example . A major effort has been devoted to developing a

simple and efficient system for the collection of euphausiid fecal pellet
61

material in quantity; this system has been described elsewhere . Over

600 mg of dried fecal pellets from M. nowegioa have already been collected,
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and attempts to detect Pu, U and Th nuclides in this material will commence

shortly. More than 1.5g dry molts have been collected, but it is intended
to increase this amount before commencing the analysis of this sample.

Egg collection is difficult in the extreme (only 44mg dry to date), and it
is unlikely that the nuclides of interest will be detectable in eggs; it
is fortunately, equally unlikely that the elimination term due to egg
release will be an important contributor to A_, and knowledge of an upperc.
limit will probably be all that is required.

The primary aim of this project as outlined above is
supplemented by several related investigations which will be mentioned

briefly. They are:

i) Measurements of alpha-emitting nuclide concentration
in dissected organs and tissues of A?, norvegica.
Such measurements will provide information as to the

degree of inhomogeneity of nuclide distribution in

the whole animal; this information is needed in order
to enable realistic estimates of the radiation dose
received by different tissues and organs to be made.

ii) Measurement of the nuclide concentration in

M. norvegica food in order to check the balance in
equation (1) and, hopefully, to obtain information

as to the relative importance of food and water as
potential sources of the alpha-emitters to zooplankton.

iii) Measurements of the nuclide concentration in

euphausiids of different sizes. Animal size is,
of course, related to animal age, and such data

can give an indication as to whether the intake of

the nuclide into the organism is an absorptive or
adsorptive effect.

All these measurements have already been completed for the
210 23

nuclide Po, and the results published . They show that there is a wide
210degree of inhomogeneity in the distribution of Po between the various

organs and tissues of M. nowegiaa, and they indicate that food is probably
210the main source of Po for this species. Measurements of the other

alpha-emitting nuclides already referred to are now planned; once again,

the main problem is the collection of adequate quantities of sample material.
Over 600 M. norvegica specimens have, however, been dissected to date, and
over 60g of whole animals have been sized; measurements on these samples
too will commence shortly.
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2.4 Plutonium and americium uptake from sediment by
polychaete worms

T.M. Beaslev and S.W. Fowler

It is a well established fact that isotopes of low mass number

elements (H, C and N) do exhibit differential behaviour ir biogeochemical
interactions. While such differences are generally discounted as the mass

number increases, there continue to be reports of both laboratory and field
studies which suggest that such anomalous behaviour exists in the case of

238 239 240the plutonium isotopes Pu and ' Pu. It is important at the outset
to distinguish between the laboratory studies which have dealt mainly with

238 239 240mammalian uptake and distribution experiments using Pu and ' Pu
and those investigations which have been made in contaminated ecosystems.
Generally, the laboratory experiments have involved the use of plutonium

activity levels of such magnitude that significant "weight differences"
238 239 240occur in the amounts of Pu and ' Pu administered to the experimental

animals. It has been demonstrated that this can materially alter the
distribution and excretion rates of the nlutonium isotopes, when different

62
activity levels of the same radionuclide are employed . Adjustment of the
physical form of the isotope (monomeric or polymeric) prior to administration

6 3
can likewise alter distribution patterns within the animals . The degree

to which plutonium isotopes polymerize or form colloidal aggregates is
influenced by the total amount of element present. Recent experiments by

52 237 239 240
3air et ai. using Pu and ' Pu given intravenously to dogs have

provided further evidence for the differential distribution and excretion
of these isotopes which the investigators attribute to differences in total
weights of the element administered.

Differential behaviour of plutonium isotopes in ecological
systems that have been contaminated either by fallout or by waste from fuel

reprocessing facilities where the concentration levels of the element are
much smaller than those used in laboratory experiments is less readily

64
understandable. Hakonson and Johnson observed a pronounced change in the
239,240,, ,238,,

Pu/ Pu ratio between soils, vegetation and rodents collected from
the fallout zone of the Trinity detonation some 27 years following the

9 OQ

testing of the device. Increased mobility of the Pu in the Trinity

environs was suggested by the authors as an explanation for the decreasing

ratio observed. While not expressly stated, differences in the mobility
of the isotopes suggest differences in the chemical or physical form of the

radionuclides which could also be invoked to explain the observed ratios.
65 66

More recently, Emery, Klopfer and Weiner and Emery and Garland have
238 239 240observed enhanced Pu/ ' Pu ratios in biota residing in a processing
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waste pond over those measured in the sediment. Interpretation of the data

is complicated however in that frequent s-ediment sampling in the same
238 239 240location showed substantial ranges in the Pu and ' Pu concentrations

suggesting rapid sediment redistribution within the pond, and in addition,
input of plutonium radionuclides from a nearby trench could well be the
source of the radionuclides to the biota rather than the pond sediments
themselves.

There have not been any definitive measurements published in
2 38the open literature which show an enhanced biological availability of Pu

239 240over ' Pu derived from world wide fallout, although Noshkin and
6^ 239 240Gatrousis have argued that weapons testing may have generated ' Pu

239
in different physical or chemical forms as a result of the decay of U

240 58
and U produced at the time of detonation. Holm in studying the
transfer of fallout plutonium isotopes through the lichen - reindeer food

23S 239 240chain, found that the Pu/ ' Pu ratio in the lichens was

indistinguishable from that measured in the livers of reindeer which fed on

the lichens. This is particularly interesting in that no differences in
isotope ratios were observed either before or after the introduction of
O O Q O OQ

Pu into this food chain as a result of the re-entry of the SNAP-9A Pu
69

generator

Since it Is now well established that actinides like many

other radionuclides which enter the aouatic environment eventually
1+8,49

accumulate in sediments , we undertook the investigation of the bio-
availability of sediment-bound plutonium and atnericium radionuclides to

polychaete worms. We used sediments which were labelled in the laboratory,

sediments contaminated at a former weapons test site and sediments contami-
nated by wastes released from a fuel reprocessing plant. The major emphasis

9 OQ
of these experiments was to discern any differential behaviour between Pu

239 240
and ' Pu, with secondary emphasis on the degree of absolute uptake of

all measurable transuranics by the worms from the test site and fuel repro-
cessing plant sediments. The test site sample consisted of a core section

A
(23-49 cm depth) collected from Bravo Crater in Bikini Lagoon . This
crater was formed as a result of the first thermonuclear device tested by
the U.S. at this atoll in 1954. The sediment was virtually calcareous, of

extremely fine particle size and of very low organic matter content. The
second sample was collected from the Irish Sea some 4.6 nautical miles
north of the Windscale outfall located on the Cumbrian coast of the United

**
Kingdom . The sediment was fine grained and rich in organic matter. The

* We thank Dr. Frank Lowman of the Puerto Rico Nuclear Center and
Dr. Neil Mitchell** of the Fisheries Radiobiological Laboratory at Lowestoft,
U.K. for kindly supplying the sediment samples.
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third sample, collected off the coast of Monaco by dredging at 200 meters
depth, was comparable to the Irish Sea sample.

The polychaete worm chosen for the experiments was Nereis
diversioolor. Several hundred worms were purchased from a local supplier

and held on algal mats in rvmning sea water until needed. The sediment
samples were treated as follows:

a) Mediterranean sediment. Two 200ml aliquots of sediment
slurried separately into 600ml of 0.45ym filtered sea water
to which had been added 91 nCi of 239>240pu in either the

IV or VI oxidation state. The valences were adjusted using
47 239 240previously described techniques . The ' Pu tracer solution

2 ̂8contained an easily measurable amount of Pu as a contami-

nant. The pH was adjusted to 8.0 and the sediment-sea water

mixture was stirred by means of a magnetic-stirrer for
two days. After settling, the sea water was decanted,
fresh sea water was added and the labelled sediment allowed
to rinse under strong stirring for several hours. The
rinsing procedure was repeated a second time and the rinsed

sediment was finally placed in a plastic basin of approxi-

mately 2 liters capacity.

b) Both the Bravo Crater and Windscale sediment were rinsed
twice in fresh sea water and allowed to settle into plastic
basins similar to that used for the labelled Mediterranean

sediment.

Running sea water was metered into the three test sediments at
a rate of approximately lOOml/minute and the sediments left to equilibrate
in this way for 1 day before the start of the experiments. The test basins

were contained within two plastic trays which served as sediment traps to
collect any fine sediment particles that were carried out of the basins
with the flowing sea water. Depending upon the particular experiment, from

20 - 100 individual worms (300-400 mg wet weight each) were added to the
labelled sediments. The worms quickly burrowed into the mud and were left
undisturbed until they were sampled after prescribed intervals of time.

The sea water temperature averaged 15° + 1°C throughout the experiments. No

additional food was given to the worms over and above what they were able

to ingest from the sediments and/or flowing sea water. At prescribed times,

5 to 31 individuals were carefully removed from the sediments by forceps,

rinsed several times in clean sea water to remove adhering radioactive
sediment and mucus, and placed in non-contaminated Mediterranean sediments
where they were allowed to void their gut contents by ingesting clean
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sediments for 24 hours. Following this, the worms were placed in a mat of
wet alga for another 24 hours during which time they generally voided their

gut of residual sediment. The worms were then weighed, oven-dried at 60°C,

re-weighed and placed in pre-cleaned beakers until analyzed. At the
beginning of the experiment and on the days the worms were sampled, a portion
of the sediment was removed from the test basins, placed in tared beakers,

oven-dried at 60°C and analyzed along with the appropriate worm sample.

This was done to determine whether or not the activity levels in the sediments

were changing with time. Within the errors of the measurements made and over
a period of several months, no changes were observed to occur.

The analytical separations for both plutonium, amertcium and
curium radionuclides were adapted from several existing analytical schemes.

Primary emphasis was placed on ensuring radiochetnical purity and great care
was taken to avoid cross-contamination of samples and glassware. New

beakers were used for all samples; separatory funnels used in solvent

extraction steps were isolated into two groups, one for the biological

samples and one for the sediment samples. Following their use, the
separatory funnels were boiled in strong detergent, acid rinsed, then boiled

in 8 IT UNO- for 30 minutes and finally rinsed twice with double distilled
water. Platinum electrodes used for el.ectrodepositing the purified trans-

uranics were boiled for 30 minutes in 8 !N HNO- and rinsed with doubly

distilled water. Between samples, a blank plating was carried out to further

ensure? that there was no contamination from the electrodes to the samples.
Reagent blanks using the cleaned laboratory glassware and electrodes showed

no detectable plutonium or amor1rturn activity after sample processing.

Briefly, the sample analysis consisted of the following steps:
a) yjitPJllHm.: Following complete digestion with concen-

trated nitric and perchloric acids (worms) or hot 8 N HNOj
acid leaching (sediments) the transuranics were carried on
5mg Ce carrier by making the solution basic. The Ce(OH)
precipitate was then dissolved in dilute HC1, hydroxylamine

hydrochloride was added to reduce all actinides to the III
valence state, and HF added to precipitate CeF . The preci-
pitate was dissolved in a mixture of hydrochloric and boric

acid and the. CeF_ re-precipitated by addition of HF. The
precipitate was again dissolved in hydrochloric and boric

acids, made basic with ammonium hydroxide and the Ce(OH)

collected by centrifugation. Following two water washes

with doubly distilled water, the precipitate was dissolved
70

in 2jN HNO. and the procedure of Moore and Hudgens was
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used to purify the plutonium isotopes. Following back
extraction, the concentrated nitric acid phase was

evaporated to near dryness and 0.1 ml of concentrated

and 0.5ml of concentrated H^O^were added to the residue.

Evaporation was continued until fumes of H-SO, persisted.

The resulting solution was then treated by the method
of Talvitie for electrodepositing the plutonium isotopes
onto stainless steel discs for measurement by alpha
spectrometry.
Except for the experiment using Mediterranean sediment,
all samples were spiked with a known quantity of purified
9 *3/l

Pu for determining radiochemical recovery prior to
sample dissolution or leaching. There was a small count

O O£
rate contribution of the Pu to the alpha energy region

2 *̂ ftused to quantitate the Pu in all samples, and it was not
deemed advisable to add this tracer to the Mediterranean

238 239 240sediment sample owing to the low Pu/ ' Pu ratio
observed in the labelling solution (see below). This
permitted a direct comparison of the plutonium isotope
count rates for both sediments and worms and avoided
additional statistical errors which attend the determination
of absolute concentrations (i.e. detector efficiency and

238 239 240yield determinant corrections). The higher Pu/ ' Pu
ratios observed in the Bravo Crater and Windscale sediments

o o Q

made the Pu measurements much less susceptible to such
errors.

b) Americium All aqueous phases from the solvent extraction
steps used to isolate plutonium isotopes were pooled into a
single 50ml Nalgene centrifuge tube. The solution was made
basic and the Ce(OH), precipitate recovered by centrifugation.

Cerium was removed by the solvent extraction procedure
72

described by Moore . Two extractions were necessary to
(IV)

ensure complete extraction of the Ce carrier. Following

extraction, the aqueous phase was made 4N^ in HNO , and
quadrivalent and hexavalent actinides were removed by solvent

73
extraction using HDEHP as described by Butler . After two
extractions, the aqueous phase was adjusted to pH = 4.5
using ammonium hydroxide, and 20 ml of an acetic acid-
ammonium acetate buffer (pH = 4.9) was added to ensure pH

stability. The resulting solution was again extracted with
HDEHP; following removal of the aqueous phase, the trivalent
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actinides were back extracted using 8JC HNO.. This back
extractant was treated identically to that described for

plutonium prior to preoar.ition for electrodeposition.
71

Again, Talvitie's procedure was employed at the electro-
244deposition step. High purity Cm was used as the yield

determinant for the trivalent actinides; tracer
241experiments in which known amounts of Am were added to

unlabelled worms and sediment and its radiochemical
244recovery determined by using Cm indicated no chemical

fractionation between Cm and Am during chemical processing.
244Again, the Cn was added to the samples prior to any

chemical treatment.

As will be discussed shortly, the Windscale sediment did contain
°44 24? 244Cm and "Cm. In order to use Cm as a yield determinant it was

necessary to establish the ratio of these isotopes in an unspiked sample,

so that corrections could be made for the yield determinant added. Such

a correction turned out to be unnecessary in the case of the worm samples due
242 244to the absence of any Cm (and by inference Cm) in the spectra obtained.

The extremely fine particle sizes constituting the Bravo

Crater sample and the extreme conditions experienced by the sediment at the

time of weapon detonation could have given rise to inhomogeneities in both

plutonium concentrations and isotope ratios. Therefore, in addition to
analyzing several samples to test for concentration homogeneity, a separate

238 239,240analysis was done to see whether or not the Pu/ ' Pu ratios were

constant with particle size. This was done indirectly by leaching a 2.0g

sample over time with dilute EDTA. The smaller particles should be

solubilized faster than the large particles. By removing aliquots of this
238 239 240leachaete over time, we observed no differences between the Pu/ ' Pu

ratio measured in the leachate or in sediment of differert sample sizes

(Table 13)*.

The results of the plutonium isotope ratios which were

measured in worms introduced into the laboratory-labelled Mediterranean

sediment are presented in Table 14.

It should be mentioned that the plutonium activity in the worms was very

low, which explains the rather large errors associated with the worm values.

Counting times were commonly 5-10 days. Despite the length of exposure or

the valence state of the plutonium used to label the sediment, the mean value

* We thank Dr. Vaughan T. Bowen of Woods Hole Oceanographic Institution
for suggesting this analysis.
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Table 13. Bikini sediment - EDTA leaching experiment

0.1 M EDTA

pH = 3

2.0g sediment

238/239,Reaction time
(Min)

5
15
30

Volume analyzed
(ml)

10
10

(la)
'Pu

0.083 + 0.009
0.085 + 0.007

10 (PJus residual 0.080 + 0.002
sediment)

Average of 6 sediment samples 0.082 + 0.001

Table 14. Mediterranean sediment - worm ratio experiments
using Nereis diver'sioolor

Sample Uptake time
(days)

Valence 238/239.240
(la) Pu

Spike solution
Sediment

Worms
Sediment

Worms
Sediment

Worms
Sediment

Worms
Sediment

-
0

5
5

15
15

25
25

9
9

IV
IV

IV
IV

IV
IV

IV
IV

VI
VI

0.0088 + 0.0002

0.0080 + 0.0007

0.0087 + 0.0022
0.0086 + 0.0004

0.0072 + 0.0010
0.0077 + 0.0005

0.0072 + 0.0012
0.0087 + 0.0003

0.0073 + 0.0012
0.0078 + 0.0006

for the isotope ratios of the worms and sediment overlap at one standard
deviation, and therefore appear comparable.

Table 15 sets out the results of the experiment using Bravo

crater sediment, and shows the plutonium isotope ratios observed. While
OO Q

our first measurement at 15 days suggested that increased uptake of Pu

might be occurring in the worms, a rerun of the experiment showed this to
be unlikely, and the ratios at 40 days again appeared comparable.
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Table 15. Bikini sediment - worm ratio experiment using
Nereic, diversi-Golor

Sample Uptake time 238/239,240
(days) (la) F

Sediment 0 0.084 + 0.004

Worms 5 0.10 + 0.02
Sediment 5 0.079 + 0.002

Worms 15 0.12 + 0.01
Sediment 15 0.075 + 0.005
Worms (Repeat) 15 0.11 + 0.02
Sediment (Repeat) 15 0.083 + 0.002

Worms 40 0.084 + 0.024
Sediment 40 0.091 + 0.004

Finally, Table 16 shows the plutonium isotope ratios observed
>xperir

239,240T

2 *̂ Hin the experiments using Windscale sediments. Because of a higher Pu/
Pu ratio in the sediments, the errors associated with the measurements

are less. It is quite clear that no significant differences were observed

for the isotope ratios in either worms or sediments. Thus, from the three
experiments each utilizing sediments labelled with plutonium in a different

manner, it is evident that worms living in these sediments showed no ability
238 239 240to preferentially distinguish between either Pu or ' Pu during

*
uptake.

Tables 17 and 18 show the results of absolute amounts of
plutonium and americium taken up by worms for various exposure times and the

worm/sediment ratios observed for each element. The radionuclide concen-

trations of the sediments shown are the mean concentrations from four
(̂ indscale) and six (Bikini) separate samples. The errors shown are the
standard deviation from those mean values. In both sediments, the uptake
for both elements was small, less than 0.5%. It is interesting to note,
that for both sediments, the uptake of plutonium was more or less comparable.

49* Noshkin has reported Pu concentrations in benthic worms at levels of
3.5 pCi/kg wet weight. Using a dry to wet ratio of 0,19, the calculated Pu
activity per gram dry weight becomes 0.018 pCi/g dry. The levels of
plutonium accumulated by the worms in our experiments greatly exceeded
these concentrations and therefore no perturbation of our 238pu/239,240pu
ratios by fallout plutonium Is likely.
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Table 16. Windscale sediment - worm ratio experiments using
Nereis diver sicolor

Sample

Sediment

Worms
Sediment

Worms
Sediment

Worms
Sediment

Uptake time
(days)

0

5
5

15
15
40
40

238/239,240
(la) Pu

0.228 + 0.003

0.25 + 0.03
0.229 + 0.004
0.24 + 0.02
0.236 + 0.001

0.27 + 0.05
0.230 + 0.004

Radionuclide
concentrations

(pCi/g dry)

Table 17. Plutonium and americium uptake from Windscale
sediment by Nereis diversicolor

Pu-239,240 Pu-238 Air-241 Cm-242 Cm-244

110 + 4 25.5 + 1.0 224 +8 3.7 + 0.2 0.82 + 0.08

Uptake
time
(days)

5
15
40

Number
of

worms

22
25
23

Total Pu
(pCi/g dry)

0.25 + 0.02
0.48 + 0.04
0.64 + 0.07

Am
(pCi/g dry)

0.26 + 0.01
0.44 + 0.02
0.54 + 0.05

Worm/sediment
(Pu)

0.0018 + 0.0002

0.0035 + 0.0003
0.0047 + 0.0005

Worm/sed iment
(Am)

0.0012 + 0.0001

0.0020 + 0.0001
0.0024 + 0.0002

% water content of sediment = 31

dry/wet ratio for worms = 0.19

There was, however, a decided preferential uptake of p]utonium over

americium in each sediment. This is in contrast to other measurements in
241 239 7l*marine systems which suggest preferential uptake of Am over Pu

241Moreover, the Am in the Windscale sediment appears more biologically
available than that from the Bravo crater sediment. A possible explanation

for this difference could be that while thr americium in the Windscale

sediment may come both from ingrowth from Pu and "free" Am in the
241processed wastes, the Am in the Bravo crater sediment comes principally

241from the decay of Pu.
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Table 18. Plutonium and americium uptake from Bikini sediment by
Nereis diversiootor

Radionuclide concentrations Pu-239,240 Pu-238 Am-241
(pCi/g dry) 82.6 + 2.6 6.8 + 0.2 48.1 + 1.1

Uptake Number
time
(days)

5
15
40
40

15
40

of
worms

9
10
6

31 Rep eat -

25 Repeat 1
13 Repeat

Total Pu
(pCi/g dry)

0.11
0.42

0.25
0.44

0.069
0.19

+ 0.01
+ 0.04
+ 0.02

+ 0.04

+ 0.005
+ 0.01

Am
(pCi/dry)

0.017 + 0.010
0.033 + 0.008
0.061 + 0.010

0.049 + 0.007

Not detectable

Not detectable

Worm/sediment
(Pu)

0.0012

0.0047
0.0028
0.0049

0.0008
0.002.1

+ 0.0001
+ 0.0005
+ 0.0002

+ 0.0005

+ 0.00006
+ 0.0001

Worm/sediment
(Am)

0.0004 + 0.0002

0.0007 + 0.0001
0.0013 + 0.0002
0.0010 + 0.0001

% water content of sediment •= 39

dry/wet ratio for worms = 0.19

The uptake experiments using Windscale sediment produced more
consistent results than those observed for the Bravo crater sediment. We
initially attributed the reduced plutonium and americium uptake in our first

40 day exposure run to possible biological variability owing to the small

number of worms used in the experiment. Repeated exposures using more
organisms and the same sediment showed decreasing availability of both
elements. We now believe that this effect is due to conditioning of the
sediment by exometabolites produced by the animals themselves. In a previous

237experiment in which Nereis diversiaolov was allowed to accumulate Pu

directly from water, it was observed that exposing fresh worms to the water

used in the first labelling experiment resulted in reduced concentration
237

factors for the Pu. This was attributed to complexation of the plutonium
by exometabolites, such as mucus, which reduced its bioavailability. It is
therefore not unreasonable to assume that similar processes were operative
in the Bravo crater sediment experiment.

Our general finding of low uptake of transuranic elements

from contaminated sediment by benthic worms was not entirely unexpected.

Dean found that tubificid worms did not accumulate sediment-bound radio-
nuclides, but readily took up these radionuclides when dissolved in water.

76 65 ..Renfro in studying the uptake of Zn by Nereis diversioolor from
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laboratory labelled sediment found that the individuals contained an average
of 0.2% of the total Zn present in the volume of sediment to which they

were exposed. Several investigators (cited by Renfro) have observed similar

results in benthic organisms for other radionuclides.
238/239 240From considerations of ' Pu ratios in water, sediment

77
and worms, Noshkin e~t al. contend that deposit feeding marine worms like

Nereis diversi-color derive most of their plutonium from material deposited
on the sediments. To investigate this possibility we have compared sediment

,- . ,pCi/g wet worm ,. ...concentration factors in worms (. „. .c—————TT———) measured in our expen-pCi/g wet sediment *
ments with a value based on plutonium activities measured in worms and

49
sediments cited in their study (Table 19). From the data of Noshkin , we

Table 19. Concentration factors for Pu and Am in polychaete
worms based on sediment radioactivity

Pu Am

Bravo crater sediment .0015 + 0.0001 0.0003 + 0,00004

Windscale sediment .0012 + 0.0001 0.0006 + 0.00006
^9 ~ *

Massachusetts coast 0.17

* Activity in worms: 0.0035 pCi/g wet
* Activity in sediment: 0.021 pCi/g wet (Avg. of 4 samples from

0-3cm depth)

calculated a concentration factor for the marine worm using a mean sediment
activity level of 0.030 pCi/g dry weight and assuming a water content of
some 31%, i.e. a value comparable to that measured for the Windscale

sediment. The discrepancy between the concentration factors calculated in

Table 19 cannot be due entirely to differences in the degree of equilibrium
which had been reached by the laboratory or field organisms with their

labelled environment. A plot of the plutonium worm/sediment ratios versus

time for both the Bravo crater and Windscale sediment samples would indicate
that near equilibrium conditions were being approached at 40 days, and that

continued exposure would most probably increase the absolute concentration
of either Pu or Am by n.o more than 50%. Nor is it likely that the

discrepancy arises due to sediment which was present in the gut of the

coastal worms, thereby giving high values for the plutonium measured in the
77

worm sample. The weight of material analyzed was 610g wet weight . In
order to obtain activity levels near 0.0035 pCi/g wet weight, the total
sample would have had to contain = lOOg sediment with an activity level of

0.021 pCi/g wet, a quantity that seems much too high. Considering these
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two facts it would seen that the coastal worms are, in fact, deriving most

of their plutonium from some source other than the sediments, possibly the

water. A first approximation of the relative importance of water uptake may
be estimated by using plutonium concentration factors from sediment measured

47
in our study and those derived from water uptake experiments with ambient

plutonium concentrations measured in sediments and overlying waters. For a
sediment concentration factor we can take the highest value,0.0015, which was

calculated for the Bravo crater sediment after 40 days. The concentration
k7

factor for water, 200, calculated by Fowler et at, can also be used,
however, this factor was measured after only 15 days when steady state had

not been reached, hence, equilibrium concentration factors may be much higher.

In any event, applying these concentration factors to coastal sediments which

contain 0.021 pCi/g wet (Table 19) and the plutonium concentration in the
-7 49

overlying water (= 8.5x10 pCi/g ), it can be calculated that roughly 84%

of the plutonium taken up by worms in contact with these two sources would

be derived from the water. Clearly, this route for plutonium accumulation
cannot be neglected in the case of sediment-dwelling organisms such as

nereid worms.

The actual mechanism for plutonium uptake from sediments is

still unclear. Our experimental design ruled out the possibility of occluded
sediment on, or residual sediment in the worms giving rise to the plutonium

concentration measured. From our results, it is not possible to conclude

whether uptake occurred by (1) removal of plutonium from ingested sediments

and subsequent tissue absorption; (2) surface adsorption of plutonium due to
the mechanical action of the worm moving through the sediment; or (3) direct
uptake of dissolved plutonium from the interstitial water in the sediments

themselves. The latter seems to us one possibility that should not be

overlooked. The Bikini and Windscale sediments contained total plutonium
concentrations of approximately 55 and 94 pCi/g wet, respectively (Tables 17
and 18). Using distribution coefficients for plutonium between sediments

78,79 4 5
and water of 10 and 10 , it can be calculated that sufficient
plutonium would be present in the interstitial waters which, when accumulated

"»7
directly from water , could give rise to plutonium concentrations in worms

not too unlike those measured in our study. Nevertheless, this hypothesis
will have to be verified by making direct measurements of the plutonium
concentrations in the interstitial waters of these sediment.
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CHEMISTRY

THE CHEMISTRY SECTION HAS CONTINUED TO DIRECT THE LABORATORY'S

PROGRAMME OF RADIOACTIVITY INTERCALIBRATION MEASUREMENTS. THERE CONTINUES

TO BE A GOOD RESPONSE FOR PARTICIPATION IN THIS EXERCISE; OPEN LITERATURE

PUBLICATIONS OFTEN CITE THE LABORATORY'S REFERENCE MATERIALS AS A SOURCE

OF QUALITY CONTROL FOR RADIOACTIVITY STUDIES CARRIED OUT IN RADIOECOLOGICAL

RESEARCH. INSTITUTIONS HAVE BEEN ENCOURAGED TO ANALYZE TRANSURANIC RADIO-

ELEMENTS IN ALL REFERENCE MATERIALS IN ADDITION TO FISSION PRODUCT AND

ACTIVATION PRODUCT RADIONUCLIDES SO THAT SOME INDICATION OF THE CURRENT

STATUS OF COMPARABILITY IN THEIR MEASUREMENTS WILL BE KNOWN.

INCREASED EMPHASIS HAS BEEN PLACED ON DEVELOP ING A SOUND CAPABILITY

FOR STUDYING THE BIOGEOCHEMICAL BEHAVIOUR OF TRANSURANICS IN THE

MEDITERRANEAN SEA. THIS HAS INCLUDED DEVELOPMENT WORK ON RADIOCHEMICAL

TECHNIQUES TO BE USED IN THE ANALYSIS OF A VARIETY OF ENVIRONMENTAL SAMPLES.

ANALYTICAL SCHEMES PRESENTLY IN USE ARE OFTEN CUMBERSOME AND TIME-CONSUMING,

AND THFRE IS A NEED TO DEVELOP MORE EXPEDITIOUS METHODS OF ANALYSIS WHICH

AT THE SAME TIME ENSURE ACCEPTABLE DECONTAMINATION FROM NATURALLY OCCURRING
ALPHA-EMITTING RADIONUCLIDES, AND GIVE ADEQUATE RADIOCHEMICAL RECOVERY.

THE RESULTS OF THESE STUDIES AND RECENT DATA FROM THE RADIOACTIVITY INTER-

CALIBRATION PROGRAMME ARE PRESENTED IN THIS SECTION.
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3.0 Intercalibration programme

3.1 Radionuclide measurements on a large volume sea water
sample (SW-A-1)

R. Fukai, S. Ballestra, D. Vas, C.N. Murray, G. Statham

Sixty liter drums containing sea water collected from the

surface layer in the Sargasso Sea, were dispatched to 45 laboratories, of
which only 24 laboratories reported the results of their analyses. A
preliminary compilation of the data, showing the overall averages and
averages after Chauvenet and Dixon's tests for rejecting outlying data, is
presented in Table 20. Although attempts were made by several laboratories
to measure some 10 other radionuclides in the sample, only the results

90 137 239+240reported for 3 radionuclides, Sr, Cs and Pu were sufficient
for statistical treatment. The limited response in the reporting of
results vis-a-vis the number of samples dispatched, demonstrates that many

laboratories had difficulties with low level measurements. The scatter of
the data, indicated by the standard deviations of the overall averages, is
considerably larger than that for sea water samples at higher radioactivity

levels. This leads to a greater number of the results being rejected by

the statistical tests used for strontium-90 and cesium-137. These
observations indicate that the radiochemical determinations of frequently
measured radionuclides such as strontium-90 and cesium-137, for which well
established analytical methods are available still constitute analytical
problems in many laboratories when the levels of these radionuclides;

approach fallout levels. Extensive analytical quality control is still

required to obtain satisfactory comparability on an international basis.

