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1. Introduction to anoxic waters

Textbooks on marine biogeochemistry, chemical oceanography, or general
geochemistry, usually cover the processes of importance in anoxic waters. The
following introduction is a summary of information found in the following: Libes
(1992), Krauskopf (1979), Sawyer (1978) and Ormerod (1988).

Anoxic waters arises when the oxygen disappears. In most aquatic environments
(both limnic and marine), the transport of ambient oxygen in air, to the water (via
direct diffusion, storms, rain, etc.) balances the consumption by living organisms
in the water. Oxygen deficient zones often occur, within the sediments, when the
primary productivity in the overlying water mass is high and the rate of water
motion is relatively slow. The micro-organisms in the sediment, feeding upon the
sedimenting organic material (mostly dead phytoplankton from the euphotic
zone), may consume the oxygen at a rate higher than the supply rate. However,
some of the bacteria are able to switch to anaerobic respiration and continue to
metabolise the remaining organic matter. In the absence of molecular oxygen
nitrate and sulphate ions can function as electron acceptors. Due to the higher
energy yield, denitrification is thermodynamically favoured over sulphate
reduction and will proceed until the nitrate is depleted.

The final products formed in aerobic respiration are CO2, NO3
2" and some PO4

3"
at the molar ratio of 106:16:1 respectively, while in denitrification, nitrate is
consumed and ammonia is produced besides CO2 and PO4

3'. During sulphate
reduction sulphide is formed and the products CO2, NH3, S2" and PO4

3" are
formed at the molar ratio of 106:16:53:1 respectively. Thus large amounts of
sulphide is formed in this process. Due to the hydrolysis of CO2 formed (H2O +
CO2 => H+ + HCO3), the NH3 and S2"are almost completely converted to NH4

+

and HS". When the sulphate becomes depleted the organic matter may oxidise
itself , through a disproportionation reaction, in which some of the carbon is
oxidised to CO2 and some reduced to CH4. This process is called methane
fermentation and also produces low molecular organic substances (dissolved
organic carbon, DOC). The final products discussed above will all accumulate in
the sediment pore water and gradually diffuse into the overlying water mass. If
the rate of renewal of this water is very low, the formed substances will
consequently accumulate in very high concentrations. In Framvaren fjord, just as
in other anoxic waters, elevated concentrations of H2S, N H / and PO4

3', with
alkalinity are found in the anoxic water column. In this particular site the
concentrations are extremely high, due to the high flux of organic matter to the
sediment and the extremely low renewal rate of the overlaying water mass. The
term alkalinity of sea water is the pH buffering ability, which may be thought of



as all negative charge, which will react with H+. In normal seawater, alkalinity
may in principle be considered as the sum of negative charge from the carbonates
(CO3

2" and HCO3"), but in the deep Framvaren waters, the contribution from S2"
must also be included. The effect of a high (carbonate) alkalinity in Framvaren is
immediately evident when acidifying the water samples, because large quantities
of CO2 (and also H2S) are evolved.

Since the highly water soluble H2S gas formed during sulphate reduction is very
poisonous, high enough concentrations may build up to kill large portions of the
benthic fauna. Sulphate reduction is a very common process in all sediments
(marine as well as limnic) and is easily visible due to the black metal sulphides
formed.

Anoxic waters have a pronounced impact on the behaviour of several organic and
inorganic compounds. The low rate of organic carbon mineralization results in
better preservation of deposited organic material and the sediments formed under
permanent anoxic waters may in many instances, preserve processes from the
past. As an example, oak leaves, known to be at least a hundred years old, have
been found in the sediments of Framvaren that look as fresh as if they were
deposited yesterday. Sediments in anoxic basins containing large amounts of
organic material are generally considered to be the origin of future oil and coal
deposits.

Due to the low redox-potential of anoxic waters, the important iron and
manganese oxyhydroxides may not be present at normal pH values (6-8), due to
the Fe and Mn being reduced to their divalent forms. This has implications on the
transport of several trace metals, which otherwise would be subject to hydrolytic
scavenging. Trace metals scavenged onto iron and/or manganese oxyhydroxide
particles in an oxic water mass, will be released as the particles are transported
into the anoxic zone, or reprecipitated if they enter the oxic water from the
anoxic water. Such repeated cycling across the redox barrier is common where
the vertical distance of the redoxcline is small, like at Framvaren. It has been
estimated (Egeberg 88) that manganese is recycled about 100 times across the
redoxcline in Framvaren fjord before escaping to the deep water. Once in anoxic
water many metals form insoluble sulphides and are scavenged from the water
column. Trace metal concentrations in most anoxic waters are therefore
extremely low while concentrations in the sediments are high.
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2. Study area - Framvaren fjord

2.1 History

Framvaren fjord is a 9 km long and 1 km wide former meromictic1 lake situated
on the southernmost point of Norway (see Fig. 1). The fjord is permanently
anoxic below about 18 m depth due to a very limited water exchange through a
narrow, man made, channel connecting the fjord to the Skagerrak via the Helvik
and Lyngdal fjords. Early investigations in the 1930's by Kaare Miinster Strom
(Strdm, 1936), covering a large number of fjords on the south and west coasts of
Norway, revealed that Framvaren was one of the most isolated and anoxic fjords
on record. Basic data on Framvaren are presented in Table 1 below.