3.2 Radionuclide measurements on sea water at monitoring level
radioactivity (SW-I-3)

R. Fukai, S. Ballestra, D. Vas, C.N. Murray, G. Statham

3
A large volume of sea water (= 1m ) was collected in the vicinity

of a nuclear installation, acidified to pH - 1.5 and divided into 5 liter
bottles. After verifying homogeneity of bottle-to-bottle variations of major

radionuclides, the bottles were dispatched to 60 laboratories; 34 laboratories
reported analytical results. A preliminary value for overall averages of the

* In collecting and preparing these reference materials, assistance was
received from several national laboratories, especially the Bhabha Atomic
Research Center, India, The Fisheries Radiobiological Laboratory, United
Kingdom and Woods Hole Oceanographic Institution, USA. This work was
partially supported by UNESCO.
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Table_20. Preliminary overall averages and averages after the
Chauvenet and Dixon tests for the reported results of radionuclide
measurements on the sea water sample SW-A-1. (Reference date -
1 January 1974)

Radionuclide

No. of Results reported
Range reported

(pCi/kg)
AA

Overall average

(pCi/kg)

Chauvenet's Test

No. of Results accepted
by the test

AA
Average

(pCl/kg)

Dixon's Test

No. of Results accepted
by the test

A*
Average
(pCi/kg)

9°Sr

19
0.0 - 3.3

0.54 + 0.21

(39%)

0.095+0.003
(3.2%)

13

0.10 + 0.01

(10%)

137Cs

18

0.137 - 3.1

0.54 + 0.19
(35%)

8

0.151 + 0.003
(2.0%)

15

0.25 + 0.04
(16%)

239+240
A A A

Pu

7

0.9 - 70

11.0 + 9.8
(89%)

1.1 + 0.3

(9.0%)

1.1 + 0.1

(9.0%)

* Results showing only detection limits of methods are not included
** The standard deviations given are la for mean (standard error)
*** Expressed in fCi/kg

reported results as well as those for the averages, after rejecting

outlying results ̂ y the Chauvenet and Dixon tests, are given in Table 21
, 90C 106D 134r 137r 238B 239+240_for Sr, Ru, Cs, Cs, Pu and Pu.

Although the levels of the radionuclides were lower, the

radionuclide composition of the present sample was similar to sea water
sample SW-I-2, of which the final survey results have already been

80»81
published Comparing the present results with those of SW-I-2, it is

observed that the scatter of the reported results for both samples are

similar to each other for Sr, Cs, Cs and Pu isotopes. The scatter
for '""" Ru indicated by the standard deviation for the present sample, is

much greater than that for SW-I-2 due to one extremely high value, included

in computing the average. The results shox<rn in Table 21 indicate that the
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comparability of radionuclide measurements of major fission products,

except for Ru, is reasonably satisfactory on the sea water samples

containing monitoring levels of the radionuclides. Although the number of

laboratories analyzing Pu is small, relative to the number of participating

laboratories, overall comparability of the results is reasonably good

considering the low concentrations of Pu isotopes, compared with other
radionuclides, and the complexity of the analytical procedures for Pu

analysis. As has been pointed out earlier, however, the comparability of

the results becomes more difficult when the levels of radionuclides drop

down to the fallout levels. Appropriate introduction of analytical quality

control into routine analyses seems to be necessary in order to improve or

maintain the present comparability of the analytical results.

3.3 Radionuclide measurements on marine animals (MA-B-1
and MA-B-2)

R. Fukai, S. Ballestra, E. Holm, D. Vas

Approximately 25,000 specimens of Anadma granosa (clam) and
20,000 specimens of Apli'sia benadiat-i (sea hare) were collected from
different areas adjacent to nuclear plants for the preparation of MA-B-1

and MA-E-2 samples, respectively. These specimens were freeze-dried nt

-40°C anr1 homogenized. The latter animal has been known to be a concentrator
82

of cobalt isotopes

Both samples were dispatched to 62 laboratories and, to date,
the analytical results of 30 laboratories have been returned. The preliminary
values for the overall averages of reported results and averages after re-

jecting outlying data by using the ChauveneC and Dixon tests are presented in

Tables 22 and 23 respectively for MA-B-1 and MA-B-2. The radionuclides
listed in Table 22 are major fission products such as Sr, Ru, Cs,
137., 144̂  , . ̂ . . 238D 239+240̂ . _ _ , - „, 106_,Cs, Ce and plutonium isotopes Pu, Pu. In Table 23, Ru

is not listed while Co is included. Although this was the first time
samples of marine animals were distributed, it is reasonable to compare
the present results with those obtained in the intercalibration exercise

81,83
which was carried out on a seaweed sample, AG-I-1 , contaminated with

radionuclides in the vicinity of a nuclear fuels reprocessing plant. The
scatter of the reported results for the clam sample (MA-B-1, Table 22)

judged on the basis of percentage standard deviations for the overall
averages, is smaller for Ru, Cs and Cs measurements than that for

90similar measurements on Ag-I-1; by contrast, it is larger for Sr and
144Ce measurements. It is worthwhile to note that the scatter of the results

for Ru, Cs and Cs decreased for the MA-B-1 sample, in spite of the
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Table 21. Preliminary overall averages and averages after the Chauvenet
for the results reported of radionuclide measurements on sea water sample
(Reference date - 1 January 1974)

Radionuclide

No. of Results
reported*

Range reported 1
(pCi/kg)

Overall average
(pCi/kg)

Chauvenet's Test
No. of results
accepted by test

**
Average 34

(pCi/kg)

Dixon's Test
No. of results
accepted by test

**
Average

(pCi/kg)

9°Sr

23
.40 - 47.15

31 + 2

(6.5%)

13

.4 + 0.4
(1.2%)

23
31 + 2

(6.5%)

106_ 134,,Ru Cs

8 14

0 - 3052 3.3 - 9

390 + 380 6.4 + 0
(97%) (9

6 14

5 + 2 6.4 + 0
(40%) (9

6 14
5 + 2 6.4 + 0

(40%) (9

137Cs

30

.3 40 - 139

.6 80+4

.4%) (5.0%)

29

.6 78+3

.4%) (3.8%)

30
.6 80+4

.4%) (5.0%)

238 ***Pu

6

15 - 40

22 + 4

(18%)

5

18 + 1
(5.6%)

5
18+1

(5.6%)

and Dixon tests
SW-I-3

239+240,, ***Pu

11

60 - 320

130 + 20

(14%)

10

103 + 7
(6.8%)

10

103 + 7
(6.8%)

* Results showing only detection limits of methods used are not included
** The standard deviations given are la for mean (standard error)
*** Expressed in fCi/kg
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Table 22
results

Radionuclide

No. of Results
reported*
Range reported
(PCi/g)

AA
Overall average

(pCi/g)

Chauvenet's Test

No. of Results
accepted by test

A*
Average
(pci/g)

Dixon's Test

No. of Results
accepted by test

**
Average
(pCi/g)

Preliminary
reported on rad

9°Sr

20
0.7 - 48 1

10 + 2 4

(20%)

18
7.4 + 0.8 4

(11%)

18

7.4 + 0.8 4

(11%)

overall averages
ionuclides in the
106 1Ru

13

.5 - 8.3 0.09

.3 + 0.6 1.2

(14%)

13
.3 + 0.6 0.29

(14%)

13

.3 + 0.6 0.29

(14%)

and averages after the Chauvenet and
clam sample MA-B-1. (Reference date •
3VC 137rCs Cs

9 26
- 7.0 6,84 - 23.0

+ 0.7 15.8 + 0.6
(58%) (3.8%)

7 23
+ 0.06 16.2 + 0.4
(21%) (2.5%)

7 23

+ 0.06 16,2 + 0.4
(21%) (2.5%)

144̂Ce

15
0.3 - 330 1

29+22 1
(76%)

13
2.7 + 0.5 1

(19%)

13

2.7 + 0.5
(19%)

Dixon tests for
- 1 January 1975)
238^ A*A 239+240,, ***Pu Pu

3 7

.4 - 2.6 0 - 60

.8 + 0.3 37+7

(177) (19%)

2 6
.5 + 0.1 44+4

(6.7%) (9.1%)

6

44 + 4

(9.1%)

* Results showing only detection limits of the methods used are not included
** The standard deviations given are la for mean (standard error)
*** Expressed in fCi/kg



Table 23
reported

Radionuclide

No. of Results
reported*

Range reported
(pCi/g)

**
Overall average

(pCi/g)

Chauvenet's Test
No. of results
accepted by test

**
Average

(pCi/g)

Dixon's Test
No. of results
accepted by test

**
Average

(pci/g)

Preliminary overall averages and averages after the Chauvenet and Dixon tests for results
of radionuclides in sea-hare sample MA-B-2. (Reference date - 1 January 1975)

60., 90C 134., 137̂  144,, 23Sn *** 239+24CL ***Co Sr Cs Cs Ce Pu Pu

2 4 1 2 9 2 5 3 1 4
15.8 - 234 0.0 - 1.01 0.5 - 13.0 0.00 - 9.3 0.40 - 80.0 - 0-20

**
is*

159 + 9 0.31 + 0.09 3.0 + 1.4 4.5 + 0.4 27 + 27 0.76 + 0.12 6 + 5
(5.7%) (29%) (47%) (8.9%) (100%) (16%) (83%)

23 11 7 22 3 4
166 + 7 0.25 + 0.07 1.0 + 0.2 4.3 +0.2 27+27 - 6 + 5

(4.2%) (28%) (20%) (4.7%) (100%) (83%)

23 12 9 23 - - 3

166 + 7 0.31 + 0.09 3.0 + 1.4 4.1 +0.3 - - 1.2 + 0.7
(4.2%) (29%) (47%) (7.3%) (58%)

* Results showing only detection limits of the methods used are not included
** The standard deviations given are la for mean (standard error)
*** Expressed in fCi/kg
**** Only one value available



fact that the absolute levels of these radionuclides are lower than those
in AG-I-1 by factors of between 5 and 30. This irdicates; that during the
past 3-4 years considerable improvements have been made in y-spectrometric

determinations of these rac'i.onuclidps, due perhaps to the experience gained

by the majority of the participating laboratories in applying Ge(Li) systems
to relatively low level measurements. Tho o^mr situation was not observed

144however, for Ce measurements. This suggests that the application of

Ge(Li) systems to lower y-energy ranges still requires attention. Although
the number of data available is smaller, the comparability of the Pu

•y o Q
measurements seems acceptable considering that the concentrations of Pu

239+240and Pu in MA-B-1 are 3 orders of iragnitnde lower than tliose in
81

AG-I-1 .

The general trend observed for Cs and Cs measurements
134on MA-B-1 applies also to MA-B-2, in which the Cs concentration is slightly

137higher than that in MA-B-1 and the Cs concentration is lover by a factor

of 4. Relatively high concentrations of Co in MA-B-2 and its high energy

y-peaks led to good comparability of the results reported by most of the
participating laboratories. Perhaps due. to the low levels of Pu isotopes

present in MA-B-2 only a few laboratories seem to have been able to carry

out the Pu determination. The amount of sample distributed (- 30g) was
perhaps not sufficient for replicate determinations. It. should be pointed out

however, that the satisfactory performance of transuranic measurements on

marine environmental samples is considered as one of the priority tasks for
many participating laboratories in relation to future programmes in marine
environmental monitoring.

4. 0 Radiochemical separations

4 . 1 Modified procedure for plutonium and americium analysis
of environmental samples using solvent extraction

R. Fukai, E. Holm, S. Ballestra

In 1974 a separation procedure for Pu and Am was developed

by Statham and Murray in our laboratory on the basis of the extractability

of Pu and Am under different conditions with di-2-ethylhexyl phosphoric
81* 237 ?41

acid (HDEHP) . Since the gamma counting techniques using Pu and " Am

as tracers were employed in their work for checking the efficiency of the
separations, decontamination during the procedure from other a-emittrrs

which interfere with a-spectrometry of Pu and Am isotopes had not been fully

examined at that time. Based on the experiences gained through the

application of this solvent extraction procedure to various kinds of samples

as well as on the results of further check experiments, it had become clear
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that several modifications were warranted in order to improve the
adaptability of the method as a routine procedure for Pu and Am analysis on

trarine environmental samples. This modified procedure is described and

discussed below.

The reagents used in the development of the radiochemical

separations were as follows:
Di-2-ethylhexyl phosphoric acid (HDEHP) solution, 0.5M heptane

solution, (161g in 1 liter n-heptane):
Cation exchange resin, Dowex 50 (X8, 200-400 mesh);

Anion exchange resin, Dowex 1 (X8, 100-200 mesh);
Plutonium-236 or plutonium-242 solution, 5 dpm/rnl in 1M UNO •

Americium-242 solution, 5 dpm/ml in 1M HN00.— 3

Biological and sediment samples are dried, weighed and spiked
with appropriate amounts of radiochemical yield monitors, Pu or Pu

238_ , 239+240,, , 243. , 241." n o - TUfor Pu and Pu and Am for Am as well as Cm isotopes. The
O o £ 9 A 9

level of activity of Pu or Pu spiked should be approximately similar
239+940 243to the expected level of Pu, while the activity of Am spiked should

241be higher than the expected An activitv of the samples. After removing

organic matter in the samples by heating at 450-550°C for several hours,
the samples are leached with aqua regia containing a few drops of 30% H.O
under heating. The pre-treatment procedure for sea water samples is

described in relation to the measurements of transuranic elements in
Mediterranean sea water (see Section 6.5).

The separation of Pu from Am in the solutions containing

macro amounts of Fe is performed by the anion exchange procedure described
85

by Talvitie . Plutonium is sorbed from 9M HC1 solution with Fe on a

Dowex 1 column while Am passes through the column. At least four column

volumes of 9M KC1 are used as washes to ensure complete removal of both

Am and Th from the column. The co-sorbed Fe is then separated from Pu by

elution with eight column volumes of 7.2M HNO and, finally the Pu is

reducibly eluted with three column volumes of 1.2M HC1 - 0.6% H O . The

electroplating of Pu or Am on a stainless steel disc is performed at an
electric current of 1.2A for 1 hour. The efficiency of electroplating of Pu

and Am was normally more than 95%. The discs are counted with surface barrier
2

detectors (sensitive area - 300mm ) connected to a multichannel analyzer.
241The full width at half maximum for the Am a-peak (5.49 MeV) was 40-60 keV.

238 239+240 241The radiochemical yield for Pu and Pu as well as Am in

Mediterranean sea water samples computed on the basis of the recovered activity
of the yield monitors, varied from 30-80%.
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The results of Pu and Am measurements on IAEA intercalibration
84

samples using the solvent extraction method for both Pu and Am as well as

the modified procedure described above are presented in Table 24. As can be

seen in this table, bad recovery of Pu was experienced in some cases by using

the former procedure due mainly to the difficulty involved in the back-

extraction of Pu from the HDEHP layer with concentrated HC1 containing

NH.I. Furthermore, the Am fraction separated by the solvent extraction

procedure from the Pu fraction contains large amounts of Fe, which

necessitates the separation of Fe from Am by cation exchange procedures.
The modified procedure described above, which starts directly with an anion
exchange separation of ATI from Fe and Pu, followed by differential elution

of Fe and Pu, simplifies and facilitates the later manipulation. As has

been explained, the elimination of Fe and lanthanides as well as o-emitting
radionuclides such as Po, Th and U, from either Pu or Am, was excellent in

4 5the modified procedure; decontamination factors ranged between 10 -10 .

Table 24. Plutonium and americiura determinations on IAEA
intercalibration samples (sea vater) using t^e HDEHP solvent
extraction method and the modified procedure

Method used Sample Recovery

HDEHP
Extraction

SW-I-1

SW-I-2

SW-I-3
11

ft

failed
6

failed

failed
39

Modified
Procedure

SW-I-3
**

60

30
67

Pu determination

238nPu
(fCi/kg)

41 + 15

15

239+240pu
(fCi/kg)

200 + 30

120 + 20

2 2 + 5 120 + 20

1 4 + 5 9 0 + 1 0

1 7 + 9 110 + 10

Am determination

Recovery

34

16
45
44

not made

60

63
7

An
(fCi/kg)

12 + 4

170 + 50
26 + 5

20 + 4

-

44 + 5
33 + 6

50 + 20

* Code Nos. of the IAEA intercalibration sea water samples. Probable concen-
trations of 238pu> 239+240pu an(j 241Am were rriven ±n reference 81.

** Code No. of the IAEA intercalibration sea water sample. Probable corcen-
trations of 238Pn) 239+240Pu anc! 241̂  are glven in Table 23

210The decontamination factor of Pb during the procedure is
210estimated to be also very high, since no build up of Po, due to the decay

210of Pb was observed in the separated Pu or Am by the modified procedure
210.applied to the samples known to contain high amounts of
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The combined 9M HC1 eluants containing americium and curium
are evaporated to dryness and the residue is dissolved into 20 ml 8M HNO_.
The pH of the solution is then adjusted to 2.5 with ammonia and the solution
is transferred to a 250 ml separatory funnel. Twenty five ml of HDEHP
solution is added and Am is extracted to the organic phase by shaking
vigorously for 2 rain. The organic phase is washed twice with 25 ml 0.075M HC1
to remove extracted lanthanides and the aqueous phase is discarded. Americium
is then back-extracted twice with 25 ml 12 M HC1 each time for 2 min. The
aqueous phases are combined and evaporated to dryness. A few ml of concen-
trated HC1 are added to the residue and evaporated to dryness. This
treatment is repeated several times. The Am thus separated is further
purified by anion as well as cation exchange procedures from impurities, such
as traces of Fe, Pu, U, Po and Th. This is done by passing the 9M HCl
solution of the residue through a small column (<j» 5mm x 150 mm) containing
2 ml of Dowex 50 as well as 3 ml of Dowex 1 at a flow rate of 0.5 ml/inn.
The Am passes through the column while remaining traces of Fe, Pu, U and Po
are sorbed on Dowex 1 and that of Th on Dowex 50. Although lanthanides in
this medium eventually pass through the column, the speed of the passage is
very much slower than that of Am. This difference in the speed of passage
makes it possible to eliminate lanthanides from the Am fraction by limiting
the volume of washing. The column is washed with 2 column volume of
9 M HCl.

The electro-deposition of the purified plutonium and
americium fractions were performed by the procedure described by Talvitie .
The effluent and washings from the plutonium separation were evaporated to
dryness and re-dissolved in 0.6 ml of concentrated H-SO,; the americium
fraction was evaporated to dryness and reconstituted with 1 ml of concentrated
H-SO,. After heating to fumes of SO , 2 ml of H.O, 50 ml of 1M oxalic acid
and 1 drop of 1 M DTPA (ammonium diethylamine-triamine penta acetic acid) is
added to the solution. Several drops of 0.02% thymol blue indicator is
then added as an indicator and the pH is adjusted to * 2.5 by addition of
ammonium hydroxide.

4.2 Determination of americium and curium using ion-exchange
in the nitric-acid-methanol medium for environmental analysis

E. Holm and R. Fukai

While transplutonic elements are only slightly sorbed to anion
exchangers from hydrochloric or nitric acid media, the presence of alcohol
enhances the anionic exchange of these elements, especially in nitric and

86
sulfuric solutions. Haidvogel et a.1, showed this enhancement by thin-
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layer chromatography; the sorption of transplutonic elements increased
with increasing alcohol content and the binding with the ion-exchanger was
stronger in the nitric medium than that in the sulfuric medium. Guseva

87,88
et al. separated americium from curium, both at relatively high levels,
in the nitric acid-methanol mixture, observing that the greater the atomic
number, the stronger the sorption.

In the present work a method has been developed for
determining americium and curium in environmental samples, on the basis
of the difference between the sorption characteristics to anion exchangers
in the acid-methanol system of these transplutonic elements and those of
plutonium, polonium and thorium. The method also permits us to perform
sequential determination of plutonium, when necessary. The radiochemical

separation of americium from curium is not generally required since modern
241a-spectrometry resolves the major a-peak of Am (5.49 MeV) from either

242 246that of Cm (6.10 MeV) or Cm (5.80 MeV), which possibly co-exist with
Am in environmental samples.

The reagents used in the separation are as follows:
Nitric acid-methanol mixtures: 1M HNO -90% CH OH solution and

0,5M HN03-70% CH3OH solution.
1st anion exchange resin column: Dowex 1 (X8, 100-200 mesh)
<f> 1cm, volume 10 ml.

2nd anion exchange resin column: Dowex 1 (X2, 50-100 mesh)
<f> 1cm, volume 20 ml.
Cation exchange resin column: Dowex 50 (X8, 200-400 mesh)
<j> 1cm, volume 5 ml.

241Americium-243 solution: chemical yield monitor for Am
(5 dpm/ml in 1M HNO ) .
Plutonium-236 or plutonium-242 solution: Chemical yield monitor

218 91Q 9&0
for J°Pu and ̂ Jy'^upu (5 dpn/ml in 1M HN03),

Biological or sediment samples are dried at 105-110°C, weighed

and placed in a porcelain crucible to which the yield determinants, a few
f\ t n ty t\ £ /j r /)

dpm each of Am and Pu or Pu, are normally added, After drying
again, the samples are ashed at 500°C overnight. The ash obtained is leached
with a mixture of concentr
milliliters of H (30%).
with a mixture of concentrated HNO_ and HC1 with the addition of a few

3+Water samples are acidified, to which iron carrier (50mg Fe )
is added.

The actinides are co-precipitated with Fe hydroxide by adding
ammonia. The precipitate is centrifuged and dissolved in 9-12 M HC1. After
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the addition of a few drops of H~0 (30%), the solution is heated and kept at
80°C for 20 min. The acidity of the solution is finally adjusted to 9M HC1.

After cooling, the solution is passed through the first
column of Dowex 1 and then through the Dowex 50 column, which is directly
connected with the first column, at a flow rate of 2ml per min. Iron (III)
is sorbed to the Dowex 1 column with plutonium (IV) as well as uranium and
polonium. Thorium is sorbed to the Dowex 50 column. Trivalent actinides,
americium and curium, on the other hand, pass through both columns. The
columns are washed with 50ml 9M HC1, the effluent and washings are combined
and evaporated to dryness. The residue is then dissolved in 1M HNO,-90%
CH OH solution (50-100 ml).

In order to obtain further purification of americium and curium,
the solution is passed through the second Dowex 1 column at a flow rate
of 2ml per min. Americium and curium are sorbed on the column with other
impurities, such as remaining plutonium, polonium and thorium. The column
is washed with 60ml of 1M HN00- 90% CH.OH. The trivalent actinides are*— J j
then eluted with 0.5M HNO.-70% CH-OH (70 ml).

When the plutonium determination is required, plutonium can

be eluted from the first Dowex 1 column with 1.2M HC1 after washing with
~ 85

7.2M HNO, and analyzed by the procedure described by Talvitie .

The elute which contains americium and curium is evaporated to
dryness and the residue is dissolved with 0.8 ml concentrated HLSO,. The
solution is diluted with distilled water and partially neutralized with
ammonia to give pH 2 and a final volume about 10 ml. The electrodeposition

of americium and curium from this solution onto a stainless steel disc is
performed at an electric current of 1.2A for 1 hour, by using a disposable
polyethylene vial as an electrolysis cell. A similar procedure for the

71
electrodeposition of plutonium has already been described

In the present work, the a-spectrometry for americium and
curium was carried out using a silicon surface barrier detector having a

2
sensitive area of 300mm . The resolution of the a-spectra was 35-40 keV

241for the Am peak (5.49 MeV) in terms of the full width at half maximum.
The minimum detectable activity was 0.01 pCi for a 1000-min counting time.

The key to precise determinations of americium in environmental
samples is to obtain good decontamination from naturally-occurring

21D 228a-emitters, such as Po (a-energy, 5.30 MeV) and Th (5.42 MeV) as
238well as from the artificial fallout radionuclides such as Pu (5.49 MeV).
241Their a-energies would interfere with the a-spectrometry of Am (5.49 MeV)

243or of the yield-determinant Am (5.28 MeV). For curium determinations
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separation from , Pu (5.76 MeV) is essential when Pu has been used as
the yield monitors for plutonium, as its a-peak overlaps with that of
744

Cm (5.80 MeV).

The decontamination of polonium with the present procedure

was verified by analyzing samples which were known to contain relatively
210high levels of Po, without adding any yield monitor. The decontamination

factor for Po is estimated to be in the order of 10 .
210However, since it was also observed that Pb is strongly

sorbed on the anion exchange resin from the nitric acid-methanol medium, it
210is possible that a small fraction of the Pb may be carried over to the

243
americium fraction and interfere with the a-spectrometry of Am, when

210the content of Pb in samples in question is exceptionally high. The
210 210interference comes from the build-up of Po through g decay of Pb

(half-life: 19. 4y) with an equilibrium time of approximately 6 months. This
242 244difficulty can be overcome by using clean Cm or Cm as the yield

monitor for americium measurements, since it has been experimentally proved
that there is practically no difference between the chemical yields of
americium and curium using the present procedure.

228The decontamination of Th was tested either by spiking
230known amounts of Th (ot-energy, 4.69 MeV) or by verifying the absence of

224Ra-peak (5.68 MeV) which should build up two weeks following separation,
if the thorium decontamination has been incomplete. These tests indicated

228 4that the procedures decontaminate Th by a factor of at least 10 .
230.240The absence of the ' Pu-peak (5.16 MeV) in the a-spectra

obtained through the present procedure confirmed sufficient decontamination
230 240 21ft 2TQof ' Pu as well as Pu. The activity of ' Pu is 10-20 times

238higher than that of Pu in normal environmental samples.

In order to demonstrate satisfactory decontamination from the
interf erring radionuclides mentioned above, an example of the a-spectro-
gramme obtained for the IAEA inter calibration sample, A6-I-1 (seaweed),
through the present procedure is given in Figure 16. As illustrated, the

243 241 244a-peaks of Am, Am and Cm are clean.

In the event that the pre-separation of plutonium and thorium
through the first anion-exchange is not carried out before applying the
acid-methanol medium, about 10% of the plutonium and thorium would follow
americium in the 0.5J1 HNO_-70% CH.OH eluate. Plutonium and thorium are also
strongly sorbed to Dowex 1 from 1M HNO,-90CH_OH, but partially eluted with
0.5M HN03-70% CH3OH. Polonium is also sorbed, but not eluted under these
conditions.
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Figure 16. Alpha spectrum of IAEA intercalibration sample
AG-I-1 (seaweed, Ig dry weight; 18dpm 243̂  added). Counting
time: 3800 rain.

243 244Since Am often contains some Cm as an impurity, a serious
error may be introduced into curium determination when the curium concen-

243 241trations are low and Am is used as the yield determinant for Am.
This difficulty can be avoided by repeating the procedure without adding

241any yield determinant. In this case, the previously determined Am
concentration of the sample is used as yield determinant since, as has been

241mentioned, the chemical yield of Am is practically identical to that of
242,,,Cm or _̂Cm.

The method described above was applied to several IAEA
reference samples, such as AG-I-1 (seaweed), SD-B-1 (marine sediment) and
SW-I-3 (sea water) on which the probable concentrations are already known

238 239 240 241 ̂for Pu and ' Pu as well as Am . The results of these analyses
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Table 25. Comparisons between the probable concentrations of transuranics in
the IAEA reference samples and the results obtained in the present work

00
OP

Sample
Code No. Matrix

Probable concentration (pCi/kg)
238_Pu 239+240..Pu 241.Am 244,,Cm

AG-I-1

SD-B-1

SW-I-3

Seaweed (3.8 +0.1)xl03 (27.0+0.5)xl03 (5.2+0.2)xl03

Sediment (0.43+0.03)xl02 ( 9.6+0.3)xl02

Sea water 0.018+0.001 0.11+0.01
**

Results of this work (pCi/kg)
238.,Pu 239+240

30 (3.8+0.3)xl0

.,Pu

(31+2)xl0

241.Am

30+5

(0.56+0.10)xlO2 (9.7+0.9)xl02 (0.23+0.05)xl02 N.D.*

0.028+0.002 <O.OQ2 0.026+0.008 0.11+0.01 0.034+0.006** N.D.

* Not detected
** Activity in December 1974
*** Activity in October 1975



are given in Table 25. The recovery of americium in these analyses varied
between 30 to 95%. Nevertheless, the results presented in Table 25 are in
good agreement with the given probable concentrations, showing the usefulness
of the present method for the determination of americium and curium on

environmental samples.
241

A major part of Am in the environment today resulted from
241the decay of Pu (half-life: 13.6 years, fJ-emitter) deposited as radio-

89
active fallout or disposed from nuclear installations . The method presented
here is being used for studying environmental behaviour of americium as well
as curium isotopes originating from various sources.

4.3 Adsorption of transuranic elements from large volume sea water

E. Holm and S. Ballestra

Some years ago a sampler for concentrating radionuclides from
90

large volumes of sea water was developed by Silker et al. of the Battelle
Northwest Laboratories. They used pure A190_ as the adsorbent. The device

238 239has been applied successfully to the determination of Pu and Pu in
91

several sea water samples . Our experience on the application of an

identical system for the determination of transuranics in Mediterranean sea
water was not quite as satisfactory as we had hoped. The chemistry involved
in leaching up to 1kg Al_0. with acid, followed by removal of dissolved
aluminium from the transuranic fraction, is rather tedious and time-consuming
for routine use. The adsorption efficiency of transuranics, checked by
dual-bed adsorption did not give consistent results. However, since the
principle of the device is attractive enough for handling large volume water
samples, it was felt that it was worthwhile to test other types of adsorbents
which are easier to handle than A190 . For this purpose, chitosan and

fc -J

manganese dioxide were chosen and series of experiments were conducted in
order to examine the suitability of these materials as an adsorbent in the
system.

Chitosan (deacteylated poly-N-acetylglucosamine) is known to
92~9«*

concentrate a number of transition elements from sea water . A column
of chitosan (<)> 1cm x 20cm) was prepared and pre-conditioned with sea water.

oo/:
A solution containing 25 dpra Pu (IV) in 15ml sea water was prepared

2
and passed through the chitosan column at a flow-rate of 3ml/cm /min. The

not
column was then washed 4 times with 20ml of sea water and the Pu which
passed through the column was analyzed. The results showed that 60-70% of
236Pu remained on the column after passing 5 column volumes of sea water.

In order to determine the distribution coefficient of Pu
isotopes between chitosan and sea water, 5g (dry) of chitosan were added to
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2 ̂fi100ml of sea water containing 53 dpm Pu either in the form of Pu(IV) or
Pu(VI) and the contents were stirred for 1 hour by a magnetic stirrer. The

236chitosan was filtered off after stirring and the Pu remaining in the
filtrate was analyzed by standard procedures. Comparing the results of the
analysis with the activity initially added, the distribution coefficients
were calculated. The results are given in Table 26.

Table 26. Distribution coefficients of Pu(IV) and Pu(VI)
between chitosan and sea water

Adsorbent Chemical form Mass distribution Volume distribution
of Pu coefficient D * coefficient D **m v

Chitosan Pu(IV> 370±AO 90±10
Pu(VI) 190 +30 50+8

a D _ Activity/g adsorbent
m Activity/g sea water

** n Activity/ml absorbent
v Activity/ml sea water

On the basis of these distribution coefficients, it is
estimated that approximately 65% of both Pu(IV) and Pu(Vl) in 200 liters of
sea water is adsorbed on 1kg of chitosan under the equilibrium condition.
If the volume of sea water is increased to 1000 liters, the adsorption of
Pu(IV) and Pu(VI) would decrease respectively to approximately 27% and

2
16%. These estimations are based on the flow-rate of 3ml/cm /min, as was
the case with the column experiment. Therefore, these estimated values are
expected to indicate the upper limits of the adsorption and the actual
adsorption is estimated to be lower in the field operation, where the flow-
rate is greater.

This was confirmed by an in situ trial. In Table 27, an
example of the results obtained from an operation on board is presented.

In order to determine the distribution coefficient of Pu(IV)
and Pu(VI) between manganese dioxide and sea water, similar batch experiments
to those carried out with chitosan were undertaken by replacing 5g chitosan
by 0.5g Mn02. The distribution coefficients computed on the basis of the
results obtained are presented in Table 28. Contrary to the case of chitosan,
mass distribution coefficients of Pu between manganese dioxide and sea water
are smaller than corresponding volume distribution coefficients, due to the
much higher density of manganese dioxide than of chitosan. Furthermore, the
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distribution coefficients of Pu(VI) are greater than those of Pu(IV). The
reverse is true for the chitosan.

On the basis of these distribution coefficients it is estimated
that approximately 33% or 66% of Pu(IV) or Pu(VI) respectively in 1000 liters
of sea water is retained by 1kg of manganese dioxide under the equilibrium
condition. No experiment was conducted for the desorption of the Pu sorbed
onto the manganese dioxide.

-Table 27. Retention of Pu in Mediterranean
surface water by chitosan beds

239+240Filter or Sea water Pu
Adsorbent passed retained

(1) (pCi)

0.45 Millipore filter 2000 0.061
Bed 1 (400ml) " 0.384Chitosan
Bed 2 (400ml) » 0.012

239+240,, .Pu concentration

(fCi/fc)

0.03
0.19
0.06

Table 28. Distribution coefficients of Pu(IV) and Pu(VI)
between, sea water and manganese dioxide

Adsorbent

Manganese
Dioxide

Chemical
form

Pu(IV)
Pu(VI)

Mass distribution
coefficient, Dm

500 + 30
1900 + 200

Volume distribution
coefficient, Dv

670 + 40
2600 + 300

4.4

of 242m

Analysis of Windscale and Bikini atoll sediments for Am-242m

T.M. Beasley
Bowen and Livingston96 have recently reported the existence

Am in both 1962 nuclear test debris and in a marine algae sample
(kelp) contaminated by nuclear fuel reprocessing wastes. The presence of

242m 97
the Am (T, = 152y) was deduced by measuring its daughter product,
242 *Cm. In the case of the fallout debris, the long decay time (25 years)
between collection and analysis was argued to preclude the possibility of

242unsupported Cm being present in the sample. The non-adherence to simple
242radiometric decay of the Cm measured in two aliquots of the algae sample

suggested that a small percentage of the isotope (- 3%) was in fact supported
by its longer lived parent.
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An attempt was made to discern the presence of Am in
sediment samples collected from Bikini Lagoon in the Marshall Islands and
from the Irish Sea near the outfall of the Windscale nuclear fuel reprocessing
plant on the Cumbrian Coast of the United Kingdom. The Bikini sediment was
part of a core sample taken from the Bravo Crater (23-49 inch depth) which
was the site of the first U.S. thermonuclear test conducted in 1954. The
Windscale sediment was taken with a Reineck box corer some 4.6 nautical miles
north of the Windscale outfall. Table 29 shows the transuranic radionuclides
which have been measured in each of these samples. All measurements were
made following chemical separation, the actinides being measured by alpha
spectrometric techniques.

241The Am content of the Windscale sediment has been confirmed
by the Fisheries Radiobiological Laboratory at Lowestoft using direct gamma-ray
spectrometry (GeLi); the measured value was 218 + 20 pCi/g dry weight

Table 29. Transuranic radionuclides in Bikini and Windscale
sediments

(pCi/g dry)

Bravo Crater
Windscale

Pu
239,240

82.6 + 2.6
100 + 4

Pu
238

6.8 + 0.2
25.5 + 1.0

Am
241

48.1 + 1.1
224 + 8

Cm
244

_

0.82 + 0.08

Cm
242

_

3.7 + 0.2*

t Activity at 100 days following collection.
Values reported are averages of four aliquots taken from homogenized
sample. Errors reported are standard deviations calculated from the
four aliquots measured.

98
(Hetherington, private communication) . In addition, our Pu-238/Pu-239,240
ratios correspond to those determined at Lowestoft for recent effluent
discharges.

While the Windscale sediment had easily measurable amounts of
242 244 242both Cm and Cm, no Cm was detected in any of the Bravo Crater

sediment using sample sizes which ranged between 0.71 and 2.28 grams dry
weight and counting times in the order of 1000 minutes. Analysis of larger

241sample sizes was precluded owing to the high levels of Am present in the
sample and the attendant risk of contaminating the detectors used in the
spectrometer. Therefore, while these measurements do not exclude the

* 242̂ , . , , 242,, ,241Apresence or Cm at very low levels, we have not observed a Cm/ Am
ratio of some 0.5% in aged fallout samples as did Bowen and Livingston. Had
such a ratio obtained, the calculated activity level of 0.24 pCi/g dry weight
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242Cm would have been easily detected by analyzing a one gram sample.
Assuming secular equilibrium between Cm and Am, it should be possible
to detect 0.02 pCi/g dry weight mAm with sample sizes of 1 gram, assuming
50% chemical recovery and counting times of 1000 minutes on our system. It
is therefore likely that this approximates the upper activity limit for this
radioisotope in this sample.

The Windscale sediment samples have been counted over time and
242have shown a steady decrease in Cm activity corresponding to its radio-

active half-life of 162.5 days . Averaging the least squares fit of the
decay curves of four separate samples gives a mean value of 164.5 + 16 days.
Figure 17 illustrates one such decay curve, and shows that up to times of

10:

1,85g DRY WINDSCALE SEDIMENT

o
j-Tj ' T,/ THEORETICAL = 162 5 DAYS
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10 P""---..
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TIMECdays}

Figure 17. Decay curve for Cm-242 separated from Windscale sediment.
Bars represent + la standard error.

262 days after collection, no break in the decay curve appears evident. This
implies that if present, the Am contributes less than 30% to the

242original Cm activity found at the time of sample collection.

As americium and curium radionuclides might be expected to
behave similarly in their reactions with sediment, it would not be
unreasonable to assume a build-up of Am in Windscale sediments over time
if it has been present in waste discharged for the past twenty years.
Americium-242m concentrations at any location would therefore be governed
by sediment redistribution as has been postulated in the budgeting of plutonium

99
radionuclides in the Irish Sea . It is evident, however, from the data
in hand that should Am be present in the sample, its activity level is

241less than 1% of that measured for Am, and less than 7% of the activity
f\ -50

level measured for Pu. Thus, the Am contribution to the total
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trivalent actinide activity levels at Windscale are most probably negligible,
OQQ

and its contribution to the Pu inventory by subsequent decay through
242Cm would appear unimportant.

5. Trace element studies

5.1 Sensitivity and accuracy of atomic absorption spectrophotometry
for trace elements in marine biological samples

R. Fukai and B. Oregioni

During the course of 1974-75 atomic absorption spectrophoto-
metry (AAS) has been used extensively in our laboratory for measuring
various trace elements in marine biological materials in order to conduct
homogeneity tests on the intercalibration samples for trace metal analysis
as well as to obtain baseline data for trace elements in various kinds of
marine organisms collected from different locations in the Mediterranean
Sea. Several series of test experiments have been conducted on the current
methodology in use in our laboratory to ensure satisfactory analytical
performance in measuring a number of trace elements for which analytical
problems have not completely been solved. Sensitivities of the techniques
used were repeatedly checked for various elements and the accuracy of the
analyses were always critically evaluated by analyzing standard reference
materials. The results of these test experiments have uncovered critical
points relevant to the application of the AAS to routine analysis.

Our instrumentation consists of a Perkin-Elmer atomic
absorption spectrophotometer Model 403 equipped with a three slot burner
head 303-0401 for flame analysis or a graphite furnace HGA 72 for flameless
analysis. A Perkin-Elmer 56 XY recorder is connected directly to the
spectrophotometer and all absorbance signals are measured by the peak height
technique. The flame technique was applied to trace metals such as Cr, Mn,
Fe, Co, Ni, Cu, Zn, Ag, Cd and Pb, while the graphite furnace technique was
used to verify the results obtained by the flame technique for Cr, Co, Ag
and Pb. A deuterium arc background corrector was used for the graphite
furnace technique (Model 303-0295).

For mercury measurements, the digestion procedure and cold
100

vapour technique described by Uthe et al. was slightly modified and used
in conjunction with a Beckmann DB-G spectrophotometer with the atomic
absorption accessories. A 10cm quartz cuvette was used as the absorption
cell.

In order to determine the sensitivity of measurements
attainable by our system for various trace elements of interest, repeated
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measurements were made using solutions of appropriate concentration. The
average values of these measurements are presented in Table 30. The

Table 30. Sensitivities of the flame technique and of the
graphite furnace technique in atomic absorption spectro-
photometry for various trace elements

Flame technique Graphite furnace technique
Element sensitivity sensitivity

Cr
Mn

Fe
Co
Ni
Cu
Zn

Ag
Cd

Pb

Vng/nu./

100

60

150

150
150

90
20

100
40

500

(ng)

0.02
0.008
0.06
0.08
0.09
0.01
0.002
0.006
0.008
0.04

(ng/ml)

2
0.8
6
8
9
1
0.2
0.6
0.8
4

sensitivity is expressed in terms of the concentrations of the elements
giving a reading of 1% absorbance for the flame technique or of the
absolute quantities of the elements giving a similar reading for the graphite
furnace technique. Although the sensitivities between the two different
techniques are not directly comparable, the sensitivities for the graphite
furnace technique are also given in terms of specific concentrations for
convenient comparison. For these conversions it was assumed that the same
volume, 10 yZ, was always used for each injection into the graphite furnace.
By comparing the sensitivities between these two techniques, it can be seen
that the graphite furnace technique increases the sensitivity by approxi-
mately two orders of magnitude for many of the trace elements listed. However,
since the specific atomic absorption of solid samples in the graphite furnace
is expected to be influenced by sample matrices, the sensitivity for some
elements on real samples may be much lower than that given in the table.

Broad-band non-specific background absorption and/or scattering
of the light caused by spattering and fuming of materials in the destruction
of sample matrices or by evaporation of solvents pose serious interference
in the atomic absorption spectrophotoraetry especially in solid source
atomization, such as that using a graphite tube furnace. A series of
measurements were performed using a graphite furnace technique with and
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without the deuterium background corrector, to evaluate the magnitude of
such effects for two heavy metals, Co and Pb. From 50 to 200mg of a freeze-
dried oyster tissue was wet-ashed with 2ml of a mixture of nitric and
perchloric acids (3:1 v/v) in a Pyrex glass tube under heating. The initial
digestion was carried out at a temperature of approximately 100°C for
30-45 min and then the temperature was increased to 180°C to let the acids
evaporate under steady boiling, until no visible liquid was left. The
residue was dissolved with 10ml 0.1M HC1. Ten y£ of the solution was
introduced into a graphite tube furnace and the following steps were followed
for the step-wise atomization:

Co; drying at 82°C (30 sec); programmed thermo-destruction at
170°C (10 sec), between 170°C and 1020°C (30 sec) and at 1020°C (60 sec);
atomization at 2540°C (10 sec).

Pb; drying at 100°C (30 sec); programmed thermo-destruction at
170°C (30 sec) and between 170°C and 420°C (120 sec); atomization
at 2040°C (10 sec); cooling at 46°C (20 sec).

For determining Co and Pb concentrations in the sample, the standard
addition procedure was adopted and appropriate blanks were run with adequate
frequency. Similar measurements were repeated with or without a deuterium
arc background corrector.

Absorbances measured without the deuterium background corrector
(DBC) in the Co and Pb determinations on the oyster sample are compared
schematically with those obtained with the DBC in Figure 18. In this figure,
relative absorbances on the standard solutions of Co and Pb are also
illustrated. As shown in Figure 18, in spite of the fact that there is
no difference between the absorbance observed without the DBC and that with
the DBC on the standard solution of either Co or Pb, substantial differences
exist between the absorbances measured with and without the DBC on the
oyster sample as well as between those on the sample spiked with lOOng of
Co or Pb. These differences in the absorbance measured represent the
matrix effect, which may lead to gross errors in calculating the concen-
trations of the elements in the sample. Figures 19 and 20 represent the
relationships between the sample weight taken and the resulting absorbance
measured as well as standard addition curves, respectively, for Co and Pb
based on measurements made by using the DBC. Linear increases of the
absorbance with increasing sample weight or with increasing standard
addition are demonstrated in these figures for both Co and Pb. However,
these linear relationships do not necessarily ensure satisfactory
performance of the analytical technique used. From Figure 18, it can be
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Figure 18. Comparisons between absorbances obtained with a
deuterium background corrector (DBC) and without a DBC in the
graphite furnace technique.
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Figure 19. Relationship between the sample weight and absorbance
measured, for the oyster sample (MA-M-1) and a standard addition
curve for cobalt determination by the graphite furnace technique
with a deuterium background correctpr.
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measured for the oyster sample (MA-M-1) and a standard addition
curve for lead determination by the graphite furance technique with
a deuterium background corrector.

presumed that the absorbances measured without the DBC may also give the
linear relationships, when the background absorption Is much greater than
the specific atomic absorption caused by the atomization of the element of
interest. In Table 31, examples of the results obtained by different
techniques on the oyster sample and the NBS's Orchard Leave sample are given,
As can be seen, the results obtained by the graphite furnace technique
without the DBC are consistently higher than those with the DBC for both Co
and Pb, and the difference may reach more than one order of magnitude in
many cases. It seems that the flame technique produces comparable results

Table 31. Determinations of cobalt and lead in the IAEA oyster
sample, MA-M-1, and the NBS orchard leaf sample by various
atomic absorption techniques

Co found Pb found
(yg/g-dry) (ug/g-dry)Sample

Oyster homogenate
MA-M-1

NBS Orchard
Leave

Technique used

Flame

Graphite furnace without DBC
*

Graphite furnace with DBC

Flame
*

Graphite furnace without DBC
*

Graphite furance with DBC

Certified value by NBC

5.8 + 0.8
7 + 2 8.1 + 0.6

0.38 + 0.03 0.61+ 0.04

0.25 44

5.2 + 0.2 67+6
0.21 + 0.01 44.3 + 0.7

0.2 45 + 3

* Deuterium arc background corrector
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to those obtained with the graphite furnace technique using the DEC, when
the Pb content of the samples are sufficiently high or the matrix of the
samples allows it to attain higher sensitivity for Co.

Based on these observations, it should be emphasized that for

some trace elements the use of a deuterium background corrector is essential
to obtain reliable results by atomic absorption spectrophotometry using the
graphite furnace technique.

Although the cold vapour atomic absorption technique is
extensively utilized for the determination of total and organically-bound

100-104
mercury in marine biological samples , controversial observations have

been made concerning the possible loss of mercury during the drying step of
105-108

samples before the analysis, as well as during the wet-ashing step .
In order to verify the satisfactory recovery of mercury using the technique

100
of Uthe et al. , a step-by-step examination of the analytical procedure is
in progress. As a first step, it was necessary to determine possible loss
of mercury in freeze-drying or low-temperature drying. Approximately 200mg
freeze-dried or oven-dried (at 50°C) biological material were placed in a
50ml round borosilicate flask, fitted with a 15cm Liebig condenser and
digested with 5ml mixture of H2SO,-HNO_ (4:1 v/v) under heating at 60eC on
a hot plate. The digestion was continued until a clear solution was
obtained. After cooling, 10ml KMnO, solution (5% w/v) were slowly added
to the flask and the flask was allowed to stand overnight at room temperature.
In case manganese dioxide was precipitated during this time, it was

dissolved by adding 1ml NH.OH'HCl solution (10% w/v). Total volume was
adjusted to 25ml with 0.1M HNO . The total volume of the flask was
transferred to the reaction cell, which was prewashed with 5ml dil. HNO .
To the solution 3ml SnCl_ solution (10% w/v) were added, the stop cocks
of the cell were closed and the contents of the cell were stirred for 2 min.
with a magnetic stirrer. Then the stop cocks were opened and the reduced
mercury was driven from the solution with N.-gas at a flow-rate of 1 liter/
min through an optical cuvette to the exit. Absorbance measurements were
made using a wave-length of 253.7pm.

Figure 21 shows the relationship between the absorbance

measured and the sample weights used as well as the standard addition
curve obtained by using the above-mentioned procedure for the oyster sample.
These relationships suggest that the analytical procedure adopted works
satisfactorily. However, if the loss of mercury occurred during the drying
step or if the loss was linear with respect to the sample weight, linearity
would still have been observed.
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Figure 21. Relationship between sample weight and absorbance
measured for the oyster sample (MA-M-1) and a standard addition
curve for mercury determination by the cold vapour technique.

Table 32 gives the results obtained using the described
procedure in the analysis of the NBS Orchard Leave standard and the oyster
sample. Although the results show good agreement with the known values of
mercury in these samples, they tend to be low.

Table 32. The results of mercury measurements on the IAEA
oyster sample, MA-M-1 and the NBS Orchard Leave sample by
the cold vapour atomic absorption spectrophotometry

Sample

Hg found (ug/g-dry)
Probable or certified value

Oyster homogenate NBS Orchard Leave

0.130 + 0.002

(0.16)
0.141 + 0.003
0.155 + 0.015

To investigate possible loss of mercury during drying, a
mussel sample was collected from the Monaco coast and analyzed for mercury
after freeze-drying as well as after oven-drying at 50°C. The results of
these measurements are given in Table 33. There appears to be no difference
between the results obtained by the two different drying methods. Since it
has already been observed that freeze-drying causes only negligible loss of

108
mercury , these results indicate that the oven-drying procedure at 50°C
is also acceptable for mercury analysis for marine biological samples. This
implies that if there is a systematic loss of mercury in the above-mentioned
procedure, it has to be during the wet-ashing procedure. The re-examination
of the wet-ashing procedure is now in progress.
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Table 33. Comparison of the results of mercury determinations
between oven-dried (50°C) and freeze-dried mussels

Drying method Sample weight Hg found Hg concentration
taken* (ng) (ng/g-dry)
(mg)

Freeze-drying 192.7 43.8 227
207.9 48.6 234
172.1 43.3 251
183.6 48.1 276
180.7 44.9 248

Av. 247 + 8

Oven drying at 50°C 205.2 46.7 228
204.1 51.2 251
227.9 53.3 234
179.4 50.0 279

Av. 248 + 12

* The weight was normalized to that dried at 50°C
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INTERCALIBRATION PROGRAMMES FOR NON-NUCLEAR POLLUTANTS
AND

MEDITERRANEAN FIELD MEASUREMENTS

WITH THE FINANCIAL SUPPORT OF THE UNITED NATIONS ENVIRONMENT
PROGRAMME, AND IN COOPERATION WITH THE INTERGOVERNMENTAL OCEANOGRAPHIC
COMMISSION (UNESCO), THE LABORATORY HAS CONDUCTED AN INTERNATIONAL

INTERCALIBRATION EXERCISE FOR THE MEASUREMENT OF TRACE METALS AND
ORGANOCHLORINE COMPOUNDS IN MARINE REFERENCE MATERIALS. IN ADDITION,
FIELD MEASUREMENTS HAVE BEEN CONTINUED TO DEFINE BASELINE LEVELS OF HEAVY
METALS, ORGANOCHLORINE COMPOUNDS AND SELECTED RADIONUCLIDES IN THE
MEDITERRANEAN AS A PRELUDE TO A LARGER RESEARCH AND MONITORING PROGRAMME

TO BE SPONSORED BY UNEP IN ITS MEDITERRANEAN ACTION PLAN. THE FIRST
RESULTS OF THE INTERCALIBAATION EXERCISES ARE PRESENTED IN THIS SECTION IN
ADDITION TO FIELD MEASUREMENTS MADE DURING THE PERIOD 1974/1975.

97





6. Intercalibration measurements for non-nuclear pollutants

6.1 Organochlorine compounds; Progress and results to date

J.P. Villeneuve, M. Marchand, D. Elder, S.W. Fowler, J. LaRosa,
E.K. Duursraa, D. Vas and P. Parsi

The Monaco Laboratory has prepared the following reference
materials for organochlorine compound intercalibration measurements:

MATERIAL COLLECTION SITE

1. Oyster homogenate (MA-M-1) Sete, France
2. Sea Plant homogenate (SP-M-1) Mediterranean Coast
3. Sediment (SD-M-1) Mediterranean Coast
4. XAD-2 resin (AB-M-1) Mediterranean Coast
5. Plankton homogenate Bergen, Norway
6. Fish Fillet homogenate Atlantic Coast, France

Oyster (Cicassostvea, sp), Plankton (Calanus firmarchieus)
Fish fillet (Mugil cephalus)^ Sea plant (Posidonia ooeanioa)

To date only the first four samples have been distributed to

participating institutes. The plankton and fish fillet material are still
undergoing homogeneity tests. Large amounts of samples 1, 2, 5 and 6 were
originally prepared, and one-half of the material was reserved for use in
the trace metal intercalibration exercise (see following section).

Following preparation of reference materials 1 through 4,
homogeneity tests were conducted at the Monaco Laboratory by analyzing
sample sizes that would yield sufficient amounts of organochlorine compounds
for quantitation. In the case of the oyster sample, 10 samples weighing
10 grams each showed acceptable homogeneity for all compounds determined,

i.e. a standard deviation of s + 20% from the mean value obtained. The
highest standard deviation was observed for pp'DDE (23%) while the lowest
standard deviation was recorded for pp'DDT (2.8%). All other compounds
gave standard deviations between these ranges and all were less than + 15%.
In addition, selected trace metals were determined in the sample to further
test for homogeneity. Of eight trace metals analyzed, the largest standard
deviation observed was Pb (14%), while the smallest standard deviation noted
was for Zn (2.1%). Other metals analyzed included Cd, Fe, Cr, Mn, Ni and Cu.

Similar homogeneity results were obtained for the sediment,
sea plant and Amber1ite samples. As a further precaution, however, the
oyster and Amberlite XAD-II resin were tested for residue uniformity by a
U.S. laboratory which confirmed the findings of the Monaco Laboratory.
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Repeated measurements of all samples over the past year have shown no change
in pesticide residue or PCB content with time,

Set out below are the results which have been received to
date (Tables 34-37). A statistical treatment of the data has been made to
give overall ranges, mean and standard deviations for all compounds reported.
Compared separately are the results of seven laboratories who have parti-

cipated in previous intercalibration programmes (Tables 38-41). This latter
compilation is intended to show the comparability of the results of
institutes who have been making organochlorine compound measurements on
marine environmental samples for some time. We have chosen to tabulate all
concentrations on a dry weight basis, rather than on an extractable organic
matter basis, since there was a large variation in the amount of extractable
organic matter reported for the biological materials.

Before treating the results statistically, it was necessary
to make subjective decisions about data rejection. Despite an initial
request for each participant to include information pertinent to the

interpretation of the samples analyzed (including chromatograms for the
analysis), many analysts did not comply with this request. Many results were

reported as non-detectable or less than some given value, which had to be
considered as a detection limit. Since the analysts did not include an
explanation of these values, it was not possible to include them in the final
statistical calculations; moreover, we have tabulated the PCB concentrations
for all samples except the sediment in only those cases where the quanti-
tation was reported as the 50% chlorine by weight mixture (Kanechlor 500,
Arochlor 1254, Phenoclor DP-5 or Chlophen 50). Reference to the individual
laboratory results showed that many analysts reported more than a single,
per cent by weight PCB mixture. In many cases, it was not possible to
distinguish these percentages from the information supplied, and for this
reason it was decided to omit them from the statistical treatment. For
similar reasons, the sediment values are tabulated for PCB concentrations
which were reported as the 60% chlorine by weight mixture. The reader is
therefore cautioned to view the results with the reservations as explained;
compilation of the total PCB content of any sample analyzed would
have yielded results more divergent than is suggested by the overall

means and standard deviations reported in Tables 34-37.