At the end of the last glaciation period the fjord was connected to the sea but due
to the isostatic uplift following this period, the fjord was cut off from the open
sea. The former fjord then turned into a meriomictic lake with sea water in the
bottom 80 m, and marine organisms were replaced by fresh water communities
in the upper water mass. In 1850 a channel was constructed in order to connect
Framvaren with the sea and allow small boats into the fjord. As a result, seawater
replaced the freshwater, but it is not clear whether the old seawater was replaced
or not. The presence of a relatively large fraction of sulphur, still in the form of
sulphate, indicates however that the renewal was complete and that the onset of
anoxia started in 1850 (Skei,1988). The connecting channel was modified in
1878 and again in 1902, which caused further water renewal, to an unknown
extent. The recording of fish kill in the fjord in 1942 indicates additional high
density water inflow to the fjord, which lifted the oxic-anoxic interface to the
surface. The extent of water renewal on this occasion is similarly unknown.

2.2 Water column

The hydrogen sulphide concentrations in the bottom water, of the 183 m deep
main basin, is today 7-8 raM, or about 25 times the concentation in the Black Sea
deep water, classifying Framvaren fjord deep waters as a super-anoxic water
mass. Based on the vertical salinity profile (Fig.2) four different water zones may
be distinguished. The surface water (0-2 m) with large variations in salinity, the
intermediate water (2-18 m) with strong gradients in salinity and oxygen, the
deep water (18-80 m), where steep gradients in sulphide and nutrients occur and
the bottom water (80-183 m). The probability of water entering Framvaren via

Meromictic lakes are lakes with a pronounced density stratification, preventing complete
circulation.
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the channel, having a salinity high enough to mix with the bottom water, appears
to be very low (Stigebrandt and Molvasr, 1988). For this to happen, water with a
salinity above about 28 %o must enter, a value significantly higher than the
typical salinities of around 20-22 %o, encountered in the surface water of Helvik
fjord, which constitutes the supply of salt water to Framvaren.

Framvaren Salinity

Salinity [ppt] or Ff S |mM * 2]

10 15 20 25

0°
oSALINITY

H,S
o
o

©

o
o
o

o

s

Figure 2.

Depth distribution of salinity (%o) and H2S [mM-2] in framvaren fjord. Redrawn
from Skei (1986).

A temperature minimum (6 °C) persists at 60-70 meters depth, which presumably
indicates periodic renewal at this level by overflow at the sill of oxygenated water
(Landing and Westerlund, 1988). Apart from the sill separating Framvaren and
Helvik fjords, there are three additional shallow sills in the adjacent fjords, which
effectively prevents denser Skagerrak water from undiluted reaching Framvaren.
As the number of observations on surface water salinity in Helvik fjord are to
limited, estimates on the renewal rate of the bottom- and deep water in
Framvaren are not presently possible. The major water exchange in Framvaren
occurs naturally above the redoxcline and the combined flushing of incoming
Helvik surface water (average 10 m3 s"1) and fresh water ( average 1 m3 s"1),

13



results in an residence time of the upper 18 m of oxic water (10 m ) of about
100 days.

The anoxic water column contains extremely low levels of several sulphide
forming trace metals, such as Cd, Pb, Co, etc. (Haraldsson and Westerlund,
1988) which differ significantly from the concentrations found in the oxic water
mass, but which are comparable to those found in the Black Sea (Haraldsson and
Westerlund, 1988). Other characteristic features for the super anoxic bottom
water in Framvaren are the extreme concentrations of sulphide, alkalinity and
nutrients, as shown from Table 1. These are all the result of the bacterial
degradation of organic matter going on in the sediments, as described above. An
important feature in relation to this thesis, is the shape of the water column depth
profiles of the various final products formed in the sediments. All these profiles
have nearly the same shape as the depth profiles for plutonium, americium and
thorium presented in Paper I-III, clearly showing their source.

Table 1:

Some characteristic features in Framvaren fjord, compared to values in the Black
Sea

Property

Maximum depth

Bottom salinity

Renewal time of bottom water

Volume of anoxic water

Bottom H2S

Bottom Silica

Bottom Phosphate

Bottom alkalinity

sedimentation rate

organic carbon flux to sed.