Even though the number of results are not large, it
would appear from the data of Tables 34-37 that the comparability of

measurements for organochlorine compounds in marine samples is not
particularly encouraging, especially when their concentrations are low.
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Table 34. Organochlorine compound concentrations in oyster tissue
homogenate (MA-M-1). Reported values in ng/g (ppb) dry weight.
(Laboratories reporting < values have been excluded) .

ot BHC y BHC Dieldrin pp'DDT op 'DOT pp'DDD pp'DDE

Laboratories
participating
No. of results
reported

Maximum value
Minimum value
Overall average

*
a
%

No. of results
excluded by
Dixon criteria

Range

Overall average
o

*

No. of results
excluded by
Chauvenet
criteria

Range

Overall average
*
a

%

26

10
66
0.15
10
+20
(200%)

3

0.15-
2.8

1.8
+1

(56%)

3

0*15-
2.8

1.8

+1

(56%)

* Standard deviation:

26 26

21 14
139.1 52
0.93 0.5
22 15

+32 +13
(140%) (87%)

4 1

0.93- 0.5-
20 26-9

9.4 12
+4 +8

(43%) (67%)

6 1

3- 0.5-
13.5 26.9

9 12

+3 +8

(33%) (67%)

Iz (x± - x)2

26

22
160.8
2.45
76

+45
(59%)

0

2.45-
160.8

76
+45

(59%)

0

2.45-
160.8

76

+45

(59%)

26

8
141.35
12
48
+50
(100%)

0

12-
141.35

48
+50

(100%)

4

12-14

13

+0.9

(77%)

26

19
132.9
9
43
+27
(63%)

2

9-51

36
+13

(36%)

2

9-51

36

+13

(36%)

26

24
730
30
110
+140
(130%)

1

30-200

88
+42

(48%)

4

30-100

74

+21

(28%)

PCB
(DP-5)

26

14
561
50
310

+170

(55%)

0

50-561

310
+170

(55%)

0

50-561

310

+170

(55%)

V N - 1

This equation is applicable to Tables 34-41
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Table 35. Organochlorine compound concentrations in sea plant (SP-M-1) .
Reported values in ng/g (ppb) dry weight,
values have been excluded)

a BHC Y BHC Dieldrin Aldrin pp'DDT

Laboratories
participating
No. of results
reported

Maximum value
Minimum value
Overall average

a
%

No. of results
excluded by
Dixon criteria

Range

Overall average

o

%

No. of results
excluded by
Chauvenet
criteria

Range

Overall average

a
%

26

10
56.11
0.14
12
+20
(170%)

0

0.14-
56.11

12

+20

(170%)

3

0.14-
4.4

1.6

+1.7
(110%)

26

21
8853.7
0.27
440
+1900
(430%)

2

0.27-
22.57

16

+6

(38%)

3

7.7-
22.57

17

+4.8
(28%)

26

14
533
5.64
55

+140
(250%)

3

5.64-
16.9

10

+4

(40%)

3

5.64-
16.9

10

+4
(40%)

26

4
566.3
2

200
+270
(140%)

0

2-
566.3

200

+270

(140%)

0

2-
566.3

200

+270
(140%)

26

23
103.6
0.49
24
+21
(88%)

1

0.49-
44.2

20

+13

(65%)

1

0.49-
44.2

20

+13
(65%)

(Laboratories reporting <

op'DDT pp'DDD pp'DDE

26

7

4934.1
1.8

710
+1800
(250%)

1

1.8-
12

6.3

+4.5

(71%)

1

1.8-
12

6.3

+4.5
(71%)

26

14
120.6
1.5
15
+31
(210%)

1

1.5-
16.88

7.3

+4.3

(59%)

3

1.5-
9.5

5.8

+2.4
(41%)

26

19
40
2
9.4

+8.2
(87%)

2

2-
12

7.2

+3

(42%)

2

2-
12

7.2

+3
(42%)

PCB
(DP-5)

26

15
1867.6

8.3
300
+450
(150%)

1

8.3-
470.2

190

+120

(63%)

2

8.3-
320

170

+90
(53%)
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Table 36. Organochlorine compound concentrations in Mediterranean
Sediment (SD-M-1). Reported values in ng/g (ppb) dry weight,
(Laboratories reporting < values have been excluded)

0 BHC Y BHC Dieldrin pp'DDT pp'DDD pp'DDE

Laboratories
participating
No. of results
reported
Maximum value
Minimum value
Overall average

a
%

No. of results
excluded by
Dixon criteria

Range
Overall average

a

%

No. of results
excluded by
Chauvenet
criteria

Range

Overall average

a

%

20

6
348
0.1
89

+150
(170%)

0

0.1-348
89

+150

(170%)

2

0.1-5.2

1.9

+2.3

(120%)

20

7
314
0.7
54

+120
(220%)

3

0.7-1.2
0.9
+0.2

(22%)

3

0.7-1.2

0.9

+0.2

(22%)

20

11
41
1
11
+14
(130%)

0

1-41
11
+14

(130%)

4

1-4

2.5

+1.1

(44%)

20

16
185
2
28
+44
(160%)

2

2-30.9
15
+7.7

(51%)

3

2-25

13

+6.3

(48%)

20

14
120
3
16
+30
(190%)

1

3-12
8.4
+2.5

(30%)

2

6-12

8.8

+2

(23%)

20

13
70
0.5
9.5
+19
(200%)

2

0.5-5.34
3

+1.4

(47%)

2

0.5-5.34

3

+1.4

(47%)

PCB(DP-6)

20

10
335
104
210
+70

(33%)

0

104-335
210
+70

(33%)

0

104-335

210

+70

(33%)
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Table 37. Organochlorine compound concentrations in Amberlite XAD-I
resin (AB-M-1) , concentrations in ng/g (ppb) dry resin.
(Laboratories reporting < values have been excluded)

Laboratories
participating

No. of results
reported

Maximum value

Minimum value

Overall average

0

%

No. of results
excluded by
Dixon criteria
Range

Average

a

%

Mo. of results
excluded by
Chauvenet criteria

Range

Average

a

%

a BHC

19

10

20
2

6.6

+5.2
(79%)

1
2-10
5.2

+2.4

(46%)

2

2-7

4.6

+1.7

(37%)

Y BHC

19

12

229

0.9
26

+64
(250%)

2
0.9-1.4
5.8

+3.9

(67%)

3

0.9-9.3

4.9

+2.6

(53%)

Dieldrin

19

5

12.5

0.5
4.4

+5.3
(120%)

0
0.5-12.5

4.4

+5.3

(120%)

1

0.5-7.3

2.4

+3.3

(140%)

pp'DDT pp'DDE

19 19

4 4

270 6.9

0.5 0.3
73 2.7

+130 +3.1
(180%) (110%)

1 0
0.5-14.4 0.3-6.9
7.9 2.7

+7 +3.1

(89%) (110%)

0 0

0.5-270 0.3-6.9

73 2.7

+130 +3.1

(180%) (110%)

PCS (DP-5)

19

7
1615

11
260

+600

(230%)

1
11-78.3

36

+25

(69%)

2

11-47

28

+16

(57%)
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Table 38. Organochlorine compound concentrations in oyster
homogenate (MA-M-1) as measured by seven selected laboratories
who participated in previous intercalibration exercises. Reported
values in ng/g (ppb) dry weight. (Laboratories reporting < values
have been excluded)

a BHC y BHC Dieldrin pp'DDT op'DDT pp'DDD pp'DDE PCB(DP-5)

No. of results
reported

Maximum value

Minimum value
Overall average

2

2,8

2.1
2.5

+0.5

(20%)

6

11

7.5
9.7

+1.3

(13%)

4
20

3
12

+9.4

(78%)

7

109
11
66

+32

(48%)

1 6
47
29

31 39

+7.5

(19%)

7
150
40
83

+33

(40%)

5
485
190
410

+120

(29%)

Table 39. Organochlorine compound concentrations in Sea Plant (SP-M-1)
as measured by seven selected laboratories who participate in
previous intercalibration exercises. Reported values in ng/g (ppb)
dry weight. (Laboratories reporting < values have been excluded)

a BHC

No. of results
reported
Maximum value
Minimum value

Overall average 0.71

a

PCB
BHC Dieldrin Aldrin pp'DDT op'DDT pp'DDD pp'DDE (DP-5)

2
0.92

0.5

0.71

•0.29

(41%)

6
20

7.7

16

+5.2

(33%)

4
10

6
7.5

+1.7

(23%)

0 7
23

6.5
18

+5.9

(33%)

0 5
7
5.4
6.2

+0.6

(9.7%)

5
12
2
7.3

+4.7

(64%)

5
280
150
220

+53

(24%)
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Table 40. Organochlorine compound concentrations in sediment sample
(SD-M-1) as measured by seven selected laboratories who participated
in previous intercalibration exercises. Reported values in ng/g (ppb)
dry weight. (Laboratories reporting < values have been excluded)

a EEC Y BHC Dieldrin pp'DDT pp'DDD pp'DDE PCB(DP-6)

No. of results
reported

Maximum value

Minimum value
Overall average

o
%

1 1 3
4
1

0.1 0.7 2.1

+1.7
(81%)

4
20
7
13

+5.3
(41%)

3
11
3
7

+4
(57%)

3
3.5
2
2.7

+0.7
(26%)

3
220
150
180

+39
(22%)

Table 41. Organochlorine compound concentrations in Amberlite XAD-II
resin (AB-M-1) as measured by seven selected laboratories who
participated in previous intercalibration exercises. Reported values
in ng/g (ppb) dry weight resin. (Laboratories reporting < values
have been excluded)

o BHC BHC Dieldrin pp'DDT pp'DDE PCB (DP-5)

No. of results
reported

Maximum value
Minimum value
Overall average

a
%

3
5
2
3.6

+1.5
(42%)

3
3.1
0.9
2.3

+1.2
(52%)

3
1.4
0.5
0.8

+0.5
(63%)

2
8.8
0.5
4.7

+5.9
(130%)

2
3.1
0.6
1.9

+1.8
(95%)

3
47
17.3
28

+16
(57%)

Proper choice of standards used to quantify the compounds is extremely
important and interpretation of the resultant chromatograms requires great
care. Unless confirmatory analysis is performed by mass spectrometric
techniques, quantitation of complex mixtures, especially of polychlorinated
biphenyls, becomes very difficult, if not impossible.

6.2 Trace metals; Progress and results to date

R. Fukai, B. Oregioni,, L. Huynh-Ngoc and D. Vas

As discussed in the previous section, a portion of the
reference materials prepared for the intercalibration exercise of organo-
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Table 42. Preliminary overall
for results reported on trace

Element

No. of results
reported*

Range reported

(pg/g-dry)

Cr

24
0.304 - 75 0.094

**
Overall average 5 + 3 66

(pg/g-dry)

Chauvenet's Test

No. of results
accepted by test

Average
(yg/g-dry)

Dixon's Test

No. of results
accepted by test

**
Average

(pg/g-dry)

(60%)

21

1.2 + 0.2 71

(17%)

21

1.2 + 0.2 67

(17%)

Mn

33
- 110

+ 4
(6.1%)

27

+ 2
(2.8%)

31

+ 3
(4.57)

averages and averages after
element measurements on the

Fe Co

39 22
0.21 - 510 0.29 - 5.7 1

300 + 20 1.0 + 0.3
(6.7%) (30%)

30 18

304 + 7 0.43 + 0.03

(2.3%) (6.9%)

39 22

300 + 20 1.0 + 0.3

(6.7%) (30%)

the Chauvenet and Dixon
oyster sample MA-M-1

Ni

12
.18 - 22

5 + 2

(40%)

11

3.7 + 0.6

(17%)

11

3.7 + 0.6
(18%)

Cu

45
55.5 - 430

310 + 10
(3.2%)

43

317 + 8
(2.5%)

44

313 + 9

(2.9%)

tests

Zn

56

2.8 - 5400

2630 + 120
(4.6%)

46

2820 + 30

(1.1%)

55

2600 + 100
(3.8%)



Table 42. (Cont'd)

Element As Se Ag Cd Sb Hg Pb

Mo. of results
reported* 19 18 24 .30 8 29 23

Range reported 0.016 - 26.23 0.075 - 3.9 0.0058 - 9.98 0.4 - 4.4 0.013 - 15.60 0.108 - 1.6 0.2 - 12.7
(Vig/g-dry)

A*
Overall average 1 0 + 1 2.1 + 0.2 5.6 + 0.5 2.3 + 0.2 2 + 2 0.32 + 0.06 3.2 + 0.6

(yg/g-dry) (107) (9 .5%) (8.9%) (8.7%) (1.00%) (19%) (19%)

i-1 Chnuvonct's Test
o03 No. of results

accepted by test 16 14 23 30 5 24 22
A*

Average 10.5 + 0.7 2.32 + 0.09 5.8 + 0.4 2.3 + 0.2 0.05 + 0.02 0.20 + 0.02 2.7 + 0.5

(pg/g-dry) (6.7%) (3.9%) (6.9%) (8.7%) (40%) (10%) (19%)

Dixon's Test

No. of results
accepted by test 18 18 24 30 7 28 22

A*
Average 9 + 1 2.1 + 0.2 5.6 + 0.5 2.3 + 0.2 0.1.1 + 0.04 0.28 + 0.04 2.7 + 0.5
(Ug/g-dry) (11%) (9.5%) (8.9%) (8.7%) (36%) (14%) (19%)

* Results showing only detection limits of methods used are not included
** The standard deviations given are la for mean (standard error)



chlorine compound measurements has been reserved for use in a similar
exercise dealing with trace metal determinations of the materials mentioned

in Section 6.L Only the oyster homogenate has thus far been distributed for
trace metal measurements. Homogeneity tests for the sea plant, plankton
and fish fillet samples are still in progress.

Prior to distribution, the homogeneity of the oyster sample
was tested by measuring selected trace elements both by atomic absorption
spectrometry and by neutron activation analysis . In both methods of
analysis, the sample showed less than 10% standard deviation for a variety
of trace metals at sample sizes of lOOmg. The sample was divided into glass
bottles of 30g capacity and these were dispatched to 110 laboratories. To
date, the results of 60 laboratories have been recovered.

Although the determination, detection or attempts at detection
were made for more than 50 elements, the calculation of average and
statistical treatments for rejecting outlying data have been made to date on
only 14 selected trace elements, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Ag, Cd,
Sb, Hg and Pb. The results obtained from the computations and statistical
treatments are presented in Table 42.

As can be seen from the data, although the ranges of reported
values are extremely wide (maximum to minimum value ratios as high as 1000
for Mn and Sb and up to 2000 for Fe, Zn, As and Ag) the degree of scatter of

the reported results indicated by percentage standard deviations for the
overall averages is relatively small for the majority of the elements listed.
If an arbitrary value of 10% standard deviation is chosen as a limit, for
"less scattered" data, Mn, Fe, Cu, Zn, As, Se, Ag and Cd measurements fall
into this category; the degree of scatter for Cr and Sb is high (more
than 50%) and that for Co, Ni, Hg and Pb is considered as medium (between
10 and 50%) on the basis of the chosen criterion. A similar trend is
observed for the standard deviations about the averages computed after
rejecting outlying data using Chauvenet's or Dixon's criterion, although the
scatter of the data are considerably reduced. These observations suggest
that the average values obtained after rejecting outlying values for the
8 elements in the less-than-10% category mentioned above, can be regarded
as the "consensus values" in the present intercalibration, which are probably
not far from true concentrations, i.e. the actual concentrations of Mn, Fe,
Cu, Zn, As, Se, Ag and Cd are expected to be within the range of average

We wish to thank Dr. L. Rancitelli of Pacific Northwest Laboratories
(Battelle) and Drs. 0. Suschny and A. Veglia of the IAEA Seibersdorf
Laboratory for their collaboration in the homogeneity tests.
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values obtained after applying either Chauvenet's or Dixon's test. For the
remaining 6 elements, Cr, Co, Ni, Sb, Hg and Pb, the corresponding average
values cannot be considered as the "consensus values".

In Table 43 the results obtained by atomic absorption
spectrophotoraetry (AAS) with those obtained by neutron activation analysis
(NAA) are compared for 9 selected elements; Cr, Mn, Fe, Co, Cu, Zn, Ag, Cd
and Hg. Insufficient data prevented such a comparison for the remainder of

the elements shown in Table 42.

The agreement between the results obtained by using both
methods is good for 6 elements, Mn, Fe, Cu, Zn, Ag and Cd, for all of which
the "consensus values" could be assigned. For the remaining 3 elements, Cr,
Co and Hg, it is reasonable to assume that the average values for NAA are
closer to the true concentrations, considering the fact that the AAS
technique tends to produce systematically higher results for these elements.
Considering the difficulties involved in analytical procedures as well as
in avoiding contamination, any average value presented in Table 42 for Pb
measurements should not be regarded as a representative value.

6.3 Trace metals in pelagic organisms from the Mediterranean Sea

S.W. Fowler, B. Oregioni and J, LaRosa

As a result of current interest in heavy metal pollution in
the marine environment much information is accruing on the present levels

109,110
of metals in certain marine species . By far the majority of the studies
have involved elemental analysis of coastal organisms which are relatively
easy to collect. However, due to inherent problems in sampling, far less

information exists on element concentration in pelagic organisms, species
which are important in terms of total marine biomass, their position in
the food web, and their ability to concentrate and transport relatively

21,51,111,112
large amounts of metals in various ways . Microplankton and
larger zooplanktonic and nektonic species were sampled over a wide geo-
graphical range throughout the Mediterranean as well as along selected
transects to assess possible gradients in metal concentrations in plankton
communities.

In May-June 1974, samples were collected on two transects in
the northwestern Mediterranean basin. One transect extended along the
7°30'E longitude line and included stations at 7, 20, 30, 40, 60 and 90Km
off the coast of Monaco (Figure 22, Table 44). Microplankton was sampled at
night by means of towing a 1m diameter plankton net (132pm aperature) for
several minutes at: a depth of 5 meters. Any macroplankton such as euphausiids
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Table 43. Comparisons of the results reported obtained by
atomic absorption spectrophotometry (MS) with those obtained
by neutron activation analysis (NAA)

Element Method No. of results
reported

No. of results in
Chauvenet's range

Average in
Chauvenet's range

(pg/g-dry)

Cr

Mn

Fe

Co

Cu

Zn

Ag

Cd

Hg

MS
NM

MS

NM

MS
NM

MS
NM

MS
NM

MS
NM

MS

NM

MS
NM

MS
NM

11
10

16

11

16
17

5
17

27
10

28
21

8
14

22
5

19
8

10
8

15
9

13
12

5
16

23
10

25
21

7
11

22
5

16
5

1.4 + 0.2
"•

0.7 + 0.1

70 + 2—
71 + 2

300 + 10—
302 + 5

2.4 + 1.1
—

0.44+ 0.3

344 + 5
*•

300 + 20

2890 + 40—
2500 + 300

5.9 + 0.4
6.1 + 0.3

2.5 + 0.2
2.2 + 0.1

0.21+ 0.02

0.15 + 0.01

and salps which were occasionally trapped in the nets, were removed from the
samples. At the same time similar-sized individuals of the euphausiid,
Meganyot-iphanes norvegica, were collected by making stepped, oblique hauls
with an Isaacs-Kidd trawl from a depth of 20m to the surface.

A second transect, located off the coast of Hyeres, France
between the Golfe du Lions and the Ligurian Sea, extended from approximately
5°5'E to 7°E at a distance of several kilometers offshore (Figure 22,Table 44)
Samples of microplankton were collected as mentioned above from 5 stations
equally spaced along this transect.
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Figure 22. Sampling stations in the Mediterranean. Chain Cruise 1975 (•),
Monaco transect 1974 (O), Hyeres transect 1974 (A).



Table 44. Mediterranean sampling stations

Cruise

CHAIN

Depth (m)

Hyeres

Monaco

3
4
5
6
7
12
13
14
15
17
18
19
20
21
22
23
24
25
27
28
29
31
32
33
34
35
36
37
38
39

Z 1
2
3
4
5

M 7
20
30
40
60
90

39°38'N
39°26'N
39°03'N
38°42'N
38°16'N
35°60'N
36°00'N
35°56'N
35°55'N
35°54'N
35°54'N
35°52fN
35°51'N
35°52'N
36°22'N
36055'N
37°27'N
37°59'N
38°15'N
37°60'N
39°44'N
37°30'N
37°18'N
37°06'N
36°55'N
36°43'N
36°30'N
36°20'N
36°07'N
36°06'N

43°20'N
43°08'N
43°00'N
42°50'N
43°10'N

43C41'N
43°35'N
43°30'N
43'24'N
43°09'N
42°53'N

25°39'E
25°27'E
25°15'E
25°02'E
24°57'E
24°04'E
23°39'E
22°45'E
21°48'E
19°51'E
18°57'E
18°02'E
16°42'E
15°32'E
13°41'E
12°40'E
11°37'E
10°40'E
8°15'E
6°50'E
6°21'E
4°59'E
3°52'E
2°42'E
1°37'E
0°30'E
0°40'E
1°43'W
2°48'W
4°01'W

6°55'E
6°45'E
6°22'E
5°55'E
5°38'E

7°30'E
7°30'E
7°30'E
7°30'E
7°30'E
7°30'E

3.5.75
4.5.75
4.5.75
4.5.75
4.5.75
5.5.75
6.5.75
6.5.75
6.5.75
7.5.75
7.5.75
7.5.75
8.5.75
8.5.75
8.5.75
9.5.75
9.5.75
10.5.75
10.5.75
11.5.75
12.5.75
14.5.75
14.5.75
14.5.75
15.5.75
15.5.75
16.5.75
16.5.75
16.5.75
17.5.75

18.6.74
18.6.74
18.6.74
19.6.74
19.6,74

6.6.74
5.6.74
6.6.74
5.6.74
31.5.74
30.5.74

0-30
0-30
0-10
0-25
0-50
0-250
0-200
0-200
0-200
0-200
0-200
0-200
0-200
0-200
0-200
0-200
0-200
0-50
0-200
0-40
0-250
0-200
0-200
0-30
0-200
0-200
0-200
0-200
0-30
0-50

0-20
0-20
0-20
0-20
0-20

0-20
0-20
0-20
0-20
0-20
0-20



In May 1975, samples were collected during one leg of the

RV Chain Cruise 121 which extended from Istanbul, Turkey to Cadiz, Spain
(Figure 22, Table 44). At selected stations along thr. cruise tract,
different-sized fractions of microplankton were collected from various depths
with 60pm and/or 132)im aperature plankton nets. In addition, macroplankton,

pelagic Crustacea and fish were sampled by making oblique hauls between
250 meters and the surface with an Isaacs-Kidd trawl.

The problems of metal contamination inherent in collecting
111,113,111+

plankton have been well documented . Care was taken to avoid metal
contamination during the collection phase; plankton manipulation and sorting

were performed with plastic implements and all samples were carefully checked
for paint chips, tar balls, etc. before being placed in pre-cleaned plastic
containers and deep frozen. In the laboratory, aliquots of the samples were
dried at 60°C, ground with mortar and pestle and stored in plastic vials
until analyzed. Certain samples were kept frozen to be used for mercury
analyses. Portions of the dried microplankton samples were examined for
metal particles after the method of Martin and Knauer . Only two samples
were found to be contaminated by small bits of metal. Other portions of the
microplankton samples, preserved in formalin on board ship, were used to

determine the species composition.

The techniques for sample digestion and subsequent trace metal
analysis by atomic absorption spectrophotometry have been reported elsewhere
The accuracy of the method was checked by analyzing National Bureau of
Standards (NBS) orchard leaves and the results have also been published .

Samples for mercury analysis were thawed, weighed and wet
116

digested following the general procedures described by Uthe et al.
Approximately l-3g of sample were placed in 50ml borosilicate flasks fitted
with Liebig condensers and refluxed with 5ml of a H.SO.-HNO (4:1 v/v)

mixture at 60°C for approximately 2 hours at which time a clear solution was
obtained. After the flasks had cooled, 10ml of KMnO, (5% w/v) were slowly
added and the solution allowed to stand overnight at room temperature. The
manganic precipitate was redissolved by adding 1 ml NH-OH'HCl (10% w/v) and
the solution brought to a volume of 25ml with IN̂  HNO,. The solutions were
analyzed for mercury by flameless atomic absorption spectrophotometry after
the method of Least et al. . Following the addition of 5ml of the SnCl2
(10% w/v) reducing agent, the flask was immediately connected to the stopper
in the flow system. Slow stirring at constant speed for 2 minutes released
the mercury vapour after which the stopcock was opened to purge the system

and absorption of mercury measured at 253.7nm.
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The dry veight/wet weight ratio was determined for aliquots of

each sample and the results are given as ppb dry. The accuracy of the

method uas checked by analyzing NBS orchard leaves; replicate analyses gave

a concentration of 0.141 + 0.003 ppm conpared to the certified value of

0.155 + 0.015.

The values for Cd, Cu, Fe, Mn and Zn in microplankton from the

transects taken in the northwestern Mediterranean are presented in Table 45.

Table 45. Trace metals in microplankton (132p mesh) from
two transects in the
June 1974

Station

Monaco

M-7
M-20

M-30
M-40
M-60

M-90

X

Hyeres

Z-l
Z-2
z-3
Z-4
Z-5

X

Cd

1.7
2.3
2.4
2.6
3.0

2.5

2.4

5.1
2.8
2.4

1.6
2.3

2.8

northwestern Mediterranean Sea
Ug/g dry

Cu

16.2

20.7
15.1

12.3
19.7
15.5

16.6

27.0
19.2

35.9
18.9
19.7

24.1

Fe

892

567

317
502
873

1025

696

1300
3272

1624

506
424

1425

Mn

20.3

6.0

3.0
3.2
5.8
6.2

7.4

11.4
23.3
13.6

8.9
6.8

12.8

, May -

Zn

246

443
358
508
596
395

424

383
584
421
334

343

413

Along the transect perpendicular to the Monaco coast no
significant nearshore-offshore gradients were detected for any of the metals
in microplankton. Only in the case of Mn was a noticeably higher value found

in the sample taken nearest to shore when compared with those from the other

stations. Furthermore, values for Cd, Cu and Zn in surface waters at these
stations also indicated no clear geographical trends (unpublished
results), and as a result, the water data has been reported as regionaliia
averages only . Species composition was similar at all stations and

consisted primarily of copepods, larval crustaceans, chaetognaths and some

dinoflagelates.
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The second transect was designed to cut across a divergence zone
119

in which upwelling may occur . An earlier survey showed that metal

concentrations in mussels from this zone were significantly lower than in those
115

sampled on either side of the region , and it was of interest to learn
if similar trends were evident in the plankton. The data in Table 45 show

that although no uniform trend is apparent, it is clear that for most of the
metals somewhat higher levels in plainkton were noted in the eastern half of
the transect than in the western portion. Water at each station was
analyzed for Cd, Cu and Zn after the method of Fukai and Huynh-Ngoc ;
although no spatial trend was noted for Cu, the highest concentrations of
Zn (1.7, 2.5 ppb) and Cd (2.1, 2.2 pph) found in water at stations Z-l and
Z-2 respectively, correlate roughly with the plankton data. As species
composition of the tnicroplankton was similar at each station, it is probable

that the differences in metal content observed reflect real differences in
metal levels in the water from the two halves of the transect.

The data for metals in microplankton collected on the Chain
Cruise are presented in Table 46. For any one element concentrations in

plankton varied considerably along the transect; Cu, Zn, Fe and Hg varied

to a greater extent than did either Cd or Mh. Plankton data were compared
with Cd, Zn and Cu concentrations in water simultaneously collected with

the plankton at selected stations (Fvikai and Puynh-Ngoc, Section 6.4). There
appeared to be no clear correlation between levels in water and plankton
except at Station 15 where a high Cu concentration in plankton (Table 46)

coincided with the highest value for Cu in water (0.74 pg/2.) found along the

cruise tract. Although some of the spatial variability in elemental levels
in raicroplankton was undoubtedly due to differences in concentration of the
element in the water, much of the variation was probably a result of natural

changes in species composition throughout the Mediterranean. For example,
samples from the southwestern basin of the Mediterranean contained far greater
numbers of diatoms than did those collected from some stations in the Ionian

and Aegean Seas. Since it is known that elemental concentrations vary
111

considerably among different species of zooplankton and phytoplankton ,
trace metal levels in microplankton samples, which include the two groups, can
also be expected to vary.

Comparisons of element concentrations in the plankton collected
with the two different-sized nets at: any one station showed that nine times

out of ten, Zn and Cd concentrations were significantly higher in plankton
taken in the 132um aperature net than that collected with the 60jim aperature
net. This finding suggested that differences existed between the organisms
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Table 46. Trace metals in Mediterranean microplankton
collected during the Chain Cruise No. 121,

ug/g dry

Station
No.

3
4
5
6
7
13
14
15
17
18
19
20
21
22
23
24
25
27
28
31
32
33
34
35
36
37
38
39

X
la

* ng/g

Cd

6 Op

2,8

3.8
0.7
2.7
2.9

3.1
2.8

1.9
1.8
1.5

1.3
2.0
1.7
2.2
1.9
2.1
1.7
1.3
1.3
1.3
1.8
1.3

2.0
0.7

dry

132p

3.4
3.1

3.5

3.3

2.8

2.5
4.6

2.4

3.3

3.3
2.3
2.0
2.2
2.1
2.1

2.9
0.7

Cu

60p

27.5

25.8
63.2
44.2
161

27.1
16.7

26.5
19.2
35.1

12.0
34.1
11.8
96.0
92.5
30.1
33.7
26.0
32.1
39.7
54.5
28.2

42.6
34.5

132p

35.5
49.4

22.7

59.4

42.7

27.4
23.6

31.4

21.1

13.3
14.9
18.6
172
25.5
28.3

39.1
38.9

Fe

60p

1481

1002
2837
2918
901

1505
1858

1658
1065
941

947
756
618
1478
1714
915
1030
801
776
2785
2275
3103

1517
791

132p

629
955

988

992

1013

1256
879

954

998

627
623
891
2887
491
4387

1238
1034

May 1975

Mn

6 Op

13.2

15.5
25.1
21.2
15.4

15.3
25.1

23.6
17.9
12.6

8.5
12.9
10.0
28.9
24.9
10.7
13.9
8.2
9.7

21.7
17.9
26.6

17.2
6.4

132p

10.4
14.4

16.2

39.4

16.5

18.4
13.1

18.7

22.5

7.6
10.8
10.2
21.8
24.4
36.6

18.7
9.2

Zn
60p

520

344
618
958

1276

833
1137

661
352
146

86
108
79
177
244
101
116
87
119
200
177
123

385
370

132p

428
527

286

769

564

356
449

656

428

224
293
388
712
302
316

446
166

*
Hg

60p

66

200
258

126
35

160
97
66

120
31
150
69
36
28

50
155
89
86
61

99
58

132p

143

66

263

193

183
81

134

109

95
145
179

62
58

132

57

collected with the two different-sized nets. Examination of the samples

showed that species composition, in most cases, was not the same and that in
general phytoplankton collected in the 60pm net represented a greater fraction
of the total biomass than in the samples obtained with the 132ym aperature net.

As trace metal levels in Mediterranean plankton have not been
studied in any systematic fashion, it is necessary to compare our results
with surveys made in other areas of the world oceans. In general, the
average metal levels in microplankton from diverse areas in the Mediterranean
(Tables 45, 46) are similar to those reported for plankton samples from
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Table 47. Trace metal concentrations in Mediterranean microplankton compared with similar
samples from different oceanic regions. Mean or median values and ranges are given when available

Location

MEDITERRANEAN

Open Adriatic
BLACK SEA

PACIFIC OCEAN

Hawaii-Monterey
transect

it ii

Oregon doast
1

; 29°OON 122°31W

Reference

This study
(Chain cruise)

123

12"t,125

111

ii

ti

120

net
size
(um)
60
132
333

76
360
76

n

22
15
3

4
14
2

pg/g dry
Cd Cu Fe

2.0(0.7-3.8) 42.6(11.8-161 ) 1517( 618-2785)
2.9(2.0-4.6) 39.1(13.3-172) 1238( 491-4387)

( 8.2-16.5) (220 -2200)

1.6(1.0-2.2) 57. 5( 40 -104) 1985(1030-4000)

2.3(1.9-3.5) 11.5(6.2-58.4) 100( 90-1720)
0.8(0.4-1.1) 35.0(24.1-45.8) 518( 290-745 )

Mn Zn

17.2(8.2-28.9) 385( 79-1276)
18.7(7.6-39.4) 446(224-769 )

(8.2-27.5) ( 83-825)

15.0(3.4-32.7) 780(285-4190)
4.3(2.9-7.1 ) 180( 50-750 )
6,3(5.2-7.4 ) 567(163-970 )

A
Hg

99 ( 28-258)
132( 58-263)

2860(1860-4230)

340(110-530)
110 ( 40-450)
595(480-710)
191 ( 55-388)

NORTH ATLANTIC OCEAN

US coastal and
open ocean

US coast
Open ocean

North Sea
Clyde Sea

126
192

35

113

127

128

240
240
153
240

250

112
10
3

=25

23

3.2(0.4-24) 39( 1-476)
18.1(3.2-44.5)

•p

4.5(1.6-7.8) 19.4(2,3-72.6)
(0.9-1.1) (13.0-27.2)

317(40-2700)

301(77-1220)
(207-252)

460 ( 60-5300)
295 ( 90-510)
140(110-190)
(<100-400)

* ng/g dry



Table 48. Trace metals in pelagic organisms from the
Mediterranean Sea. Values are based on replicate analyses
of a single sample from each station

Organism

EUPHAUSTACEA

Euphausia spp.

Veganyctiphanes novvegica

AMPHIPODA

Phrosina semilunata

DECAPODA
Sergestes spp.

Gennadas elegans

PISCES
Myotophus glaa-iale

Argyropeleous hemigynmus

St,
No.

C-12
C-17
C-22
C-27
C-29
C-33
X
M-20
M-30
M-40
M-60
M-90

X

C-17
C-29
C-33
X

C-17
C-22
C-27
C-29
C-33
C-35
X

C-17
C-27
C-35
X

C-4
C-12
C-17
C-22
C-25
C-27
C-29
C-33
C-35
X

C-33

Cd

0.8
0.4
1.4
0.4
0.4
0.4
0.6
1.4
1.5
2.0
0.8
0.9
1.3

7.5
5.8
6.4
6.6

0.7
1.1
1.0
1.5
0.4
0.4
0.9
0.7
0.7
1.1
0.8

0.7
0.7
0.7
0.8
0.7
0.7
0.4
1.0
0.7
0.7
0.4

Wg/8
Cu

32.7
25.0
41.4
31.0
35.5
31.6
32.9
58.6
65.6
70.4
62.1
71.1
65.6

24.7
21.6
26.7
24.3

31.6
30.8
20.2
28.0
26.5
28.9
27.7
49.7
24.5
41.8
38.7

9.0
8.0
11.1
7.6
7.8
6.9
6.7
8.4
8.5
8.2
8.3

dry
Fe

104
113
185
77
158
59
116
86
86
295
146
86
140

141
87
118
115

36
116
47
37
46
44
54
83
71
117
90

128
70
88
133
131
68
64
78
72
92

86

Mn

5.8
5.8
8.6
8.5
5.6
5.6
6.7
1.8
1.1
3.8
1.5
1.7
2.0

12.0
5.0
8.1
8.4

4.7
6.9
6.0
5.7
2.6
5.3
5.2
11.8
12.1
11.2

11.7

7.5
6.0
6.9
7.6
6.1
8.6
6.1
6.2
3.6
6.5
6.1

Zn

228
76
106
99
69
71
108

79
66
112
90
80
85

109
190
152
150

79
76
66
60
62
62
68
71
63
73
69

96
72
73
65
53
76
53
54
67
68
99
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various regions in the Atlantic and Pacific Oceans (Table 47). Mercury levels
in Mediterranean plankton, v/hile in the same range as those previously

1117113.120
measured in open ocean unpolluted populations , are significantly
lower than those reported for zooplankton collected at a station in the

central Adriatic Sea during the period 1964-69. The authors suggested that
the high values in nearshore (1.50 - 16.3]ag/g dry) as well as offshore

plankton (1.86 - 4.23pg/g dry) could be attributed to industrial pollution

originating near Split, Yugoslavia. Unfortunately, mercury concentrations
in the vaters from these areas were not determined. However, values of

121
approximately 40 ng/£ measured in the North Adriatic water are similar
to those reported for the open Mediterranean (Fukai and Huynh-Ngoc,
Section 6.4) and other oceanic areas and imply that the situation found

in the central Adriatic at that time may have been unique.

Trace metal concentrations in Mediterranean macroplankton and
nekton are presented in Table 48. Analysis of single genera or species
eliminates the problem of varying metal concentrations due to changing species

composition so often found in mixed plankton samples, and thus enhances the
validity of comparing metal levels in pelagic organisms from different areas.
Within any one genera or species spatial variation in element content was

relatively small. Levels never differed more than a factor of four for any
one group of organisms and, in fact, for most groups the degree of variation
was much less.

As was the case with microplankton, no uniform offshore-onshore

gradients were evident in trace element concentrations in the euphausiid

Meganyatiphanes norvegica (Table 48). Cadmium in euphausiids from the
three nearshore stations (M-20, 30 and 40) was somewhat higher than levels
measured in samples from the two stations further offshore. On a transect

130
between Hawaii and California, Knauer and Martin found cadmium levels in

*
phytoplankton an order of magnitude higher inshore than offshore; however,
no onshore-offshore gradient for cadmium was noted in mixed plankton

111,126
collected in either the Pacific or Atlantic ocean . Our microplankton

samples (Table 45) collected at the same time did not reflect the general
trend noted for cadmium in Meganyctiphanest hence the significance of the
differences in Cd concentration is questionable. Furthermore, in order to

assess the significance of relatively small spatial differences in metal
content, it will be necessary to have information on the degree of variation
in metal content among replicate plankton tows taken at one station on any

given day. The general increase in the levels of all elements in

Meganyctiphanes from station M-40 may also be significant; however, again
this trend was clearly not evident in our microplankton samples (Table 45).
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In general, elemental levels In macroplankton and nekton from
the Mediterranean agree well with those found in similar species from the

112,129»131
Atlantic and Pacific oceans . As one example of the general

similarities, trace element concentrations in Mediterranean euphausiids have
been compared with levels measured in the same organisms from other surveys

(Table 49).

Table 49. Trace element concentrations in euphausiids
from different oceanic regions

yg/g dry
*

Region Reference n Cd Cu Fe Mn Zn

Medi- present 11 0.9 47.7 127 4.5 98
terranean study .(0.4-2.0) (25.0-71.1) ( 59-295) (1.1-8.5) (66-228)

N.E. Atlantic 112 8 0.3 104

N.E. Pacific m 9 2.8 15.6 92 3.6 69
(0.8-5.5) ( 7.5-21.3) ( 63-236) (2.2-4.5) (53-83)

129 10 85 79
( 40-310) (54-140)

131 5 ]̂ 4 29.8 98
(0.9-2.2) (11.9-79.1) (59-157)

N.W. Pacific 132 6 165 8
(103-235) (2-14)

*n = number of separate samples

The organisms analyzed in our survey can be roughly grouped

into three trophic levels: 1) microplankton, 2) omnivorous macroplankton

(viz. euphausiids), and 3) pelagic carnivores (e.g. amphipods, decapod
shrimp, fish). Considering these trophic groupings, the data in Tables 45,

46 and 48 give no indication of food chain amplification of metals. In
fact, for most of the elements stxidied, a decrease in metal content was
observed between the microplankton and pelagic carnivore levels. Similar

findings have been reported for a variety of metals in other pelagic
3i+,112,120,126

communities . On the other hand, the amphipod Phvosina sermlunata
may be unique in its ability to concentrate cadmium (Table 48). At all

three stations at which this organism was collected, cadmium levels were
significantly higher than in any of the other species analyzed (c.f. Tables
45, 46, and 48). The diet of this carnivore, which includes crustaceans,

133
coelenterates and chaetognaths , is not unique among pelagic carnivores
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and thus gives no clue as to the origin of these relatively high concen-
trations of cadmium. Clearly, a more detailed study of cadmium in the

tissues of this organism and its foods would be of interest.

Mercury measurements on selected macroplankton and nekton
samples from the 1975 Chain Cruise are now underway. In addition to the

metals reported above, most of the plankton and nekton samples have also been

analyzed for Ag, Co, Cr, Ni and Pb. Unfortunately, intercomparison of our
own values for these metals measured by different atomic absorption spectro-
photometric techniques as well as comparison with published data has led us
to believe that certain analytical uncertainties exist with our present
methods for the determination of these elements in plankton. The problems
are presently being resolved and we hope to be able to report these values
in the near future.

6.4 Trace metals in Mediterranean sea water

R. Fukai and L. Huynh-Ngoc

In spite of the fact that general concern has been expressed

on the widespread pollution of the Mediterranean with some trace metals,

systematic data on the trace metal distribution in the Mediterranean are
practically non-existent at present. In order to acquire data on a north-
south and east-west gradient of trace metal distribution in the Mediterranean
as well as those on the geographical difference in their vertical distri-
bution, sea water samples were collected for the analyses of the trace

metals copper, zinc, cadmium and mercury in several cruises conducted

during 1974-1975. Since the results of the survey of the trace metals in
the coastal zone of the northwestern Mediterranean have already been

118
published , measurements during this period were concentrated on off-shore
waters, principally from the western Mediterranean basins.

The sampling stations covered by the 1975 cruises are presented

in Figure 23. Surface water samples were collected by using a polyethylene

bucket with a nylon rope; 30X, non-metalic Niskin bottles were used for
vertical casts. Water samples for analysis of Cu, Zn and Cd were put into
51 polyethylene bottles and stored in a cool dark place. Immediately after
the collection, samples for mercury measurements were acidified at pH - 1
with concentrated HNO_ and stored in 0.5& glass bottles under similar
conditions. Judging from our experience, preservation of the water samples
under these conditions did not cause substantial change in concentrations
of the trace metals for about at least 1 month.

Trace metal measurements were performed at the laboratory on

water samples preserved for a period, of approximately 2 weeks to one month
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Figure 23. Sampling stations during the 1975 cruises.



after collection. The analysis of Cu, Zn and Cd was carried out by anodic
134

stripping voltammetry (ASV) with a composite graphite mercury electrode

on millipore filtered sea water (pore size 0.45um), while Hg was measured
by ASV with pure graphite electrodes on unfiltered samples. The
associated errors of individual measurements in both methods are estimated
to range between + 10 and 20% in terms of la standard deviation. Copper,
Zn and Cd measurements were made at pH a 8 (normal pH of sea water) as well
as pH « 4 to obtain certain information on the chemical speciation of these

metals in sea water. To demonstrate the general tendency of the distribution,

Table 50. Surface concentrations of copper, zinc, cadmium and
mercury in various regions of the Mediterranean

Station Date of Chlorinity Cu Zn Cd Hg
No. Position collection (%0) (ug/fc) (ug/£) (ug/fc) (ng/£)

NORTHWESTERN MEDITERRANEAN

73-M-2 42°51'N, 07°26'E 27 June '73 20.93 4,9 2.0 < 0.1
73-M-3 42°00'N, 07°26'E " 20.88 < 0.2 1.7 0.5
73-H-3 42°00'N, 06°12'E " 20.91 < 0.2 0.9 < 0.1
73-H-2 42°28'N, 06°12'E 28 " '73 20.93 < 0.2 7.9 < 0.1

73-S-3 42°00'N, 04°07'E 3 July '73 20.91 0.3 5.1 0.7
73-S-2 42°38'N, 03°55'E 4 " '73 20.59 < 0.2 5.6 < 0.1

74-M' 43°20'N, 07°30'E 20 June '74 21.13 1.2 2,1 0.15
74-T 42°45'N, 06°00'E 25 " '74 21.03 0.47 7.7 0.23
74-S-2 42°38'N, 03°55'E 26 " '74 20.54 < 0.10 1.5 < 0.05
74-R' 42°55'N, 04°35'E " 20.83 < 0.10 0.8 0.07
74-L-2 42°30'N, 05°25'E 27 " '74 20.74 < 0.10 4.2 0.17
74-H-2 42°28'N, 06°30'E " 21.32 0.73 3.5 0.12
74-C 43°00'N, 07°00'E " 21.03 0.23 1.2 < 0.05

75-M 43°39'N, 07°27'E 2 July '75 21.26 0.93 4.8 0.16 23
75-0-1* 42°30'N, 06°30'E 14 Sept.'75 21.22 0.07 0.5 0.43 32
75-0-2* 41°30'N, 06°30'E " 21.14 0.06 0.5 0.05 19
75-0-14* 43°55'N, 09°00'E 22 " '75 21.17 0.06 2.1 0.08 17

TYRRHENIAN SEA

75-0-8* 38°40'N, 12°00'E 20 Sept.'75 21.12 < 0.06 0.2 0.10 21
75-0-9* 40°00'N, 11°40'E " 21.18 < 0.06 1.1 0,08 30
75-0-12* 41°20'N, 11'30'E 21 " '75 21.11 < 0,06 0.4 0,10 20
75-0-13* 42°47'N, 09°25'E " 21.13 < 0.06 2.3 0.33 30
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Table 50 (Cont'd)

Station
No. Position

Date of Chlorinity
collection (%„)

Cu Zn
(ug/O

Cd Hg
(ng/fc)

SOUTHWESTERN MEDITERRANEAN

75-C-24
75-C-26
75-C-28
75-C-31
75-C-34
75-0-4*
75-0-5*
75-0-6*
75-0-6'*
75-0-7*

75-C-15
75-C-19
75-C-21

75-C-3
75-C-7
75-C-10

* Samples

37°27'N,
38°30'N,

38°00'N,

37*30̂ ,
36°55'N,
39°30'N)
SS^O'N,
37830'N,
37°25'N,

37°30'N,

IONIAN

35055'N,
35°52'N,
35°521N)

AEGEAN

39°38'N,
38°16'N,
36°09'N,

, 11°37'E
, 09°42'E
, 06°50'E
, 04°59'E

, 01°37'E
, 06°30'E

, 06°30'E
, 06°30'E

, 08°38'E

, 11°00'E

SEA

, 21°48'E
, 18°02'E

, 15°32'E

AND CRETAN

25°39'E
24857'E
25°53'E

were taken from 5m

9 May
10 "

11 "

14 "

15 "

'75
'75
'75
'75
'75

17 Sept.1 75
17 "
18 "
18 "
19 "

6 May
7 "
8 "

SEAS

3 May
4 "
5 "

depth

'75
'75
'75
'75

'75
'75
'75

'75
'75
'75

20.63
21.12
20.51
20.55
20.45
20.68
20.56
20.78
20.61
20.81

21.56
21.24
20.93

21.33
21.17
21.68

0
0

0

< 0
0

< 0
< 0

< 0
< 0
< 0

0
0
0

0
0
0

.39

.62

.60

.06

.64

.06

.06

.06

.06

.06

.74

.33

.08

.25

.64

.36

2.6
0.8
1.9
0.5
4.1
0.8
0.9
1.0
0.1
1.4

1.1
0.7
2.4

4.7
5.8
1.5

0
< 0
0

< 0
0
0
0
0
0
0

0
0
0

0
0

< 0

.14

.05

.26

.05

.06

.51

.09

.07

.09

.15

.06

.12

.06

.12

.07

.05

-
-
-
-
_

30
24

16

19

33

-
-
-

-
-

however, only the results obtained at pH =« 8 are presented below. These
values are expected to represent mainly the metals in ionic and labile
complex forms

The results of surface distribution measurements of chlorinity,
Cu, Zn, Cd and Hg on off-shore surface waters sampled mainly during the
1974-75 cruises are presented in Table 50. These results are grouped into
oceanic regions where the samples were collected. The regions chosen are as

follows: northwestern Mediterranean, Tyrrhenian Sea, southwestern
Mediterranean, Ionian Sea (southern part) and the Aegean and Cretan Sgas.
The division of the Mediterranean into these regions was made arbitrarily
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on the basis of their geographical locations. Therefore, there may he some
cases where no clear hydrographical distinction exists between two stations
belonging to two different regions, if both of these stations are located

close to the borderline of different areas. Nevertheless, this type of
division is useful for examining whether or not there exists any significant

overall difference in the concentration of the components between chosen
areas.

From the data presented in Table 50 it can be seen that the
concentrations of Cu and Cd are generally low. Of the 37 surface samples
analyzed, 17 and 9 values were below detection limits for the methods used
for Cu and Cd respectively. There are occasionally higher values for Cu, but

only 9 values exceeded O.Syg Cu/£, In which 2 values were higher than lyg Cu/fc.
These higher levels of Cu tend to appear at the stations located closer to
the coastline. For Cd only 5 values exceeded 0.3ug Cd/A. No systematic
gradients for the higher Cd values, nor the correlation of these levels with
the concentration of the other metals was observed.

In Table 51 the average values of chlorinity and concentrations
of Zn and Hg are given for each of the defined regions. Although only limited

Table 51. Average chlorinity, zinc and mercury concentrations
at surface in various regions of the Mediterranean

* * *
Cl Zn Hg
(%«)

Northwestern Med. 20.97 + 0.05 (17) 3,0 + 0.6 (17) 23+3 (4)
Tyrrhenian Sea 21.14 + 0.02 ( 4) 1.0 + 0.5 (4) 25+3 (4)
Southwestern Med. 20.67 + 0.06 (10) 1.4 + 0.4 (10) 24+3 (5)
Ionian Sea 21.2 + 0.2 ( 3) 1.4 + 0.5 ( 3)
Aegean & Cretan Seas 21.4 + 0.2 ( 3) 4.0 + 1.3 ( 3)

Figures in parentheses indicate number of data averaged. Standard
deviations given are la of the mean

data are available from the Tyrrhenian, Ionian, Aegean and Cretan Seas, the
average chlorinity values clearly show the general increase of chlorinity
towards the east, in the ascending order from the southwestern Mediterranean
to the northwestern Mediterranea, the Tyrrhenian Sea, the Ionian Sea and the
Aegean and Cretan Seas. This has been explained by an influx of low
chlorinity surface water from the Atlantic through the Strait of Gibraltar,
followed by successive surface circulation and evaporation processes within
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the Mediterranean . On the other hand, the average surface Zn concen-
trations show that Zn is somewhat higher in the northwestern Mediterranean
as well as in the Aegean and Cretan Seas, relative to other areas. The
cause of the higher Zn concentration in the northwestern Mediterranean may
probably be attributed to the input of Zn from land-based industrial and
urban sources as well as from the Rhone River and other fresh water run-offs.
The relatively high Zn concentration in the Aegean and Cretan region may also
be due to land-based origins, but here the concentration of sea water by
evaporation may play an additional role in elevating chlorinity as well as,
to a certain degree, trace metal content.

Although only a small number of data are available, no difference
was found in the average surface concentrations of Hg among the northwestern
Mediterranean, the southwestern Mediterranean and the Tyrrhenian Sea.

In Figure 24 are plotted surface chlorinity and Zn concentrations
along the east-west transect from the Chain cruise in May 1975. As has been
discussed above, chlorinity increases eastwards from the vicinity of the
Strait of Gibraltar (Station C-34) to the Cretan Sea (Station C-10) and then
slightly decreases in the Aegean Sea. The concentration of Zn, on the other
hand, is higher at both ends of the transect, being variable in the western
part and consistently low in the Ionian and Cretan areas. Although it is not
certain whether the high value of Zn noted at the western-end is representative
of incoming Atlantic water, the variability of both Zn concentration and
chlorinity in the western part of the transect seems to represent a complex
mixing process between Atlantic and Mediterranean water masses, which takes
place in this area. The lower surface Zn concentration found in the Ionian
Sea area, on the other hand, seems to represent the Zn level of uncontaminated
Mediterranean water, since this area is remote from industrial inputs and
expected to have the least surface transport.

The above observations suggest that Zn concentration of surface
sea water may be indicative, in many cases, of contamination from land-based
sources. However, no correlation is obvious between the concentration of
Zn and that of Cu or Cd. It has been already shown that the sources for
the elevations in concentration of these metals appears to be fairly inden-
dent of one another in coastal waters ; this also appears to be the case
in the off-shore waters.

In Figure 25 are shown three vertical profiles of chlorinity
and Zn concentration based on the data from the Chain cruise. These
profiles represent, from left to right, those for the stations in the
vicinity of the Strait of Gibraltar (Station C-34), southwest off Sardinia
(Station C-28) and in the southern Ionian Sea (Station C-19). The charac-
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C-34 C-31 C-28 C-26 C-24 C-21 C-19 C-15 C-IOC-7C-3

STATION No.

22.0

20.0

Figure 24. Variations of surface chlorinity and Zn-concentration along
the east-west transect in the Mediterranean,

teristic features of these profiles are the appearances of chlorinity and
Zn maxima at intermediate depths. For example, the chlorinity maxima appear
at a depth of 500m, 500m and 300m respectively at Stations C-34, C-28 and
C-19, while Zn maxima exist for the respective stations at 1000m, 700m and
1000m depths. It should be noted that the Zn maxima always appear below
the chlorinity maxima and that the maximum Zn concentration at the Sardinia
station, 10.5pg Zn/J,, is higher than that of either the Gibraltar or Ionian
station. Similar profiles for a station off Monaco and a Tyrrhenian Sea
station are presented in Figure 26. These profiles are based on data
obtained after the Chain cruise. While the Tyrrhenian profile is very
similar to that for the Ionian Sea presented in Figure 25, the Monaco profile
is quite different from any other profile; it does not show any Zn maximum
around 1000m, but rather a uniform increase from 800m to the bottom. The
high concentration of Zn found in the near-bottom water may be a result of
the interaction of bottom water with the sea bed.

137
Fonselius and Koroleff gave a vertical profile of Cu and Zn

distribution at a station located not far from the off-Monaco station
presented in Figure 26. They found in their profile the Zn-maximum of
11.9ug Zn/A at a depth of 600m, which coincided with the salinity maximum.
This coincidence led them to relate the presence of the Zn-maximum to
the formation ot the "intermediate Levantine water" in the eastern Med-1-

138
terranean. Fonselius later claimed that this hypothesis was confirmed by
another profile taken in the Ionian Sea close to the Peloponnesus Peninsula,
Greece. At this station he measured the maximum Zn-concentration of
29.4yg Zn/ft at a depth of around 400m. However, the unusually high Zn values
from this profile have led us to suspect that some operational contamination
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of the water samples may have occurred; thus, the quantitative validity of

the Ionian profile should still be verified. As shown in Figure 25, the

profile in the Ionian Sea obtained in the present work does show the Zn-
maxifiiun, but with a much lower Zn-concentration of 2ng Zn/SL at around 1000m

depth. If the Zn profile given in the present work is, in fact, representative

of the conditions in the Ionian Sea, then the hypothesis which connects
the origin of the intermediate Zn maximum in the Ligurian Sea with the

formation process of the Levantine water in the eastern basin should be
reconsidered. It seems to us more reasonable to consider other sources
of the Zn-maximum much closer to the Ligurian Sea. One possible source
of the intermediate Zn-maximum may be postulated in relation to the

general bottom topography of the western Mediterranean basin. The
relatively short distances between 1000m and 2000m bottom contours in the
western Mediterranean, compared to those in other areas, indicate that the
sea-bed in the western Mediterranean is characterized by the steep slope
between 1000m and 2000m depths. If the interaction between the steep sea-
bed and bottom water can elevate Zn concentration of the water, as has been
suggested for the case at the Monaco station (Figure 26), it is conceivable
that this high Zn water mass is transported off-shore laterally, forming the
intermediate water of an elevated Zn concentration.

0.

21,0

1000

£
'S.
0)o

2000

3000 L

4.0 8.0

Zn

215
0.

21.0

4.0 8.0 12.0

MAY
1975
36°55'N

I • 37'E

Cl

215
0.

210
4.0 8.0

2I..5

MAY •>
1975 ;
35°52'N t
I8002'E i

Zn
/

Figure 25. Vertical profiles of chlorinity and Zn-concentration based
on the data from the Chain cruise, May 1975.
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Figure 26. Vertical profiles of chlorinity and Zn-concentrati.on for stations off Monaco
and in the Tyrrhenian Sea.

In any case, It seems significant that the high concentration
of Zn always appears below the chlorinity maxima. This suggests that the Zn
maxima are not directly related to the intermediate Levantine water, but
rather exist close to the interface between the intermediate and deep water

masses. If such an interface forms a density or dynamical barrier for
vertical transport of sinking particles of inorganic and/or organic origin,
an accumulation of certain trace metals may occur at the interface. Never-
theless, these hypotheses concerning the mechanisms of vertical variations
of Zn in the western Mediterranean have yet to be tested by further
measurements.

The vertical profiles of Hg concentrations, at the same stations
discussed previously, are illustrated in Figure 27 along with the chlorinity
profiles. At the off-Monaco station, the vertical distribution of Hg is
rather complex as shown in the left profile of Figure 27; mercury maxima
appeared at 25m, 200m and 800-1200m depth and the Hg concentrations were
relatively low in the vicinity of the chlorinity maximum layer and also in

the near bottom water. Although further measurements are necessary to deduce
any conclusion, the comparison of this Hg profile with that of Zn at the

same station (Figure 26) suggests that the mechanism responsible for the
vertical variation of Hg may be different from that of Zn, especially in the
near bottom water. The Tyrrhenian Hg profile also shows near-surface
variation of Hg as well as a Hg maximum around 1000m. The maximum value

of Hg, 60ng Hg/Jl, in the intermediate layer at this station is much higher
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Figure 27. Vertical profiles of chlorinity and Hg-concentration for stations
off-Monaco and in the Tyhrrenian Sea.

than that measured at the off-Monaco station (= 30ng Eg/I). This difference
might be related to an increased natural input of Hg from the volcanic
sources around the Tyrrhenian Sea. However, the number of measurements is
still far too small for postulating mechanisms involved in the vertical

distribution of Hg in the Mediterranean.

The average concentrations of Cu, Zn and Cd and the average
Hg concentration for the Mediterranean, based on the results obtained in
the present work, are compared with those for various regions of the sea
in Tables 52 and 53 respectively.

As can be seen in Table 52, the average concentrations of Cu,
Zn and Cd for the Mediterranean agree with those obtained for the open sea
regions, where the contamination of these metals is expected to be low,
although the average Cu and Cd concentrations for the Mediterranean tend to
be still lower; they are definitely lower than those obtained for the
coastal bays around the British Isles. This indicates that the contamination
of the Mediterranean as a whole with these metals hardly exceeds that expected
from natural processes.

A similar situation seems to be true concerning the average
Hg concentration for the Mediterranean presented in Table 53. The average
Hg concentration found in the present work is at a similar level to that
obtained for various regions of the ocean. However, it tends to be lower

129
than the values obtained by Robertson et at. for the Mediterranean, by

139 122
Car et ai. for the Greenland Sea and by Fitzgerald et al. for the
northwest Atlantic, while it is higher than the value obtained by

1»*0
Matsunaga et al. for the eastern Pacific.
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Location

Gulf of Mexico
Gulf of Maine

N.W. Atlantic
Black Sea
Around British Isles

Liverpool Bay
Cardigan Bay
Bristol Channel

North Sea

N,E, Pacific
Monterey Bay

N.W. Mediterranean
Coast

Mediterranean

Table 52. Average concentrations of copper, zinc and cadmium in sea water for
various regions

Year of Depth
Sampling (m)

1962-65 10-3050
1966-67 0-250

1967 0-200
1969

1969-70

1969-71
tl

IT

1971

1971
1971

1974

1973-75

1-2150
sub-

surface
5
5
5

surface-
bottom
5
5

surface

surface

of the sea

Cu-concentration (yg/fc)
Range Average

0.04-8.0 0.9(49)
2.1**

1.2** (70)
**

0.04-66.3
0.05-3.75

0.90-3.03
0.98-4.02
1.02-4.74
0.3 -2.0(42)

0.4 -1.2
0.5 -4.5

<0. 03-21. 6

<0.06-4.9

1.8**(115)
0.7 (117)

1.45(27)
1.72(20)
2.07(44)

-

0.8 (14)
1.6(28)

<0.8(54)

<0.4(37)

Zn-concentration (yg/&)
Range Average

0.1-16.5 2.9(47)
**

3.5

4.3**(71)
0.21-42.4**

0.8-49.1

2.30-47.6
3.63-19.65
3.57-21.42
0.8 -12.0(42)

0.8 - 3.4
0.7 - 35

0.1 - 9.9

0.1 - 7.9

**
1.9 (121)
5.0 (117)

11.86 (27)
7.46 (20)
9.98 (44)

-

2.0 (14)
7.5 (28)

2.3 (54)

2.3 (37)

A
Cd-concentration (yg/£)
Range Average

-
<0. 01-1. 43

0.14-0.74
0.48-2.41
0.28-4.20

<0.1 -1.6(41)

<0. 02-0. 11

0.02-4.5

<0. 03-0. 80

<0. 05-0. 51

-
< 0.18(72)

0.27(27)
1.11(20)
1.13(44)

-

<0. 02(14)
0.38(28)

<0.15(54)

<0. 15(37)

Reference

141

142

142

143

144

145

145

145

146

130

130

118

Present
work

* = Numbers in parentheses are the number of values used for calculating average values
** = unit:pg/kg



Table 53. Average concentrations of mercury in sea water
for various regions

Location

N. Adriatic
Mediterranean
Nova Scotia Coast

N. Pacific
Greenland Sea

N.E. Atlantic
E. Pacific
Long Island Sound
World Ocean
N.W. Atlantic
Icelandic water
E. China Sea
S. China Sea
Indian Ocean

S.E. Atlantic
N.E. Atlantic
Tropical N.
Atlantic

English Coast
Icelandic water
E. Pacific
W. Mediterranean

Year of
Sampling

1968

1970
1971
1971

1972
1972
1972
1972
1972

1972-73
1972-73
1973
1973

1973
1973
1973
1974
1975

of the sea.

Depth
(m)

surface
0-300
2-240
0-4800
0-3169
0-4030
10-4080
surface
0.5
0-4800
0-1580
surface

it
ir

it

it

ti

it

0-800
0-1233
0-2000

Hg-concentration (ng/1)
Range Average

37.5-40.3
61-190
58-88
12-173
16-364
18-142
29-270
47-78
ND-127
40-320
12-225
17-45
6-37
6-35
6-25
7-34

10-54
5-80
4-142

3.6-5.6
8-78

39(2)
118(12)

72( 3)
43(35)
125(21)
54(11)
73( 9)
64 ( 3)
47(28)
150(162)
71(30)
28 ( 5)
16 ( 9)
16(14)
14 ( 5)
18 ( 5)

34(10)
21(14)
25(36)
5.0(52)
31(64)

Reference

147

129

148

149

139

112

120

19

150

122

151

152

ti

it

it

ti

it

it

ii

140

Present work

* = Numbers in parentheses are the number of data used in calculating averages

6.5 Measurements of transuranic elements in the Mediterranean

S. Ballestra, E. Holm and R. Fukai

In order to supplement the baseline data on the distribution
of transuranic elements in the Mediterranean, which have already been

59 *
reported , further measurements were carried out on sea water samples
collected during 1974-75 cruises. In 1974 profile collections were
conducted at a station approximately 50km south of Monaco in addition to
surface sampling at a few stations, while surface waters were taken from
several stations covering wider regions of the western Mediterranean during

238 241the 1975 cruises. The measurement of Pu as well as Am were for the
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first time successful on the 1975 samples. These data are considered
valuable as the basis for understanding transuranic biogeochemistry in the
Mediterranean environment.

At each station approximately 2QOZ of sea water were collected
into several polyethylene barrels, acidified to pH « 1 on board, transported
ashore and processed. The analytical procedure for Pu measurements adopted
for the 1974 samples was that described by Wong with slight modifications.

153
For the 1975 samples the procedure proposed by Hodge et al. was used for
co-precipitating Pu and Am with the mixed hydroxides and carbonates of Ca
and Mg, which are present naturally in sea water. The volume of the first
precipitates from a 200& sample amounted to approximately 5 A. The pre-
cipitates were dissolved with concentrated HC1, and Pu and Am were again
co-precipitated with = 50mg Fe(III) by adding NH.OH, leaving much of the Ca
and Mg in the solution. The second precipitate was centrifuged and dried for
15 hours at 105°C. The residue was dissolved in = 200 ml concentrated HC1
and a few drops of 30% H 0 was added. Thereafter, the modified procedure
for Pu and Am analysis described in the present report (Section 4.1 ) was
followed. The discs were counted for - 10,000min. with a silicon surface
barrier detector coupled to a 200-channel analyzer. The chemical yield,

242 243determined by the initial addition of Pu and Am prior to the
precipitation steps were 50-60% for Pu and 40-50% for Am.

The results of these measurements are presented in Table 54.
The locations of the sampling stations are illustrated in Figure 23. From
the 1974 profile data given in Table 54, it can be seen that higher Pu
concentration than that at mid-depth appears at 2000m. This tendency was

59
already noted in a previous report . However, further detailed obser-
vations are required to relate the vertical distribution of Pu in the
Mediterranean to some transport mechanisms.

Considering the counting statistics of the samples, the 1975
900.1.0 An

data indicate a rather homogeneous distribution of Pu, Pu, and
241Am in the surface waters of the western Mediterranean. The average

239+240 238 241concentrations of Pu, Pu and Am computed on the basis of these
data are 0.99 + 0.04 fCi/X,, 0.072 + 0.009 fCi/A and 0.05 + 0.01
respectively. These average values give the following ratios:

238pu/239+240pu = ̂  + Q^

241Am/239+24°Pu - 0.05 + 0.01
238 239+240Miyake and Sugimura gave the ratios Pu/ Pu of

0.25-0.47 (1968), 0.21-0.57 (1970-71), 0.58-0.75 (1972) and 0.10-0.20 (1973)
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Table 54. Results of transuranic measurements on Mediterranean
sea waters dur

Station
No.

74-M

74-R

75-M
75-CV

75-0-5
75-0-6
75-0-8
75-0-9
75-0-12
75-0-13
75-0-14

Date of
Collection

12

26

2

14

17

18
20
20
21
21

22

June '74
it
it
ti

June '74

July '75
Sept. '75

11 '75
" '75
ii 175

'75
ii .75
ii t75
» 175

Depth
(m)

200
500

1000

2000
surface

surface

5
ii
11
tt
IT

II

It

II

_. , . .„ 239+240., *Chlorinity Pu
(%) (fCi/£)

21.03

20.74

21.26

20.56
20.78
20.12
21.18
21.11
21.13
21.17

1.13 + 0.09
0.9 + 0.01
0.85 + 0.06
1.6 + 0.2
0.9 + 0.1

1.35 + 0.06
0.91 + 0.0?"
0.77 + 0.06
0.93 + 0.07
1.04 + 0.06
1.09 + 0.09
0.95 + 0.09
1.1 + 0.1
1.10 + 0.06

**

238_ *Pu
(fCi/1)

0.06 + 0.01
*

0.10 + 0.03
0.07 + 0.02
0.06 + 0.01
0.05 + 0.01
0.05 + 0.01
0.06 + 0.02
0.06 + 0.02
0.10 + 0.02

**

* Errors indicated are la propagated errors
** The water sample was filtered through HA Millipore (0.45pm pore size)

241 ** Am
(fCl/A)

0.06 + 0.01
0.03 + 0.01*

0.08 + 0.02
0.09 + 0.02
0.05 + 0.02
0.07 + 0.02
0.05 + 0.01
0.03 + 0.01
0.05 + 0.01

**

for surface waters in the temperature zone of the North Pacific. The ratio
238obtained in the present work is lower than those cited above. The Pu/

239+240 15$Pu ratio in fallout deposition were studied by Hardy et. al. and
the ratios computed on their data are 0.024 and 0.036, respectively for
pre-SNAP-9A period and post-SNAP-9A period, in the Northern Hemisphere

156
latitudes between 40 and 50°N. The data obtained by Holm and Persson give
the ratios of 0.023 and 0.036 for respective periods at a station located
in the Arctic area (62.3°N, 12.4°E). Although the ratio obtained in the
present work is slightly higher compared with these post-SNAP-9A values
the agreement is reasonable, when the counting statistics are taken into
account.

241 239+240As to the Am/ Pu ratio only one value, 0.033,
79

obtained for Lake Michigan water is available to date . Our value is in
reasonable agreement with this value. This fallout ratio can be compared
with those obtained for samples taken near a fuel reprocessing plant, namely
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Porphyra seaweed collected from the Irish Sea. where the Am/ Pu
157

ratios range between 0.15 and 0.6 . Their higher ratios are due both
241to the increased amount of Am in the discharged waste and to its ^n s^tu
241build up from the decay of Pu. Our value is believed to be represen-

tative, at least, for the surface waters of the Mediterranean.

6.6 Polychlorinated biphenyls in sea water, sediment and
over-ocean air of the Mediterranean

*
D.L. Elder, J.P. Villeneuve, P. Parsi and G.R. Harvey

Because it has well defined limits and restricted mixing with
the Atlantic ocean across the narrow Gibraltar strait, the Mediterranean
sea should serve as a convenient system within which to study the distri-
bution and dissemination of anthropogenic substances such as polychlorinated
biphenyls (PCBs). Yet in spite of PCBs having been produced in kiloton

158
quantities at least since 1957 , and the evidence of their apparent

j. £' y
ubiquity in the marine environment , there is a paucity of data concerning
their concentration in the Mediterranean Sea. It has been estimated for
North America that during 1970, of the 3.7xl04 tons of PCBs produced,

160
approximately 80% was eventually released into the environment . By
comparison, in 1971 the combined PCB production for three Mediterranean

4 161
countries was on the order of 10 tons , so it is reasonable to assume that
a considerable quantity of PCBs could have been deposited in the Medi-
terranean Sea. Evidence supporting this assumption has been presented by

162,163
investigators who have analyzed mussels , shallow water sediments
1 1 „ -, 16«fl66

plankton and coastal waters of the Mediterranean . The data contained
in these reports are for samples collected within the narrow coastal zone
of a few scattered locations. PCB analysis of samples from the open
Mediterranean has not been done. This situation led us to undertake a
programme of open ocean sampling and analysis for PCBs in air, sea water
and sediments. During this programme, we have maintained several objectives.
First, we wanted to assess the present levels of PCBs in the open Medi-
terranean in order to provide a reference point for future work. Secondly,
we hoped that by measuring sea water, sediments and over-ocean air we could
begin to determine the inputs and reservoirs for PCBs and calculate their
fluxes in the Mediterranean basin. Thirdly, we hoped that the information

gathered on PCBs would be useful in predicting the environmental pathways
of other related anthropogenic substances.

* G.R. Harvey, Woods Hole Oceanographic Institution, served as a Consultant
in the Laboratory during September and October 1974 and July to Sept. 1975.
His advice on the analysis of PCBs in water, sediments and air and in
establishing the technique of measuring low molecular weight hydrocarbons
in sea water has been invaluable.
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32°_

20°

Figure 28. Tracks of oceanographic cruises completed during 1975.



During the period 1974--75 over 150 samples were collected
and analyzed. Collections were made during five oceanographic cruises

(Figure 28). The majority of samples came from the western Mediterranean
Sea hut we were able to collect some samples in the Aegean and Ionian Seas.
We do not have samples from the Adriatic Sea or Levantine basin. The work
presented here represents the first general survey of PCB concentrations in
samples from the open Mediterranean. Although that which follows should be
considered a preliminary report, some observations will be presented
concerning the inputs and movement of PCBs within the Mediterranean
environment. Experimental techniques and analytical results are discussed
according to the type of sample - sea water, air or sediment.

PCBs in Mediterranean Sea water; At the time our work was
initiated, the only report of PCB concentration in Mediterranean sea water

16U
was that of Reybaud who analyzed sea water and surface slicks for PCBs

and selected pesticides. His samples were collected off Marseille near the
mouth of the Huveaune river which is known to be a recipient of a large portion
of industrial and domestic wastes, therefore they are not a reflection of the
PCB concentration in the open Mediterranean. Initially, we undertook a
baseline survey of the coastal zone between Monaco and Sete. The results of

167
that survey have been published elsewhere . In addition to the coastal
survey we have analyzed eighty-two surface and sub-surface sea water samples

from 36 open ocean stations (Figure 29).
168

Samples were collected with a 140J. Bodman bottle , a 100S,
stainless steel bottle or a metal bucket. Samples collected by bucket were
taken from the bow of the ship while underway. Immediately after collection
the sea water was transferred to precleaned glass carboys. The analytical
procedure - briefly outlined here - was carried out according to the method

163
of Harvey et at. Sea water samples (40 or 55 liters) were passed through
glass columns containing pre-cleaned ambeflite XAD-2 resin which absorbs PCBs.
This step was completed aboard ship within four hours of sample collection.

The resin columns containing the adsorbed PCBs were then sealed and shipped

to the laboratory where the resin was leached with solvent. The resultant
solution containing PCBs was subjected to extraction, clean-up and finally

analyzed by electron capture gas chromatography. Experiments were carried
out in order to determine if significant error was introduced either during
storage and shipment of the resin on which PCBs were adsorbed or by
adsorption of PCBs to the walls of the glass carboys or metal samplers.

Errors thus introduced were less than 5%. Experiments which test the
reliability and accuracy of the resin adsorption technique are described

167,169
elsewhere . During this study the entire analytical procedure was
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Figure 29. Positions where water samples were taken for PCB analysis: (A) surface
samples, (o) surface and sub-surface samples. Stations indicated by number are
discussed in the text.



constantly monitored to ensure that contamination of samples, sampling

equipment, glassware and solvents did not take place.

Polychlorinated bipheriyls were detectable in all samples
(Table 55). Concentrations ranged from less than 0.2 to 19 ng/Jl. Most
commonly concentrations were between 1.0 and 5.0 ng/£. The two samples

with the highest PCS concentration (Nos. 76, 81) were collected from coastal

Table 55. Concentrations of PCBs in open Mediterranean
water - 1975

Sample Station
Collection
Date (1975) Position

Depth
(m)

1
2
3
4
5

6
7
8
9

10

11
12
13
14
15

16
17
18
19
20

21
22
23
24
25

26
27
28
29
30

31
32
33
34
35

K-l
K-2
K-3
K-4
K-5

K-6
K-7
K-8
K-9

WS-1

WS-1
"
"
"
11

WS-1
WS-12

11

tt

11

WS-12
11

"
"

CH 121-3

CH 121-7
u
11

n
CH 121-10

CH 121-15
CH 121-19

11

ti

11

18 Feb.
t t

t t

11

n

19 Feb.
it
u
"

27 Feb.

27 Feb.
n
ti
n
IT

27 Feb.
18 Mar.

"
"
"

18 Mar.
"
"
n

3 May

4 May
"
n
11

5 May

6 May
7 May

it
11

ti

43°36'N 7°22'E
43°30'N 7°37'E
43°24'N 7°42'E
43°17'N 7°51'E
43°10'N 8°00'E

43°03'N 8°08'E
42°57'N 8°17'E
42°50'N 8°25'E
42°43'N 8°33'E
42°48'N 5°27'E

42°48'N 5°27'E
ti u
11 it
n n
n n

42°48'N 5°27'E
43°15'N 7°47'E

u n
II U

II II

43°15'N 7°47'E
it n
n ir
n 11

38°38'N 25°39'E

38°19'N 25°02'E
n n
n it
II M

35°59'N 25°05'E

35°55'N 21°48'E
35°56'N 17°56'E

n it
n u
ll rt

1

1

1

1
1

1
1

1

1

200

400
600
800
1000
1400

1800
1

200
400
600

800
1000
1500
2000

1

1
100
300
700
1

1
1

100
300
500

sea

[PCB] ng/fc

3.4
1.8
8.6
3.3
3.8

2.3
2.3
1.8
1.3
2.6

2.8
4.2
2.6
5.1
3.0

5.9
5.6
5.6
1.6
2.1

1.3
2.4
2.3
4.3
1.3

0.2,
< 0.2f
< O.2.,
< 0.2
0.2

0.2
1.7
2.0
0.9
0.8
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Table 55.(Cont'd)

Sample

36
37
38
39
40

41
42
43
44
45

46
47
48
49
50

51
52
53
54
55

56
57
58
59
60

61
62
63
64
65

66
67
68
69
70

Station

CH 121-19
n
II
ti
ii

CH 121-21
CH 121-24
CH 121-26
CH 121-28

n

CH 121-28
n
n
n
n

CH 121-30it
n
it
n

n
ii

CH 121-31
CH 121-34ii

M

It

II

II

II

CH 121-38
n
11

OC - 1
OC ~ 2

Collection
Date (1975)

7 Mayn
ti
n
n

May
9 May
10 May
11 May
11 May

11 Mayn
n
ii
n

13 May
n
ii
n
it

n
ii

14 May
15 May

ti

ii
n
n
n
n

16 May
f|

11

14 Sept.
1!

Position

35°56'N 17°
11

II

II

II

35°52'N 15°
37°27'N 11°
38°29'N 9°
37°58'N 6°it

37°58'N 6°ii
n
n
it

41°12'N 5°
n
rt
n
ii

11
it

37°30'N 4°
36°55'N 1°n

n
ti
n
n
n

36°07'N 2°n
tt

42°30'N 6°
41°30'N 6°

56 'E
II

11

II

II

32'E
37'E
41'E
49'E
it

49'Eii
n
it
n

52'Eit
ti
n
n

ii
n
58'E
36'E
it

n
ti
ti
II
it

48 'Eit
ti
30'E
30'E

Depth
(m)

700
1000
1500
2500
4000

1
1
1
1

100

300
500
1000
1500
2850

1
100
300
500
1000

1500
2600

1
1

100

300
700

1000
1500
2760

1
1

1700
1
1

[PCB] ng/Jl

1.6
1.1
1.0
0.5
0.9

0.2
0,2
0.8
1.7
1.9

2.0
1.3
2.8
1.0
1.8

0.8
0.3
0.7
0.8
1.9

0.3
0.4
1.0
0.7
1.2

5.3
0.7
1.9
4.5
2.2

0.6
0.7
2.5
1.0
2.2
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Table 55. (Cont'd)

Collection Depth
Sample Station Date (1975) Position (m) [PCS] ng/&

71
72
73
74
75

76
77
78
79
SO

81
82

* less

OC
OC
OC
OC
OC

OC
OC
OC
OC
OC

OC
OC

than

- 3
- 3
- 4
- 5
- 6

- 6
- 7
- 8
- 9
- 12

- 13
- 14

0.2 ng/£

16

17

18

18
19
20

21

21
22

but

Sept.
it
Sept.ii
Sept.

Sept.
Sept.
Sept.

it
Sept.

Sept .
Sept.

detectable

40° 30
II

39°30
38°30
37° 30

37°25
37°30
38°40
40° 00
41°20

42°47
43° 55

'N

'N
'N
'N

'N
'N
'N
'N
'N

'N
'N

6°30
11

6°30
M

II

8°38
11°00
12°00
11°40
11°30

9°45
9° 0

'E

•E

'E
'E
'E
'E
'E

'E
'E

1
2000

1
1
1

1
1
1
1
1

1
1

0
2
2
4
4

4
1
5
1

11
2

.6

.3

.5

.3

.8

19
.3
.5
.0
.6

.6

.9

areas and their concentrations are probably a reflection of localized input.
This would agree with results previously reported for the northwest

167
Mediterranean coast where relatively high values were found in samples
taken near river mouths, or areas of high population and industrial activity.

Table 56 summarizes generally the results presented here,
those of our previously reported coastal survey and data of other workers in
different regions. Mediterranean near-shore results are in the same range

170
as those of Scura and McClure for the southern California coast and with

171
Holden's for the Firth of Taye (Scotland) . Our open sea results compare

172
with those of Harvey et al. in the Atlantic for 1973-74 and with Bidleman

173 169
and Olney's 1973 results for the Sargasso Sea. Harvey et at. 1972
values are higher than the rest which they attribute to the fact that the
measurements were made before the voluntary ban on the use of PCBs in
non-closed systems became effective late in 1972.

In analyzing the results of both our coastal and open ocean
studies we have attempted to determine if there are significant correlations
between PCB concentrations and meteorological, oceanographic or demographic
features of the Mediterranean basin. Up to the present time these attempts

have not met with resounding success. This is probably due to several
important reasons: 1) the complexity of factors which can affect the
concentration of PCBs in the water column (evaporation, degradation,
adsorption on sinking particles, multiple sources of input etc.); 2) the
lack of an adequate sample base to reveal statistically significant
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Table 56. Comparison of PCB concentrations in sea water
from different oceanic regions

Location

N. Atlantic
Atlantic
Firth of Taye
(Scotland)

Sargasso Sea

Sampling
Dates

1972

1973-74

1973
1973

No. of
samples

52

25

_

8

[PCB]
(ng/A)
(range)

< 1 - 150
*

N.R.

5 - 2 0

< 0.9-3.6

[PCB]
(ng/A)
(mean)

35
1.3

N.R*

1.1

Reference

169

172

171

173

N.E. Pacific
(Southern
California coast) 1974 14 2.3-35.6 9.2 17°
N.W. Mediterranean

coast 1975 11 1.5-38 13 167

**
Mediterranean Sea 1975 80 < 0.2-8.6 2.0 this paper

* N.R. = not reported
** Samples 76 and 81 not included in calculation - see text

correlations; 3) the fact that the Mediterranean is too small to exhibit
large spatial concentration gradients and 4) the subjectivity which the
analyst must invoke in quantitating environmental samples for PCBs.
Nevertheless, having stated this caveat ewptov, there are some observations
worth mentioning.

At the outset of this project we thought that two factors

might contribute to produce a higher concentration of PCBs in the western
169

basin than in the eastern basin. First, Harvey et al. noted that the PCB
concentrations in the Sargasso sea were lower than in other areas of the
north Atlantic. This he attributed to be the result of evaporative
co-distillation of PCBs from the surface because of the relatively higher
water temperatures-. If this were the case, it seemed to us that the higher
surface temperatures in the eastern versus the western Mediterranean basini?it
might favour our hypothesis. Secondly, Goldberg has suggested that a

correlation exists between the gross national product of countries and their
environmental input of anthropogenic substances. Such a correlation would
also lead one to predict a higher PCB concentration in the western versus
the eastern basin since the GNPs are higher for western Mediterranean
countries.
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In testing our data we find some evidence, although not
conclusive, that our hypothesis may be correct. Samples with the lowest
concentrations of PCBs were taken in the Aegean and Ionian Seas (Table 55,
samples 25-42). Furthermore, there were more samples exhibiting low concen-
trations from the eastern compared to the western Mediterranean. It must

be pointed out however, that when values from the two basins are compared
statistically, our hypothesis is not strongly corroborated. For example,
compare samples 25-42 with samples 43-68 (Table 54). All samples were
collected within the same two week time period along a cruise track running
from Istanbul, Turkey and Cadiz, Spain (Figure 28, track No. 4). The

samples from the western basin (43-68) have an overall average PCS concen-
tration of 1.6 + 1.2 ng/£ compared to 0.7 + 0.6 ng/Jl for the eastern basin

(25-42). Although the overall mean values favour our hypothesis, the over-
lap at la standard deviation puts the result in doubt. At least two things
could be done to clarify the results. First a more intensive sampling

programme would broaden the statistical base and possibly reveal a better
correlation. Second, sampling in the Levantine basin where water tem-
peratures and evaporation rates are highest for the Mediterranean may yield
samples of even lower PCB concentrations. With respect to our initial
hypothesis, it is worth pointing out that within the western basin
relatively low PCB concentrations were found in an area of high surface
evaporation. Samples 1-24 and 48-82 are from the western basin and the

Tyrrhenian Sea. Within this array of samples, relatively low values were
found at stations CH 121-30 (samples 51-57) and OC-3 (sample 71). Both of

these stations are located south east of the Gulf of Lion in an area which
is subjected to frequent and often violent winds, the "Mistral" and

f\

"Tramontane". Here surface evaporation rates may be as high as 22 mm/m /dayi75

This condition could account for the relatively low PCB concentrations found,
since the rate of evaporative co-distillation of PCBs would presumably be
high. Clearly, further sampling is necessary.

We had also hoped that our data might reflect the
oceanographic features of the Gibraltar strait. As is well known, the
exchange of water through the Gibraltar strait is characterized by a net
inflow of Atlantic water to the Mediterranean at the surface and a net
outflow of Mediterranean intermediate and bottom water at depth. Therefore,
PCB concentrations at the surface should be characteristic of the Atlantic

while those at depth should be closer in value to the concentrations found
for the western Mediterranean. There is some indication from our data that
the surface PCB concentrations are lower at the surface than at depth. This
can be seen in samples from stations CH 121-34(59-65) and CH 121-38(66-68).
These stations are located in the Atlantic inflow east of Gibraltar. Again,
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however, the correlation is not obvious and requires additional sampling
for clarification. Furthermore, the PCB concentrations in the Atlantic
and Mediterranean may not be that different.

In conclusion, several generalizations can be made about our
results: a) the concentrations of PCBs in the Mediterranean are comparable
to those found elsewhere; b) certain coastal areas exhibit higher concen-
trations which are associated with local inputs and c) the data indicates

there may be some correlation between PCB concentration and certain physical
and demographic features but they are not large. This is probably due to
the fact that the Mediterranean is too small to reflect large concentration
gradients and that our data base is too limited to reveal significant
features. The lack of obvious concentration gradients was also apparent in
air samples taken in the western Mediterranean basin, as discussed below.

PCBs in Mediterranean sediments The final repository of PCBs
which escape degradation is marine sediments. Therefore, they should
contain a permanent record of the inputs and transfer pathways of PCBs in
the marine environment. Many factors will affect the final pattern of this
record, the most important of which are inputs at the surface of the water
column, surface evaporation, sedimentation rates, PCB-sediment adsorption
characteristics, internal currents-advection, vertical mixing-and depth.
The complexity of these factors indicates that the interpretation of the
PCB deposition pattern will be difficult. Nevertheless, an estimation of
the fluxes, fate and reservoirs of PCBs in the Mediterranean is not possible
without knowing their concentrations and their spatial distribution in
Mediterranean sediments.

At the initiation of this project the only available
information concerning PCB concentrations in deep sea sediment was unpub-

176,177
lished work by Harvey . His data originated from cores taken in the

165
North Atlantic during 1973-1974. For the Mediterranean Sea, Duursma et al. and

166
Dexter and Pavlou had analyzed shallow water sediments from the northwest
Mediterranean coast and the Saronikos Gulf. Since these samples were
obtained by dredging or with with grab samplers it is not possible to
estimate PCB deposition rates because the vertical integrity of the sediment
was lost. Also, the samples were obtained within 5km of the shore in shallow

water (< 200m) so the PCB concentrations are most likely a reflection of
localized inputs from run-off and/or sewage.

By contrast, the bulk of the PCB input to the open ocean is
probably by aeolian transport. Furthermore, because of their greater areal
extent the open ocean sediments represent a far greater potential reservoir
for PCBs than near shore sediments.
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During 1975 we obtained and analyzed eight open ocean sediment
cores (Figure 30). These were taken from the Ionian and western Medi-
terranean abyssal plains and the Siculo-Tunisian and Gibraltar sills.
Although our data are still very limited, they represent the first PCB
measurements made in open sea Mediterranean sediments.

178
Cores were obtained using a 21 cm sphincter corer

Superficial water was removed from the top of the sediment core by careful
siphoning so that the core surface remained intact and undisturbed. The
cores were extruded within 2 hrs of collection, and were cut into 1 cm thick
sub-sections. The sample taken for PCB analysis was removed from the center
of each core sub-section, to avoid contamination from the walls of the corer
barrel, and avoid the possibility of obtaining samples which may have been
mixed at the periphery of the core when the corer was penetrating the sediment
layers or during extrusion.

Sediment samples were sealed in precleaned aluminium foil
containers, frozen and transported to the laboratory. The samples were
homogenized and then freeze dried; the density of the sediment was determined
from aliquots of each sample. The freeze-dried sediment was extensively
extracted (48 hrs) in pre-cleaned soxhlet extractors and thimbles. The
hexane extract was reduced by evaporation on a rotary evaporator. This was
followed by clean-up on a microflorisil column. Sulfur was removed by
shaking the hexane extract with mercury. The hexane solution of PCBs was
further reduced in a Kuderna-Danish concentrator and analyzed by gas
chromatography. All samples contained PCB mixtures which most closely
resembled Phenochlor DP-6 so it was used for quantification. Blanks were

obtained by extracting a deep section of each core where penetration by
PCBs would have been unlikely. All blanks thus obtained had PCB concen-
trations of less than 0.1% of that in sections from the top 1 cm of the core.

Several experiments were undertaken to check the efficiency
and accuracy of our method. These included extracting spiked samples and
testing the relative results of extracting either wet or freeze-dried
samples with one of three different solvents - hexane, acetonitrile,
ethanol:benzene (1:1). The two methods of greatest and equal efficiency
were wet extraction with acetonitrile and extensive extraction of freeze-

177
dried sediment with hexane . Although PCBs could be quantitatively

recovered from spiked samples it is not certain that the recovery from
natural samples is quantitative. To check the comparability of our results

with those of Harvey et al. , a large sample of dredged sediment was collected
and homogenized. Samples were analyzed at Monaco and by Harvey's group at
Woods Hole Oceanographic Institution. The respective results were within
+ 20%.
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Figure 30. (Top) Core locations and core numbers. Samples were
collected during cruise leg 121 of R/V Chain, Woods Hole Oceanographic
Institution. (Bottom) Plot of bottom depth along cruise track with
core locations and corresponding PCB concentrations indicated by pointers.

PCBs were present in all cores (Table 57) however, in all cases,
the PCBs were only detectable in the top 1cm section. Further, if one
assumes that the average sedimentation rate for the Mediterranean is on the

179
order of 15 cm/1000 years it is probable that the PCBs are located in the
top 1 ram of the cores. Of course this circumstance precludes any chrono-
logical interpretation. It is significant that PCBs have penetrated the
Mediterranean water column to depths of over 4000 meters (Table 57, sample
No, CH 121-19-1) and are easily detected in all samples analyzed so far.

It is also interesting to note that the gas chromatograms
resulting from the sediment core analysis were in all cases more closely
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representative of Phenochlor DP-6 than DP-5, while by comparison the water
samples discussed in the previous section yield PCB chromatograms which
resembled Phenochlor DP-5. As, on average, the DP-6 mixture contains a
greater percentage of more highly chlorinated compounds than DP-5 our results

Table 57. Concentration of PCBs

Sample
No.

1

2

3

4

5

6

7

8

Core
No.

C-121-19-1

C-121-21-1

C-121-26-1

C-121-29-1

C-121-31-1

C-121-34-1

C-121-36-a

C-121-38-1

Mean

Position

35°57'N
17°58'E
35°52'N
15°32'E

38°29'N
09°41'E
39°44'N
06°21'E
37°30'N
04°59'E
36°55'N
01°36'E

36°30'N
00°40'W
36°07'N
02°47'W

in Mediterranean sediments

Depth
(m)

4043

432

1902

2829

2771

2740

2740

1771

[PCB]
(pph)

2.5

5.1

0.8

4.7

9.0

2.6

2.7

0.8

3.5

indicate there is preferential penetration of the water column by the more
highly chlorinated biphenyls. This could be because the more highly
chlorinated compounds are preferentially adsorbed on sedimenting particles,
or that less chlorinated compounds are more readily destroyed by decom-
position or metabolism. Laboratory experiments with sediments and/or
organisms might clarify this observation.

There are some possible correlations between the PCB concen-
trations we found in different sediment cores and certain oceanographic
features. Such a comparison is possible because all samples were from 1cm
thick subsections and the sediment densities for all samples were the same,
The two lowest values were obtained on the slopes of sills, in both cases
at about the same depth. These low values could be due to the fact that the

currents over the sills are accelerated and cause scouring of the sediment.
Alternatively, they could be due to sediment flowing down the slopes and
leaving uncontaminated sediments exposed. By contrast the highest values
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were obtained in areas where the sedimentation rate is relatively high.

This applies to sample 2 collected on the siculo-Tunisian sill in fairly
shallow water and to sample 5 collected on the Algerian margin of the
western basin.

We are in the process of comparing our data for the
Mediterranean with that of -Harvey for the North and South Atlantic.
Preliminary results indicate that the total deposition rates for the Medi-

* 176.177
terranean could be 6 fold higher than those of the North Atlantic but
further analysis of the data is necessary to clarify this observation.

PCBs in over ocean air of the Mediterranean Sea; While there
are a few reports of PCS concentrations in air masses overlying certain

173 180
ocean regions ' , similar measurements for the Mediterranean regions
have not been published. To assess the relative importance of aeolian
transport of PCBs to the open ocean versus other inputs such as fresh water
run-off and sewage, and to determine if significant variations in air
concentrations could be related to changes in temperature, wind direction
and seasons of the year, we have initiated a programme of air sampling for
PCBs in the open Mediterranean Sea.

180
Our sampling system was identical to that described by Harvey

except that we used glass beads (4 mm diameter) instead of ceramic saddles.
A second exception was that we were unable to attain an adequate flow rate
using glass fiber filters so they were eliminated. Because of this, we are
not able to estimate the amount of PCB on particulate matter. Briefly, the
sampling procedure is as follows: the filter holder was charged with 330 g
of glass beads (4 mm diameter) and coated with 0.25% OV-17 silicone oil,
which traps PCB from the air. The filter holder was then attached to the

3
intake port of the pump which was run at a flow-rate of 82-88 m /hr until

3
between 200-400 m of air had been sampled. Blanks were obtained by
effecting an identical procedure without running the pump. The glass beads
containing the adsorbed PCBs were then sealed in air-tight containers and

returned to the laboratory. At the laboratory the beads were extracted with
hexane in a separatory funnel. The hexane was concentrated to 10 ml with a

rotary evaporator then dried with sodium sulfate and passed through a silica
gel column. The eluate was concentrated to 1 ml in a Kurdena-Danish
concentrator and analyzed with an electron capture gas chromatograph. Samples
were sufficiently free of interferring substances so that further clean-up
was unnecessary. Phenochlor DP-5 was used as a standard in the quanti-
fication of samples. The extraction efficiency determined by analyzing
spiked beads was quantitative. To check the trapping efficiency of the
system the filter cartridge was divided exactly in half with a metal wall
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so that the air stream was split into two equal portions. Into both
portions of the filter were placed 150 g of glass beads coated with
0.25% OV-17 silicone oil. The coated beads were retained with a stainless
steel screen. To the top of one side (upstream end) of the filter
cartridge was added an additional 15 g of glass beads coated with a known
amount of DP-5 while to the other side was added 15 g of uncoated beads.
This cartridge was then attached to the air pump and run for five hours at

3
82-88 m /hr. Each of the four portions of beads was then analyzed. The
efficiency was calculated in the following way: The amount of PCB found on

the beads from the half cartridge containing OV-17 coated plus uncoated
beads was taken to be the background air concentration. This was subtracted
from the amount of PCB found on the other half of the cartridge containing
OV-17 coated beads plus a layer of DP-5 spiked beads. The difference was
taken as the amount of spike that was trapped. No PCBs were found to be
adsorbed on the layer of unspiked-uncoated beads during the efficiency run
nor did any DP-5 remain on the spiked beads. This experiment was repeated
5 times. The efficiency of trapping averaged 90%. In all calculations it
has been assumed that the manufacturers calibration for the air flow indicator
was correct.

During the period August 1975 to February 1976, 25 samples
were collected at the Musee Oceanographique, and 6 over ocean samples were
collected during the cruise of the R/V Oceone from 12-22 September, 1975
(Figure 28, track 5). For samples taken at sea, the air pump was fixed on
the upper deck forward of the wheel house. This was done to ensure that the
air sampled had not passed over the vessel and that no stack gasses could
contaminate the samples. For samples taken in Monaco, the sampler was located
on the seaward side of the roof of the Mus£e Oceanographique (elevation 100 m).

As far as possible, sampling was done during periods of on shore winds.

The open Mediterranean results are summarized in Table 58 and
Figure 31. It is interesting to note that there is not a strong concentration
gradient between the European and African coasts (Cavalaire to station 6).
This suggests that the atmospheric input of PCBs to the Mediterranean may
be more or less uniform and is consistent with the general observations
which were made earlier concerning concentrations of PCBs in Mediterranean
sea water. With respect to the Monaco samples (Table 59) it is interesting

3
to note that during warm periods, values ranged from 0.5 - 0.9 ng/m of
air, while in December, with the onset of cooler temperatures, concentrations
started declining steadily until in January/February they reached a level

3
of 0.03 - 0.08 ng/m of air. The obvious correlation of PCB concentration
in air and the degree of insolation is consistent with an increase in
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Table 58. Over ocean air concentration of PCBs in the
Mediterranean Sea

Date

13 Sept. '75

14 " '75

16 " '75

18 " '75

20 " '75

21 " '75

Station

Cavalaire
(France)

1

3

6

9

13

Position

Harbour

42°30'
6°30'
40° 30'
6°30'
37°30'
6°30'
40°00'

42°17'
9°45'

N
E

N
E

N
E

N
E

N
E

Volume of
sample (m3)

450

460

440

400

400

400

(PCB) ng/m3

0.3

0.3

0.2

0.2

0.1

0.3

vapour pressure of these compounds with temperature. It is also important
to note that during the period of August to February there was also a
gradual shift in the average wind direction from NW to NE. The drop in PCB
concentration would be consistent with this change in wind direction since
the NW wind moves air through the Rhone valley where industrial activity is
relatively intense while the NE winds move air over the alps and areas of
low industrial and population density. This local monitoring programme will

be continued through the year in order to obtain more complete information
on the correlation between PCBs in air and meteorological phenomenon.

6.7 Low molecular weight halogenated hydrocarbons (LMHHs)
in Mediterranean sea water: Preliminary observations

D.L. Elder, J.P. Villeneuve and G.R. Harvey

Halogenated organic compounds containing 1-3 carbon atoms
are among the most extensively produced synthetic chemicals. Within this
group of compounds are solvents such as chloroform, carbon tetrachloride,
trichloroethane and the chlorofluoro carbons or freons which are used as
refrigerants and aerosol sprays. Once produced many of these compounds
are eventually released to the environment. For example, in the case of
perchloroethylene, it has been estimated that about 9 x 10 tons/year

181
are released into the atmosphere . Several other similar compounds may

181
be introduced to the atmosphere at about the same rate . Most reports
to date are concerned with environmental levels and toxicities of higher
molecular weight chlorinated chemicals, e.g. DDT and PCBs, while relatively
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48

20*

Figure 31. Air sampling stations and corresponding PCB concen-
trations (ng/m3) found during the cruise of the R/V Oceone,
12-22 September, 1975.

fewer reports concern the lower molecular weight compounds, in spite of the
fact that many of these compounds are highly toxic, are more easily lost to
the environment, and in many cases are produced in quantities far exceeding

181-183
the more commonly studied, higher molecular weight compounds

An important aspect concerning low molecular weight halogenated
organics is that little is known concerning to what extent they might be

synthesized in the environment. Lovelock et al, have reported the levels of
methyl iodide in sea water and air over the Atlantic and suggests that it is

18«t
produced by biological methylation . It has also been shown that many
marine organisms have the ability to form brominated and chlorinated organic

185
compounds containing five or more carbon atoms . It is conceivable that
lower molecular weight halogenated compounds containing 1-3 carbon atoms
might also be formed. Another environmental source could be by the inter-
action of chlorine with dissolved organic matter. Chlorine is used
extensively in the treatment of sewage as well as for defouling the cooling

186
water of power generators . It is not known to what extent this might
lead to the formation of chlorinated compounds such as those described
above. Two classical reactions of organic chemistry, the halohydrin and
haloform reaction can halogenate organic compounds in aqueous systems using
hypohalites. Nevertheless, the chemistry of these reactions in sea water
under very dilute conditions is not known. We set out to devise a system
which could be used to analyze the background levels of C-C, halogenated

152



Table 59. PCB concentrations in Monaco air August 1975 -
February 1976

Date

5 Aug. '75
25 "
3 Oct. "
6 "
7 "
21 "
28 " "
1 Dec. "
8 " "
9 »

10 "
14 Jan. '76
26 "
27 "
28 "
29 " "

2 Feb. "

3 "
4 " "
c II It

6 "
9 » "

10 "
11 "
12 "

Temperature

22

19
14

12
12
12
12
13
16
9
7
9
9
11
11
10

13
14
8
11
12
12

Volume of
sample (m̂ )

190

200
370
400
390
320
400
410
410
410
430
360
380
280
400
390
390
390
390
380
380
410
410
410
410

(PCB) ng/m3

0.5

0.5
1
0.4
0.4
0.5
0.2
0.3
0.4
0.4
0.3
0.3
0.1
0.04
0.04
0.05
0.08
0.07
0.07
0.04
0.03
0.07
0.05
0.08
0.05

hydrocarbons and to study the reaction products formed by the interaction
of chlorine with the dissolved organic compounds in sea water. We report
here our initial results of qualitative analysis of Mediterranean sea water
for certain low molecular weight halogenated hydrocarbons.

Our analytical method is based on techniques reported by187-192 -i v j
several workers . A sea water sample of 250 ml is purged with
purified nitrogen gas which sweeps the dissolved volatile gases including
low molecular weight halogenated hydrocarbons out of the sample. The
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effluent nitrogen together with these chemicals passes through a glass
column (Figure 32a) containing 60/80 mesh Tenax which is a polymer of

188
2,6-diphenylphenylene oxide . The chlorinated hydrocarbons along with
other volatile organics are trapped by the Tenax because of their affinity
for the material.

The tenax column containing the volatile organics is then
placed in a tube furnace which is incorporated into the sampling train
(Figure 32b). The furnace is heated to 250°C while purging with nitrogen.

The trapped vapours are released from the Tenax, carried along the gas
train, and are recondensed in a coil which is cooled to -90°C. The cooled
coil is part of a gas sampling valve which is fitted to an electron capture
gas chromatograph. Once in the coil, the condensed gases are injected into
the gas chromatograph by heating the coil with the valve in "off" position
thus vaporizing but retaining them, and after some time turning the valve

to the "inject" mode. This causes the gases to pass into the GC injector
where they are analyzed in the normal way.

In order to test the efficiency of the Tenax for trapping
C -C_ chlorinated hydrocarbons, spiked samples of pre-purged distilled water
were prepared by adding known amounts of carbon tetrachloride, chloroform,
dichloromethane, methyl chloride, methyl iodide, 1,1,1-trichloroethane,
1,1,2-trichloroethane, 1,1,2-trichloroethylene and 1,2-dichloroethane,
Several experiments were conducted in which different N« purge rates,
different concentrations of C-j-C- chlorinated hydrocarbon and different
quantities of Tenax were used. The maximum trapping efficiency of the Tenax

was not determined but a glass cartridge (8 mm i.d. x 100 mm) containing
0.3g of Tenax adsorbed all of the above compounds in amounts greater than

l.Oug each.

To date we have analyzed 26 sea water samples from the Monaco
coastal area. A typical gas chromatogram with tentative peak assignments
is presented in Figure 33. We are presently developing a method for rapid
quantitation of the major components identified. Preliminary quantitation
experiments indicate that chloroform (CHC1 ) and 1,1,1-trichloroethane
(CC13CH ) are in the range 1-10 ng/Jl while carbon tetrachloride (CC1.) is

about 0.1 ng/£. This is within the same order of nagnitude concentration
183

found by Murray and Riley for sea water close to Great Britain. Further

work is necessary to refine these estimates and to quantify other compounds
present. In addition we have undertaken a study of the levels of C -C
halogenated hydrocarbons in sea water throughout the western Mediterranean.
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Figure 32. Schematic diagram of sea water purge system (a) and
gas sampling system for GLC (b - d).

6.8 Methyl mercury in Mediterranean mussels: Preliminary
observations

M. Marchand

During 1975 a programme was initiated to analyze marine

samples for methyl mercury in order to determine its existing levels in the
Mediterranean coastal environment and to supplement the laboratory's inter-

191*calibration exercise. It has been suggested that the major input of
mercury into the oceans is via crustal degassing of the lithosphere since
world production of mercury is too small to have a measurable effect on the
overall mercury concentration in sea water. Nevertheless, anthropogenic

155



rCCl 2=CHCl
/ (6)

• CC12 = CC12

(7)

SAMPLE

,CHC12-CHCL2

/ (8)

Figure 33. Typical gas chromatogram and blank obtained by the analysis
of sea water collected near Monaco. (GC conditions: Varian 2100 gas
chromatograph with 63Ni EC detector. Nitrogen carrier gas, flow rate
40 ml/min. Injector temperature: 200°C. Detector temperature: 200°C.
Column temperature: 25°C-175°C @ 8°C per min. Column: 2m x 3mm i.d.
packed with 0.4% carbowax 1500 on carbopack A, Supelco Inc.,
Beliefonte, Pa. USA).

inputs can become important in areas where localized inputs are high. With
respect to the marine environment this is especially true in coastal areas

where run-off and industrial input would have their most intensive influence.

Mussel samples (Mytilus galloppovineialis) were collected from
14 locations between Sete, France and Genoa, Ifaly and from Diana and Urbino,
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Corsica in December 1974. Upon collection the mussels were placed in
insulated boxes and transported live to the laboratory where they were deep-
frozen until needed. Prior to analysis the soft parts of the mussels were
removed, lyophilized and macerated into fine powder. Analysis was carried

101*
out by following the method of Uthe with the exception that benzene was

used in place of toluene in the extraction of the initial aqueous extract,

lyophilized samples were used instead of fresh samples and 10% carbowax 20 M
on gas chrom Q (80/100 mesh) was used in the gas chromatographic analysis.
Quantitation of methyl mercury was carried out by relating strip chart peak
heights produced by samples to those of methyl mercury chloride standards.

Although it is conceivable that some losses of methyl mercury
might have occurred during storage and subsequent lyophilization,B.enedictet.al.

have estimated that the losses were less than 10% after 9 months in stored
108

frozen fish samples. Furthermore, La Fleur has shown that lyophilization
results in less than 5% methyl mercury loss from samples of various organs
of white rats and guinea pigs which had been fed radio-labelled mercury

196
compounds. Fowler found a similar result with mussels containing

metabolically incorporated mercury and also that the lyophilized samples did

not lose significant amounts of mercury after several months storage.

The reproducibility of the method and the extraction
efficiency were determined by analyzing two series of samples of the Monaco
Laboratory oyster homogenate. Each sample (2.0 g) of the first series was

spiked with a known amount of methyl mercury chloride (40, 80, 100, 200,
300, 400, 800 ng respectively) while the other series of five samples (1.0,

2.0, 3.0, 4.0, 5.0 g) was not spiked. The analytical results on the unspiked
samples agreed to within + 10%. The mean methyl mercury concentration of
the unspiked samples was then used to calculate the theoretical amount of
methyl mercury contained in each of the spiked samples (ng of methyl

mercury added + mean value in ng measured). The amount of methyl mercury
recovered from each of the spiked samples was then divided by the respective
theoretical value to determine the extraction efficiency for each of the

seven analyses. The extraction efficiencies ranged from 81 to 100%.

Clearly, the results of extraction efficiency experiments
indicates that the analytical technique needs refinement. Furthermore, it
is not certain that methyl mercury which has been metabolically incorporated
in the mussel will be extracted with the same efficiency as methyl mercury

added as a spike to the freeze-dried sample. Nevertheless, there are some
observations which can be made concerning the initial results (Table 60).
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Table 60. Methyl mercury concentration in
Mediterranean mussels

Sampling sites Methyl mercury (ppb dry weight)

Sete 43
Grau du Roi 182
Port St. Louis 136
Marseille 148
Toulon 81,90, 94
Cap Camarat 16
St. Tropez 39
St. RaphaSl 46
Cannes 232
Antibes 83
Monaco 125
San Remo 84
Savona 47
Genoa 37
Diana (Corsica) 24
Urbino (Corsica) 18, 22

Of the five locations yielding samples with relatively high

methyl mercury concentrations, two (Grau du Roi and Port St. Louis) were
near the mouth of the Rhone river, one (Marseille) was within a large
industrial port and two others (Cannes, Monaco) were near sewage outfalls.
Relatively low values were found in samples from Corsica (Diana, Urbino)
and Cap Camarat. The low value found in mussels from Cap Camarat correspond
to similar observations made previously for PCBs, DDT and certain trace
metals in mussels, and for PCBs in sea water collected from the same area.

197In general the values are lower than those previously reported by Thibaud
for samples collected from five locations between Sete and St. Tropez in
1971-72.

6.9 Chlorinated hydrocarbons in a pelagic community

D. Elder and S.W. Fowler

For several years data have been accruing on the distribution
of chlorinated hydrocarbon pollutants in marine ecosystems. An overall

159
picture of ambient levels in biota, water and sediments is now emerging
however, despite the vast amount of data collected to date, questions still
arise as to whether certain pollutants such as chlorinated hydrocarbons are
indeed magnified through the marine food web. Evidence both for and against

198,199
trophic concentration of PCB and DDT compounds has been cited . The
answer to this question remains unclear due to lack of adequate knowledge

on the relative importance of food and water in the uptake of these compounds
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as well as the fact that conclusions are often confounded by comparing
pollutant concentrations in successive links in the food chain sampled at
different geographical locations and/or at different points in time. The

situation is further complicated by complex prey-predator relationships that

exist in many marine communities. In the present study we have tried to
eliminate some of these problems by examining PCB and DOT concentrations in
species belonging to a relatively well-defined pelagic food chain sampled
at one point in space and time.

A second question of equal interest is to what extent marine
biota effect the downward vertical transport of chlorinated hydrocarbons.
There is evidence that vertically migrating zooplankton play an important
role in the downward transport of radionuclides and trace metals in many

51
oceanic areas . Furthermore, several studies suggest that rather than
transport of incorporated radionuclides and stable isotopes through
vertical migration of the animals themselves, released particulate products,21,22,33,5ii,55
in fact, account for the majority of the downward flux
Although some data suggest that chlorinated hydrocarbons may be transported
downward by association with biogenic particulate matter , direct
evidence for this possible vector is still forthcoming. To test the hypothesis
that zooplankton and their particulate products could play a role in
transporting chlorinated hydrocarbons to depth, we have analyzed euphausiids
and their particulate products for PCB and DDT compounds in addition to the
organisms sampled for the food chain studies. Use of previously developed

21,5«f
flux models will allow an estimation of the importance of euphausiid
excretion products in effecting the downward vertical transport of chlorinated
hydrocarbons in the sea.

All organisms were collected on three separate occasions at
the same station approximately 5 km off the coast of Villefranche, France.
Macrozooplankton and nekton were fished by making several short oblique

tows with an Isaacs-Kidd midwater trawl between 100 m and the surface.
Microplankton was sampled by simultaneously towing a 1 meter plankton net
(76 pm aperature) at the same depth as the Isaacs-Kidd trawl. Pre-cleaned
glass and metal implements were used to sort species in order to avoid
contaminating the samples with PCBs. Euphausiid fecal pellets and molts
were collected on board and in the laboratory by methods described else-

24,25,61
where with the exception that all containers were either glass or
metal.

Although extreme care was taken to avoid unnecessary contact
of the samples with plastic materials, some contact inevitably occurred
between the organisms and the nylon plankton nets. Cross contamination of
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200
PCBs between plankton and nylon nets can occur ; however, extraction of

the netting used in our study indicated that PCS contamination from this
material would be negligible.

Samples were analyzed following the procedures outlined in the
pesticide analytical manual . All samples were frozen, lyophilized and

pulverized in preparation for extraction. The relatively abundant
*

samples such as microplankton (0.1-1.5 g ), euphausiids {- 1-8 g),
shrimp (- 7-12 g), and fish (6.3 g) were subjected to extraction with
hexane in a Soxhlet extractor (8 hours @ 4 cycles/hour). Less abundant
samples - fecal pellets (a 15-90 mg), molts (= 50-150 mg) - were batch
extracted by shaking with hexane in sealed, conical-bottomed, centrifuge

tubes. Extracts were removed by centrifuging to settle the sample residue
and by transfering the supernatent solvent with the aid of a Pasteur

pipette. Each sample was extracted ten times. When necessary, extracts
were reduced in volume in a Kuderna-Danish concentrator. Interfering
substances were eliminated from the hexane extracts by chromatography on
Florisil and by treatment with concentrated H_SO,. It was not necessary

to remove fatty substances by acetonitrile/hexane partitioning. Hexane
extracts were then further concentrated to a convenient volume (usually

0.2-0.5 ml) in a Kuderna-Danish concentrator, and analyzed by gas chroma-
tography (Figure 34). The presence of p,p'- DDD and p,p' - DDT was confirmed
by dehydrochlorination in methanolic KOH. Precautions were employed to
ensure that contamination from chemicals, apparatus and glassware was
negligible. Routine procedural blanks were run concurrently with samples;
the results were always less than 10% of the sample values. Samples
containing residues in concentrations lower than 0.5 pg/kg are reported as
not detectable (N.D.). Quantitation was carried out by relating strip
chart peak heights produced by samples to those of standard solutions. In
the case of PCBs the calculation was done using the sum of the heights of
6 major peaks. Where a peak was missing it was included as zero in the
summation. During the November 1974 collection, a surface water sample was
also collected and analyzed for PCBs. The analysis was carried out according

169
to the method of Harvey et al. . The PCB concentration (DP-5) was 2.5 ng/£,

167
a value which is considered representative for these waters (Section 6.6).

In general, our values for zooplankton and nekton do not differ

significantly from those reported for similar species in the Atlantic and
199,202,203

Pacific oceans (Tables 61 and 62)

All samples are in terms of dry weight.
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In November 1974 five species which form part of the pelagic
food web were sampled on the same night. Microplankton serve as food for the
omnivorous euphausiid, Meganyetiphanes noTVeg-Laa, which in turn is preyed

upon by the carnivorous decapod shrimp Sevgestes arcticus and Pasiphaea
sivado. M. norvegica and other pelagic crustaceans make up the diet of the
fish, Myatophus glaciale. Concentrations of PCBs as DP-5 and p,p' -DDE in
these organisms are given in Table 61. The compounds p,p' -ODD and p,p' -DOT
were not detectable. Inspection of the data shows that considering concen-
trations on a whole organism basis, biomagnification does not occur in this

S H R I M P

t> cd ef

Figure 34. Gas chromatograms of PCB standards and extract of the
pelagic shrimp, Pasiphaea sivado. The arrow indicates the peak (d)
which is diminished relative to standard PCBs. GLC conditions:
Varian 2100 gas chromatograph; Nitrogen carrier gas (flow rate 40ml/min)
^3Ni BCD detector. Oven temperature: 200°C. Injector and detector
temperature 250°C. Column: 2mx4m id, glass; 10% DC 200 on Gas Chrom. Q.
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Table 61. Chlorinated hydrocarbons in pelagic organisms
collected off Villefranche, France, November 1974

Organism

Microplankton
Meganyotiphanes
nowegica

Sergestes arcticus
Pasiphaea sivado
Myctophus glaciate

Wet wt./
dry wt.

10.4
5.0

-
4.0
4.2
3.2

P»P'- DDE
(yg/kg dry weight)

N.D.

26

15
5
1

PCB
(yg/kg dry weight)

4500
620

470
210
50

Table 62. Chlorinated hydrocarbons in euphausiids (Meganyctiphanes
norvegiaa),their particulate products, and microplankton which serve
as the euphausiids' food

Sample

November 1974
Whole animal
Molts
Fecal pellets
*
Microplankton

January 1975
**
Whole animal

Molts
Fecal pellets

March 1975
Whole animal
Molts

**
Fecal pellets
Microplankton

p,p'-DDE p,p'-DDD p,p'-DDT

ug/kg dry weight

4
N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

DP-5 DP-6

26
N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

620
1400
16000
4500

U.S.

800
13000

2500

36,29
N.D.

N.D.

17,10
N.D.

N.D.

30,15
N.D.

N.D.

260,290
170
4800

N.S.

N.S.

N.S.

38 N.S.
N.D. N.D.

11000, 38000 N.S.

1800 N.S.

*
**
N.D.
N.S.

principally copepods, phytoplankton and detritus
two separate samples

= not detectable
= not significant, i.e. chromatogram has no resemblance to PCB mixture
indicated
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particular food chain. In fact, an approximate 100-fold reduction in PCB

concentration is noted between microplankton and myctophid fish. The fact
that p,p' - DDE was not detected in the microplankton is not immediately
evident however, fecal pellets produced by M. norvegioa which were feeding
upon this population of microplankton also contained no measurable p,p' - DDE
(Table 62). It is possible that the 26 ppb measured in bodies of the
euphausiids had been incorporated into internal tissues at an earlier time.

There is some evidence that P. sivado may selectively absorb,
excrete or metabolize certain PCB isomers. Chromatograms for all samples
closely resembled Phenochlor DP-5 or Phenochlor DP-5 plus Phenochlor DP-6.

In the case of P. sivado however, at least one peak (peak d, Fig. 34) was
definitely diminished in height relative to both DP-5 and DP-6. A similar

203
observation was made by Claeys et ai. for extracts of the pink shrimp
Pandalus jordani.

Concentration of chlorinated hydrocarbons in euphausiid bodies,
molts and fecal pellets as well as in the microplankton upon which they feed
are given in Table 62. Fecal pellets contained the highest levels of PCBs
in all samples examined. Furthermore, the concentrations in feces ranged
from 3.5 to 21 times higher than those in the food organisms which formed
the feces. A similar concentrating process in the same species has been
found to occur for several trace elements21»22>60.

The relationship between the PCB concentration in whole bodies
and molts was not consistent for the three collections (Table 62). In
November 1974 PCB levels in molts were relatively high. Molts represent about

8% of the euphausiid's dry weight; therefore, it can be calculated that
approximately 18% of the euphausiid's PCB body burden was associated with the

outer surface of the animals collected at that time. On the other hand, the
fraction associated with molts collected in January 1975 was only about 5%.
The fluctuation in the relationship between the concentrations in whole
animals and molts may be due to PCB adsorption to the outer surface of the
euphausiid. If this is the case, then significant short-term changes in
PCB concentration in the surrounding waters would be more closely reflected

by PCB concentrations in the molts than those in whole bodies which include

tissues not in direct contact with the water. Whole animal concentrations
should be more representative of long-term integrated levels of PCB concen-
tration in the water mass and/or in the food.

We have attempted to examine the flux of PCBs through
M. norvegioa using a model which has been generated for studying trace metal

21-23
and radionuclide flux in the same species (Section 1.2). The principal
term in the model is an elimination term which takes into account all losses
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of a compound from the euphausiid. The elimination of the compound from the

euphausiid plus that which is incorporated into tissue during growth is
balanced by an uptake term in order that a certain equilibrium is maintained.

In our case, if total loss of PCBs plus the amount accumulated in euphausiid

tissue can be balanced by measured PCB levels in the organism's food, then
the food chain will be most likely the predominant route for PCB uptake.
Unfortunately, as yet, we have no data on the fraction of total PCB

elimination represented by soluble excretion processes. Nevertheless, if

we assume a turnover rate of soluble PCBs of about 10%/day, a value which
21,22 23

approximates those found for certain metals and radionuclides , it can

be calculated that the amounts of PCBs needed to compensate loss plus that
accumulated in tissue do not differ by more than a factor of two from levels
actually measured in the organism's food. As fecal pellet excretion becomes
the predominant term in the model's equation due to the relatively high PCB

levels contained in this material, large changes in the soluble excretion

rate will have little effect on the total elimination term. Hence, the data
we have to date suggest that most of the PCBs taken up and passed through

Af. norvegica is derived from that in the animal's food.

It has been calculated that the fecal pellet production rate
21

is higher than either the production rate of molts or the rate of production

of carcasses formed through the process of natural mortality in a euphausiid
51*

population . Coupling this fact with the high PCB concentrations found in

fecal pellets (Table 62), it becomes clear that fecal pellet deposition is

quantitatively the most important vector in removing PCBs from a euphausiid
population.

Deep sea sediments collected from abyssal plains in both

the North Atlantic and the Mediterranean Sea contain significant concen-
177

trations of PCBs (Section 6.6). It has been suggested that penetration of

PCBs to depth is probably due to some form of particulate transport.
25

Euphausiid fecal pellets have been found to sink at rates as high as 800m/day
5k

and to remain intact for several days . If these characteristics are typical
of zooplankton fecal pellets and those of other pelagic species, then it is
conceivable that such biogenic particulate matter could be an important

component in the overall downward transport of PCBs to bottom sediments.
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Abstracts of recent publications

Comparative Studies on the Bioretention of Radlonuclides
under Laboratory and Field Conditions

M. Heyraud and S.W. Fowler

The influence of different sea water treatments on radio-isotope
flux rates was tested in three species. For any one species no signifi-
cant differences in ^^Zn loss rate were noted between organisms held in
sea water collected in situ and in those maintained in sea water from
the laboratory system. Increased sea water zinc concentration accelerated
G^Zn flux rates; however, the more rapid 6*>Zn loss compared to that
measured in control sea water was only significant when the concentration
was increased by lOOvg zinc/liter.

Simultaneous laboratory and field experiments indicated that
loss rates in clams and mussels were similar whether animals were held
in the field or in the laboratory. Experiments in which crabs were
monitored for ^^Zn loss gave conflicting results. One experiment
performed during the summer indicated that crabs lost ^^Zn significantly
faster in the laboratory than in the field. Another experiment performed
during the winter when water temperatures were lower indicated no
differences in loss rates between the two systems. Differences in radio-
isotope flux rate may have been related to the intermolt eyelet neverthe-
less, it was concluded that for certain organisms care should be exercised
when applying results of laboratory experiments to the field situation.

Thalassia Jugosl. £(1/2) 127 (1973); Published in 1975

Interaction Between Suspensions and Sea Water as a Possible
Regulating Mechanism for Trace Element Concentration

in Near-Shore Waters - A Preliminary Report

R. Fukai, C.N. Murray and L. Huynh-Ngoc

A field study is being carried out on near-shore coastal waters
and on a local river, the Var, in an. attempt to relate experimentally
determined sorption characteristics of Var river suspended sediment with
seasonal variations of trace elements at a sea station near Monaco. The
trace elements studied so far, zinc and silver, show large increase in
concentration in the summer months in surface waters near Monaco. Var
river run-off at this period is great due to snow melting in the mountains
and considerable quantities of suspended sediment are brought into the
"Baie des Anges". Desorption of trace elements, adsorbed on this fresh
water sediment appears to play an important regulating role in the seasonal
variations of zinc and silver. A model is tentatively proposed for pre-
diction of such effects in simple river-coastal systems.

Thalassia Jugosl. 9(1/2) 33 (1973); Published in 1975
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Flux of Cadmium through Euphausiids

G. Benayoun, S.W. Fowler and B. Oregioni

Flux of the heavy metal cadmium through the euphausiid
Meganyctiphanes norvegica was examined. Radiotracer experiments showed
that cadmium can be accumulated either directly from water or through
the food chain. When comparing equilibrium cadmium concentration factors
based on stable element measurements with those obtained from radiotracer
experiments, it is evident that exchange between cadmium in the water and
that in euphausiid tissue is a relatively slow process, indicating that,
in the long term, ingestion of cadmium will probably be the more important
route for the accumulation of this metal. Approximately 10% of cadmium
ingested by euphausiids was incorporated into internal tissues when the
food source was radioactive Artemia. After 1 month cadmium, accumulated
directly from water, was found to be most concentrated in the viscera with
lesser amounts in eyes, exoskeleton and muscle, respectively. Use of a
simple model, based on the assumption that cadmium taken in by the organism
must equal cadmium released plus that accumulated in tissue, allowed
assessment of the relative importance of various metabolic parameters in
controlling the cadmium flux through euphausiids. Fecal pellets, due to
their relatively high rate of production and high cadmium content,
accounted for 84% of the total cadmium flux through M. norvegica.
Comparisons of stable cadmium concentrations in natural euphausiid food
and the organism's resultant fecal pellets indicate that the cadmium concen-
tration in ingested material was increased nearly 5-fold during its passage
through the euphausiid. From comparisons of all routes by which cadmium
can be released from M. norvegica to the water column, it is concluded that
fecal pellet deposition represents the principal mechanism effecting the
downward vertical transport of cadmium by this species.

Mar. Biol. 27: 205 (1974)
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The Effect of Organism Size on the Content of Certain
Trace Metals in Marine Zooplancton

S.W. Fowler

Individual species of euphausiids and pelagic shrimp, collected
at the same time and place, were sorted into different size groups and
analyzed for several "biologically important trace metals by atomic
absorption spectrophotometry and neutron activation. Other specimens
from these samples were dissected into gross anatomical parts and
analyzed in the same way. Molts collected from zooplankters maintained
live in the laboratory were also analyzed for metals.

Results for the different size-group experiments showed that in
general the concentrations of zinc, iron, and manganese were inversely
correlated with dry body weight. Depending upon the crustacean species,
metal concentrations in smaller individuals ranged from 1.2 to 4.1 times
greater than those in larger individuals of the same species. Copper
concentration on the other hand, tended to be a direct function of dry
weight.

Concentrations of zinc, iron, and manganese were generally higher
in molts and dissected exoskeletons than in muscle tissuet however, the
opposite was true for copper. The amount of material shed by euphausiids
in molting ranged from 4.7 to 10.9% of dry body weight with smaller
animals tending to lose a greater percentage of body weight than the
larger specimens. These molts, in which ash accounted for about 40-50%
of the dry weight, contained 15-20, 19-45, 28-40, and 15% of the total
body zinc, iron, cobalt and manganese, respectively. Only 5% of the total
body copper content was associated with the molt. In addition, molts from
smaller crustaceans had higher concentrations of zinc and iron than those
from larger species.

With the exception of copper, it appears that a relatively large
fraction of the animal's metal content is associated with the older inert
chitin, indicating that much of the trace metal measured in small
planktonic crustaceans is merely sorbed to the surface and is not physi-
ologically necessary. In an ecological sense, the rapid molting frequency
of these Crustacea (every 4-10 days), the relatively high concentration
of certain metals in the exuviae, and the slow breakdown of the chitinous
molt, make the process of molting an important vector in the downward
transport of metals in the sea.

Rapp. Conm. int. Mer Medit. 22, (9): 145 (1974)
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Excretion of Different Forms of Zinc by the
prawn Palaemon serratus (Pennant)

L.F. Small, S. Keckes and S.W. Fowler

Freshly collected speciments of Palaemon serratus from the upper
Adriatic Sea were used to determine excretion rates of zina in "zinc-free"
water by anodic stripping polarographio techniques. Weight-specific
excretion of total zinc varied reciprocally with body weightt apparently
in a log-log relationship. Weight-specific excretion of ionic-particulate
zinc appeared greatest in short term (1-3 hr) experiments, while weight-
specific excretion of complexed zinc appeared greatest in longer term
(4-5 hr) experiments; however, we cannot exclude the possibility that
ionic-particulate zinc and dissolved organic compounds were excreted
separately and subsequently combined in the water to yield zinc complex.

Limnol. Oceanogr. 19_: 789 (1974)

Intercalibration of Methods for Radionuclide
Measurements on a Marine Sediment Sample

R. Fukai, G.A. Statham, S. Ballestra, K. Asari

The results reported in the intercalibration of methods for radio-
nuclide measurements on a marine sediment sample are surveyed. The
preparation of the marine sediment sample, its homogeneity and the
procedures for intercalibration are also described. Forty-four laboratories
from 20 countries participated in this intercalibration exercise during
1972-73. The survey of the reported results shows that, although the
scatter of the data for the sediment measurements is still considerably
large, especially for ruthenium-106, the comparability of the results
obtained by different laboratories has been improved, as a whole, when
compared with that for the seaweed sample. Nevertheless, a comparison of
the results obtained by Ge(Li) y-spectrometry with other methods indicates
that there are still problems of calibration of Ge(Li) -^-spectrometers in
some laboratories due, perhaps, to the radionuolide standards used and/or
the procedures of instrument calibration. The probable concentrations
estimated by various statistical treatments of the reported data are
presented for major radionuclides reported, such as strontium-90,
ruthenium-106, caesitm-lS4, caesium-13? and cerium-144.

In: Environmental Surveillance Around Nuclear Installations, Vol. I
STI/PUB/353: p.313, IAEA, Vienna (1974)
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Influence of Soluble Sewage Material on Adsorption and
Desorption Behavior of Cadmium, Cobalt, Silver and

Zinc in Sediment-Freshwater, Sediment-Seawater Systems

C.N. Murray and S. Meinke

The effect of varying concentrations of soluble sewage material
in river water on the sorption of Ag, Cd, Co and Zn by suspended fresh-
water sediments has been studied. Comparison with unpolluted natural
sediment systems show that the sorption processes for trace metals are
often strongly modified when the river water contains sewage materials.

J. Oceanogr. Soc. Jap. 30; 216 (1974)

Aspects of Organic Marine Pollution

E.K. Duursma and M. Marchand

A literature review is intended to summarize available information
on the various aspects of pollution of the marine environment by organic
substances. Chemicals such as pesticides, particularly the organochlorine
insecticides and herbicides, polychlorinated biphenyls (PCBs), oil and
hydrocarbons, sewage, detergents, wastes from wood processing industries,
cyanides and other organic pollutants are disucssed. For each of these
pollutants, information has been presented on their determination, their
distribution in the marine environment, biogeochemical phenomena such as
persistence, degradation and bioaccumulation, and finally on their effects
on marine organisms.

Oceanogr. Mar. Biol. Ann. Rev. Ser., 12: 315 (1974)

Formation of Calcium Silicates during Ignition of Marine
Sediments and its Implication on the State

of Silica on the Sea Floor

E.K. Duursma, C.J. Bosch and D. Eisma

Anomalies in the formation of calcium silicates in various marine
sediment samples were observed on ignition at 800°C. The hypothesis is put
forward that silica, originating from the land and from marine diatoms,
undergoes a slow hydrolysis in the seabed and becomes more reactive.

Geochim. Cosmochim. Acta, 38: 967 (1974)
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Distribution of Radioisotopes between Phytoplankton, Sediment
and Sea Water in a Dialysis Compartment System

R. Dawson and E.K. Duursma

The distribution of the radioisotoves Cl, Mn, Fe, Co, Zn,
90Sr, 106Ru, 109Cd, HOmAg, 13?Cs, 144Ce, ̂ 7Pm and 204Ti between sea water,
Mediterranean sediment in suspension, and the phytoplankton species
Phaeodacty lum tricornutum was studied by using a competitive technique in
which the various phases were separated by dialysis membranes. The radio-
isotopes were introduced into the sea water compartment and the radionuclide
uptake by sediment and phytoplankton occurred in the adjoining compartments
after the isotopes had diffused through the membranes. The diffusion
through membranes is time dependent and related to the hydrated ion radii
of the elements in solution. Chelation of the elements by organic matter
from sewage may hamper this diffusion, although the complexing molecules
themselves can pass through the membrane.

The laboratory experiments showed that the uptake of radionuclides
by sediments and phytoplankton in suspension did not occur independently of
each other but in competition relative to the different affinities to the
sediment and phytoplankton and relative to the concentrations of the
particulate materials themselves.

90On examination of the distribution coefficients, the isotopes Sr,
110mAg3 204Ti and in particular 109 cd, had higher affinities towards
Phaeoaactu lum tricornutum than towards the Mediterranean sediment. The
isotopes °4Mn, 6UCo and J-^Cs had lower distribution coefficients with the
phytoplankton than with sediment and in the case of 59Fe, bbZn, l06Ru, l^Ce
and 14?Pm, tne distribution coefficients were similar for both phytoplankton
and sediment.

Taking into account that many more factors play a role in the natural
aquatic environment, the distribution pattern between water, plankton and
sediment in suspension can be approximated by calculating the percentage
distribution in the 3 phases. Those percentages are dependent on 2 parameters,
being the distribution coefficients and the concentrations of the sediment
and plankton in suspension. Predictions of the amounts of radionuclides or
trace metals which will find their way into the biological food chain and
the amounts removed by sediments can be made.

Neth.J.Sea Res., 8̂ , 339 (1974)
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Procedures Involved in Radioecological
Studies with Marine Zooplankton

S.W. Fowler and L.F. Small

Various procedures in marine radio ecological experiments with
zooplankton are considered in the light of the possibility of establishing
reference methods for marine radiobiological studies. Methods for collection,
handling and maintenance prior to and during experiments are suggested for
various types of zooplankton. The importance of physiological and physico-
chemical parameters are discussed in the context of the experimental design
with the aim of achieving comparable results among workers involved in this
field of research.

In: Design of Radiotracer Experiments in Marine Biological Systems,
Technical Report Series No. 167:P.63 IAEA, Vienna (1975)

Procedures for Radioecological Studies
with Marine Benthic Invertebrates

A. Vilquin, S.W. Fowler and W.C. Renfro

Methods for the collectiont transportation, and pre-experimental
handling are briefly described. In designing radioecologiaal experiments
on marine benthic invertebrates it is important to prevent overcrowding
and to choose healthy, well-acclimated animals. Feeding of the animals
and presence or absence of sediments in the aquaria are critical variables
in many experiments. Length of time the experiment is run and interim
growth of the experimental animals may result in significant variability
in results. The physico-chemical form of the radiotracer is another
important experimental variable.

In: Design of Radiotracer Experiments in Marine Biological Systems.
Technical Report Series No. 167, p. 107, IAEA, Vienna (1975)
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Experimental Studies on Plutonium
Kinetics in Marine Biota

S. Fowler, M. Heyraud, T.M. Beasley

Laboratory experiments were undertaken to measure plutonium flux
through marine organisms and to clarify the pathways by which this
important element is cycled in the marine environment. The use of a
specially prepared isotope, plutonium-237, allowed measurements to be made
with standard Nal(Tl) scintillation techniques. Mussels, shrimp and worms
were allowed to accumulate plutonium-237 from sea water for up to 25 days.
Accumulation by shrimp was relatively slow and the degree of uptake was
strongly influenced by moulting. Cast moults contained large fractions of
the shrimps ' plutonium content, indicating the high affinity of plutonium
for surface areas. Only small amounts of the isotope in the moult are
lost to water; hence, moulting is considered to be an important biological
parameter in the biogeochemical cycling of plutonium. Mussels attained
higher concentration factors than shrimp with most of the accumulated
isotope (> 80%) located in the shell. Byssus threads often contained large
fractions of the mussels' plutonium-237 content and reached concentration
factors as high as 4100. Worms readily accumulated plutonium-237 in either
the +4 or +6 state, reaching concentration factors of approximately 200,
Retention studies indicated a relatively slow loss of plutonium-237 from
all animals studied. In the case of mussels, a computed half-time for a
large fraction of the animals ' plutonium content was of the order of 2
years. The more rapid loss from shrimp (Tb% =1.5 months) was due
principally to the large fraction of plutomum lost at moult. Food chain
studies with shrimp indicated that tissue build-up via plutonium ingestion
would be a slow process. Total excretion was not entirely a result of
passing contaminated food through the gut; approximately 15% of the
ingested plutonium was removed from the contaminated food and subsequently
excreted by processes other than defaeaation of labelled food. Ratios of
four different plutonium isotopes used in the experiments showed that when
the isotopes were present together in the same physico-chemical form, no
differences in isotopic behaviour were evident even in cases in which total
mass of certain isotopes in the system differed by 10$. It is concluded
that plutonium-237, because of its relatively high specific activity, offers
the best possible means for tracing plutonium biokinetics in aquatic
systems in which the experimental design dictates that total plutonium
concentrations approximate to those currently found in the environment.

In: Impacts of Nuclear Releases into the Aquatic Environment STI/PUB/406:
p.157, IAEA, Vienna (1975)
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Relative Importance of Food and Water in Long-Term
Zinc Accumulation by Marine Biota

W.C. Renfro, S»W. Fowler, M. Heyraud and J. LaRosa

ft C

Shrimp, crabs and fish were maintained for 3 mo in a Zn-labelled
simulated ecosystem in which individuals were allowed to accumulate the
radiotracer either directly from the water or from a combined food and
water pathway. Shrimp and crabs, receiving 65zn from the food-water
milieu, did not attain significantly higher ^^Zn body burdens than those
individuals that accumulated the isotope from water only. For fish, the
food pathway accounted for only 2.5 times more ^^Zn than that obtained
after direct accumulation from water. Specific activity measurements of
both organisms and water as well as comparisons of radioactive concen-
tration factors with those based on stable element measurements indicated
that G^Zn in organisms had not reached isotopic equilibrium with the
isotope in the water, even though net ^^Zn accumulation in shrimp and crabs
had ceased by the end of the experiment. It was concluded that there are
zinc pools within adult organisms that exchange only slowly, if at all,
with zinc atoms available in the organisms' food or surrounding water.
Hence, aquatic organisms such as those used in this study can most likely
achieve true isotopic equilibrium only after living significant portions
of their actively growing life stages in a radioactive environment.

J.Fish.Res.Board, Canada 32: 1339 (1975)

Results of Plutonium Intercalibration
in Seawater and Seaweed Samples

R. Fukai, C.N. Murray

The results of the intercalibration exercise for the measurement of
plutonium-239 and 228 in two seawater samples SW-I-1 and SW-I-2 and a
marine algae sample AG-I-1 are presented. Seventeen laboratories from
8 countries as well as the IAEA International Laboratory of Marine Radio-
activity took part. A discussion of the results and methods used in the
analysis is given. It is concluded that in spite of the complicated
chemical procedures involved in plutonium analysis, the scatter of the
reported results was much smaller than that for fission product radionuclides
such as strontium-90, ruthenium-106, eesium-137 etc.

In: Reference Methods for Marine Radioactivity Studies II,
Technical Report Series No. 169:p.l07, IAEA, Vienna (1975)
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Polonium-210: Its Vertical Oceanic Transport
by Zooplankton Metabolic Activity

R.D. Cherry, S.W. Fowler, T.M. Beasley and M. Heyraud

2TOAn earlier work based on atmospheric input of Po to Oceania
surface waters, in situ production from its radioactive precursors and
its measured equilibrium concentration has shown that %10po is removed
from the upper mixed layer at a rapid rate, expressible by a turnover
(or mean residence) time of 0.6 years. Since %10po is known to be highly
concentrated in numerous marine species, a method was devised to assess
the importance of marine zooplankton in removing this radionuclide from
the surface waters. Measurements of %10po losses from living zooplankton
lead to a rapid turnover time of the order of 0.9 years due to zooplankton
metabolic activity alone. It is shown experimentally that fecal pellet
deposition constitutes a mayor mechanism in transporting the radionuclide
from surface to deeper waters.

Mar. .Chetn. 3̂ : 105 (1975)

Variations of Soluble Zinc in the
Var River and its Estuary

R. Fukai, C.N. Murray and L. Huynh-Ngoc

The results of the estimations made of 'extractable' and 'bound'
zinc in the Var River and its estuary are presented. On the basis of these
data various fractions of zinc supplied by the Var River into the estuary
were quantitatively estimated. Budget computations based on the observed
data demonstrated that the variations at the surface of both 'extractable '
and 'bound' zinc in the estuary are mainly governed by the mixing process
of the river water with sea water, while in the subsurface layers the
desorption of both forms of zinc from the suspended sediment particles
carried by the river into the sea is the major cause of the zinc variations.

Estuarine and Coastal Mar.Sci. _3: 177 (1975)
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Effect of Different Radiotracer Labelling Techniques
on Radionuclide Excretion from Marine Organisms

S.W. Fowler, J. LaRosa, M. Heyraud and W.C. Renfro

Experiments were designed to assess the effect of different
techniques of radiotracer labelling on subsequent radioisotope excretion
rates in marine crustaceans. A small amphipod (Gammarus locusta) that
accumulated ^^Zn under a close approximation of natural conditions
excreted the radiotracer during a 3-month period at a markedly different
rate than those of comparable amphipods labelled with ^^Zn in the
laboratory via different combinations of radioactive food and seawater.
Shrimp (Lysmata seticauda) administered 6>>Zn by three different methods
in the laboratory displayed different excretion kinetics during the first
2 months of loss. The difference between excretion rates most likely was
a reflection of the degree to which the various zinc pools within the
shrimp had equilibrated with the radiotracer. During the next several
months all $*>Zn loss rates were quite similar, probably indicating that
radiotracer excretion was taking place from similar zinc pools within the
shrimp. The importance of adequate radiotracer labelling techniques as
well as proper design of subsequent excretion experiments, used to gain
reliable information on flux rates of the corresponding stable metal, is
discussed. It is concluded that laboratory radiotracer experiments which
are intended to supply information on actual situations in the sea require
careful design and execution*

Mar. Biol. 30: 297 (1975)
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Intercalibration of Methods for Radionuclide
Measurements on a Seaweed Sample

R. Fukai, S. Ballestra

The results obtained in the intercalibration exercise of radio-
nuclide measurements on a seaweed sample are surveyed. Forty-seven
laboratories of world-wide distribution participated in this exercise
during 1971-72. It was demonstrated by the survey that the comparability
of the reported results on strontium-90 and cesium-137, obtained by
using various methods, is fairly satisfactory, except for a few widely
deviated results. On the other hand, the variation of the reported
results on potassium-40, ruthenium-106 and cerium-144 are considerably
larger, even though the majority of results had been obtained by using
non-destructive i-spectrometry with Ge(Li) detectors. This indicates
that emphasis should be placed on a proper control of calibration
procedures of counting instruments for these radionuclides. The probable
concentrations estimated on the basis of statistical treatments of the
reported results, are presented for the major radionuclides, potassiwn-40,
strontium-90, ruthenium-106, cesium-134, cesium-137 and ceriwn-144, as
well as low-level radionuclides, cobalt-60, zinc-65, zirconium-niobium-95
and silver-HOm. The preparation and the homogeneity of the distributed
samples are also described in detail.

In: Reference Methods for Marine Radioactivity Studies II,
Technical Report Series No. 169:p213, IAEA, Vienna (1975)
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Adsorption-Desorption Characteristics of Plutonium
and Americium with Sediment Particles in

the Estuarine Environment

C.N. Murray, R. Fukai

The particle formation of plutonium and americium, their adsorption
onto fresh water sediments and the desorption from the sediments in sea
water were studied in the Laboratory under simulated river-estuary
conditions, using -^-emitting plutonium-237 and ameriaium-241. The results
of the experiments show that the particle formation of plutoniwn depends
on its valence states, on pH and on the salinity of the medium. For
river water at pH4, some 25%, 20% and 30% of the added %37Pu was in
particulate form, larger than 0.45pm, for Pu (III), Pu (IV) and Pu (VI),
respectively, while 65%, 90% and 50% of the respective valence states
was associated with particles at pH 8. In sea water the general pattern
remains similar, although Pu (VI) is more soluble in sea water owing to
higher ligand concentrations for carbonate and bicarbonate complexes. The
pH-dependency of particle formation of Am (III) is more steep than that of
plutonium and seems to be influenced by colloidal substances occurring in
the experimental media. The adsorption-desorption characteristics of
plutonium and americium with the sediment in river water as well as sea
water reflect the characteristics of their particle formation, being
dependent upon such properties as valence states, the pH and salinity of
the medium. A sewage effluent added to the media has small but measurable
effects on the adsorption-desorption processes of plutonium.

In: Impacts of Nuclear Releases into the Aquatic Environment, STI/PUB/406:
p.179, IAEA, Vienna (1975)
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Chemical Forms of Zinc in Sea Water
- Problems and Experimental Methods

R. Fukai and L. Huynh-Ngoc

Recent experimental evidence concerning the chemical forms of zinc
occurring in sea water is reviewed in order to aid in the systematic
understanding of zinc geochemistry in the marine environment. The review
indicates the necessity of systematizing the results obtained by different
methods for the determination of zinc in sea water with respect to the
chemical, nature of the zinc fractions measured.

Analytical procedures for the zinc determinations in sea water by
spectrophotometry with dithizone extraction and anodic stripping
voltammetry with composite mercury graphite electrodes are described. By
using these methods^ various pre-treatment tests were carried out to relate
the results of different modes of measurements to the chemical forms of
zinc involved. The comparisons of the results of these tests lead to an
estimation of the occurrence of the following categories of chemical forms
of zinc in sea water: (1) ionic plus labile form, (2) inorganic complexes
and colloids as well as weak organic complexes and (3) occuled fraction
in large organic molecules and/or organic colloids. Capabilities of
different analytical procedures for differentiating one category from
another are discussed.

J.Oceanogr. Soc. Jap. 31; 179 (1975)
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Polonium-210 in Euphauslids: A Detailed Study

M. Heyraud, S.W. Fowler, T.M. Beasley and R.D. Cherry

A detailed study of Zl^Po, the predominant alpha-emitting nualide
found in most marine organisms, has been undertaken in a particular
zooplanktonio species, the euphausiid Meganyctiphanes norvegica. The
purpose was to obtain information conaermng the origin, the "Localization
and the flux of the nuclide in and through this organism. Measurements
of 210po were made in euphausiids of different sizes, in dissected organs
and tissues, and in excretion products. The results show higher concen-
trations in the smaller specimens; this fact cannot be explained on the
basis of surface adsorption, but is probably related to the ingestion of
food. Dissection results show that the distribution of %10po in
euphausiids is not homogeneous, but that the majority is concentrated in
the internal organs, the alimentary tract and the hepatopancreas in
particular. The natural radiation dose received by these organs is in
consequence much higher than that received by the whole animal. Use of a
dynamic model allowed the flux of ZIOpo through M. norvegica to be
calculated. The calculations confirm that food 7s the principal sauce of
210po fOr this species, and clearly show that fecal pellets constitute
the major elimination route. Extrapolation of the data to zooplankton in
general leads to the conclusion that zooplankton metabolic activity plays
an important role in transporting %10po from the surface layers of the
ocean to depth.

Mar. Biol. 34: 127 (1976)

Trace Metals in Mussels from the N.W. Mediterranean

S.W. Fowler, B. Oregioni

A coastal survey in the northwestern Mediterranean region was
initiated to measure existing levels of selected trace metals in mussels.
For most metals the highest values were found in samples from port cities
and areas in the vicinity of river discharge. Marked seasonal variation
for many metals was evident; an overall increase in metal concentration
in mussels from most stations during March 1974 was attributed to high
precipitation and attendant run-off rather than to local pollution. Data
comparison indicates that average metal levels in northwestern Mediter-
ranean mussels do not differ markedly from those measured in similar
species from different localities throughout the world.

Mar.Pollut.Bull. 7: 26 (1976)
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Extraction and Concentration of Copper by Anodic
Stripping from a Mercury Thin Film Electrode

L.L. Edwards, B. Oregioni

In order to increase the sensitivity of copper measurements on
sea water samples by atomic absorption technique, a concentration
procedure was developed by applying catodic plating of copper from sea
water on a graphite electrode with a thin mercury film and successive
anodic stripping into a small volume of distilled water. Copper in the
solution thus obtained was measured by flameless atomic absorption
spectrophotometry, The results of several measurements on actual sea
water samples by the described procedure showed satisfactory agreement
with those obtained by the direct anodic stripping voltammetry.

Anal.Chem. <V7: 2315 (1975)

Copper, Zinc and Cadmium in Coastal Waters
of the N.W. Mediterranean

R. Fukai, L. Huynh-Ngoc

The concentration levels of copper, zinc and cadmium in the
coastal waters of the northwestern Mediterranean tend to match closely
those of off-shore waters when there is no significant man-made
contamination. The appearance of local high concentration for one metal
by possible contamination does not necessarily correlate with high values
for other metals, although some contamination sources elevate the
concentrations of all three metals. In June 1974, the presence of a water
mass having relatively high surface zinc-concentration was observed off
the Marseille-Toulon area.

Mar. Pollut. Bull ]_: 9 (1976)
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FCBs In N.W. Mediterranean Coastal Waters
D.L. Elder

The world wide occurrence of polyahlorinated biphenyls is well
established, but very few data are available for the Mediterranean Sea.
Results of sea water analysis for samples taken from eleven stations off
the northwestern Mediterranean coast give an overall PCB concentration of
12 ng/t.

Mar.Pollut.Bull. _7:63 (1976)

Levels of PCBs and DDTs in Mussels
from the N.W. Mediterranean

M. Marchand, D. Vas, E.K. Duursma

The concentration of synthetic chlorinated hydrocarbons has been
monitored in mussels collected on the north-west Mediterranean coast.
DDT and PCB contamination is widespread in this region and the results
suggest that the mussels are directly exposed to DDT. Seasonal changes
in fat content of the mussels and the (unknown) rates of chlorinated
hydrocarbon accumulation and excretion make the detailed interpretation
of data difficult and limit the value of mussels as bio-indicators of
pollution.

Mar.Pollut.Bull. 7: 65 (1976)

198



10.0 Present Professional Staff of the Laboratory

BEASLEY, Thomas M. (USA)

Born 1934; Whitman College, B.A. (Chemistry)
Oregon State University, M.S. (Chemistry) Ph.D (Oceanography)
1960-1966 Senior Research Scientist, Pacific Northwest
Laboratories, Richland, Washington, USA
1968-1971 Research Associate Professor, University of Washington
1971-1972 Oceanographer, US Atomic Energy Commission

Director, responsible for scientific programme and
administration of the Laboratory.
Joined IAEA in 1972.

DUURSMA, Egbert Klaas (The Netherlands)

Born 1929; Free University, Amsterdam (Chemistry, Psychology)
Ph.D (Oceanography)
1956-1965 Chemical Oceanographer, Netherlands Institute
for Sea Research, Den Helder
Marine radiochemist conducting research of fundamental nature
on the chemical and physico-chemical uptake and accumulation
of radioisotopes in marine sediments. Joined IAEA in 1965.

ELDER, Danny L. (USA)

Born 1941; Brigham Young University, B. Sc. (Chemistry)
Ph.D (Organic Chemistry)
1969-1970 Post-doctoral fellow, Stanford University
1970-1973 Commonwealth Fellow (USA) and Research Scientist,
International Centre of Insect Physiology and Ecology
Nairobi, Kenya.
1973-1974 Senior Research Associate, Columbia University
Organic chemist conducting studies on the geochemistry of
organic compounds. Joined IAEA in 1974.

FOWLER, Scott Wellington (USA)

Born 1941; University of California, B.A. (Zoology)
Oregon State University, M.Sc. and Ph.D (Biological oceanography)
1967 Staff Scientist I, Pacific Northwest Laboratories,

&Richland, Washington, USA.
1969-1970 Fullbright Fellow, Monterrey Institute of Technology,
Escuela de Ciencias Maritimas, Guaymas, Mexico.
Marine radioecologist conducting studies on the modeling of the
transport of radionuclides by marine biota. Responsible for
the programme of the Biology Section. Joined IAEA in 1970.
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FUKAI, Rinnosuke (Japan)

Born 1925; University of Tokyo, Ph.D (Chemistry)
Former Section Chief of Chemical Oceanography and former Chief

of the Radioisotope Laboratory, National Fisheries Laboratory,
Ministry of Agriculture and Forestry, Japan.
Marine radiochemist, responsible for the radiochemical aspects
of the problems of the laboratory, including chemical analysis
of sea water and marine organisms. Joined IAEA in 1962.

GUARY, Jean-Claude (France)

Born 1945; University of Nice, Maitrise es Sciences (Biology)
University Aix-Marseille II, Doctorat de 3° cycle (Biological

Oceanography)
19TO-19T2 Marine Biologist - "Foreign Research Fellov" University
of Tokyo, University of Kagoshima, University of Hiroshima (Japan).

197̂ -1975 Marine radioecologist, Laboratoire de Radioecologie
Marine, Centre Atomique de La Hague, C.E.A. (France).
Marine radioecologist and ecophysiologist conducting studies on
radionuclides-kinetics (especially transuranics) in marine biota.
Joined IAEA in 1975.

HOLM, Gert Elis Gustaf (Sweden)

Born 19̂ 7; University of Lund, M.Sc.
1971-1975 Research Assistant, Radiation Physics Department,

University of Lund (Sweden). Radiation physicist and

radioecologist conducting research on analytical methods for the
determination of transuranic elements in environmental samples.
Joined IAEA in 1975.

POLIKARPOV, Gennady Grigorjevich (USSR)

Born 1929; N.G. Chernyshevsky, Saratov State University (Zoology);
N.G. Chernyshevsky, Saratov and M.V. Lomonosov State University,
Cand. Biol.Sci. (Biophysics); A.O. Kovalevsky, Institute of
Biology of South Seas, Academy of Sciences of Ukrainian SSR,
Dr. Biol.Sci. (Radiobiology); Professor (Radiobiology and

Hydrobiology), Corr.-Member of Ukr, AS USSR (Marine Hydrobiology).
Xf.

1956-1975, Head, Radiobiology Laboratory and Department of

Radiation and Chemical Biology, Institute of Biology of South

Seas, AS Ukr. SSR. Marine radioecologist responsible for research
projects of the environmental studies section. Joined IAEA in 1975.
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11.0

11.1
List of Scientists associated with the Laboratory (1962-1976)

Professional Staff

11.2

11.3

Beasley, T.M.
Chipman, W.
Duursma, E.K.

Elder, D.L.
Fedorov, A.
Fonselius, S.
Fowler, S.W.
Fukai, R.

Gilat, E.
Guary, J.C.
Hela, I.

Holm, E.

Joseph, J.

Keckes, S.
Marchand, M.
Murray, C.N.
Polikarpov, G.
Renfro, W.C.

Special Service Agreements

Asari, K.
Cherry, R.D.
Davies, A.G.
Eisma, D.
Harvey, G.R.
Mancy, K.H.
Miettinen, J.K.
Pucar, Z.
Small, L.F.

Fellowships

Omomo, Y.
UnlU, Y.
Vas Carreiro, M.C.
Ben-Bassat, H.

USA

USA

Netherlands
USA

USSR

Finland
USA
Japan
Israel
France
Sweden
Sweden
Fed. Rep. of Germany
Yugoslavia
France
U.K.
USSR

USA

Japan
South Africa
U.K.

Netherlands
USA
USA
Finland
Yugoslavia
USA

Japan
Turkey
Portugal
Israel
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