Framvaren fjord

183m (a )

23.3%o(a)

7

0.3km3(a)

6-7 mM (a)

800 pM (a)

120 nM

20meql ! ( a )

(40-70 g m ' 2 / ' ) ^

22gm- 2y l ( C )

Black Sea

2234 m ( e )

22.4%o(e)

-1000 y<0

480 000 km3 (e)

0.35 mM (c)

2 0 0 M M ( C )

8 nM (e)

4meqr!(eJ

(60-170 g m V ) ( e ' 8 )

3-4gm-2y-'(8 'h)

(a)(Skei, 1986)
(b)(Skei, 1983)
(c) (Naes et.al, 1988)
{i\PaperI)

<e)(Grasshoff, 1975)
(f) (Falkner et.al, 1993)
(8) (Buesseler and Benitz, 1994)
(h) 1990)
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2.3 Sediments

The gelatinous, varved sediments in Framvaren, is similar to what is found in
some other anoxic marine basins, such as the Saanish Inlet in Canada (Gross
et.al, 1963). The upper black marine sediment is easily distinguishable from the
underlying greenish lake sediment, in which fresh water diatom skeletons are
found (Skei, 1983). The interface between the two sediment types thus marks the
year 1850, when the lake was again connected to the sea. The known depth of
the marine sediment of 47-49 cm in 1995, may also be used to evaluate losses of
top sediments when collecting sediment cores. The very high water content of the
sediments (98-99% by mass) means that sediment cores must be collected with
extreme caution in order not to loose any material, or disturb the core. Sediment
accumulation rates have been determined both via sediment traps and 210Pb
dating (Skei, 1983; Naes ef.a/,1988; Paper II), as well as, from marker horizons
derived from nuclear bomb test fallout plutonium and Chernobyl radiocesium
{Paper II). These results give somewhat different accumulation rates, but are in
the range of 40-70 g m'2 y1. The flux of organic carbon is in the order of 20 g m"
2 y"1 which is very high when compared to the total flux. Compared with other
anoxic marine basins, such as the Black Sea (Ross and Degens, 1974; Hay et.al,
1990), or the Saanish Inlet (Matsumoto and Wong, 1977), the fraction of organic
material in the total flux, is roughly ten times higher. This may be explained by
the generally low total flux in Framvaren and the relative shallow basin, which
permits the organic material to reach the sediments without too much
remineralization. In Saanish Inlet and the Black Sea a much higher fraction of the
organic material originating from the euphotic zone is mineralised within the
water column. In Saanish Inlet this is due to the anoxic zone constituting only the
lower 30 m of a 200 m deep water column and in the Black Sea, due to the depth
of around 2000 m, in which material must pass before reaching the sediment.

Framvaren fjord is a very suitable natural laboratory for research on marin anoxic
waters, since it exhibits extraordinary biogeochemical properties, has a small
catchment area with a sparse population (about 100 people) and is generally
subject to little non-natural interference. In spite of this comparatively little
research has been performed, something that may partly be explained by the
difficulties in conducting anything other than small scale expeditions in to the
fjord, due to the shallow sill preventing the entry of large boats. Consequently
heavy equipment is difficult to bring in, and the working area available on the
small boats used are very limited. Another reason for finding relatively few
published results, from this site, is that continuos research in the fjord did not
start until 1979 (Skei, 1986). This may be compared with research in the Black
Sea, the world largest anoxic basin, which has been going on since the turn of the
century (Grasshof, 1975). Summaries on research conducted up to about 1986 in
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Framvaren may be found in a special volume of Marine Chemistry (vol. 23:(3-4),
1988), or in a data report published by the Norwegian Institute for Water
Research (NIVA) (Skei, 1986). An updated summary on research performed in
the fjord is scheduled for publication as a special issue in Marine Chemistry in
the near future.

3. Humic Substances

According to Aiken et al. (1985), 'humic substances comprise a general class of
biogenic, refractory, yellow-black organic substances that are ubiquitous,
occurring in all terrestrial and aquatic environments'. Definition of humic
substances (HS) is difficult and has come to be operational, that is, based on the
method used for isolation of HS in the environment studied. Humic substances
can be divided into several subfractions which were defined several decades ago
in soil science.

Humin: The fraction of HS that is insoluble in water at any pH

Humic acid: The fraction of HS that is not soluble in water below pH 2, but
becomes soluble at higher pH. Abbreviated HA

Fulvic acid: The fraction of HS that is soluble in water under all pH
conditions, Abbreviated FA

Molecular weight of the FA is generally less (500-20 000 Dalton) than for HA
(5000-300 000 Dalton). The HA fraction is more often associated with clay
particles and metal oxides in the soil than FA.

In the terrestrial environment HS comprises the majority of organic material in
soil, which results in the black colour of most soils (the word humus is latin for
soil). The relative contribution of the two water soluble HS fractions (HA and
FA) to HS varies widely. In grassland soils the fraction of FA constitutes only
about 25 % of the total HS, while in forest soils it can amount to 75%
(Stevenson, 1985).

In the marine environment HS generally consists of about 90% FA and 10% HA
but constitute, contrary to that in the terrestrial environment, only about 10-30%
of all the dissolved organic carbon (Malcolm, 1985). The reason for the higher
fraction of fulvic acid in the sea, may be due to the fact that rivers and streams

16



contains a large fraction of the HS as FA and that it is basically the only HA
fraction which flocculates during estuarine mixing (Mantoura and Woodward,
1983).

Marine HS has been thought of as some sort of "garbage" of organic left-overs,
something which remained after the easily degradable parts have been consumed
by bacteria. HS has therefore been considered the most refractory parts in the
DOC pool, something that is not part of the fast biochemical cycles like the
nutrients. A few indications of the refractory nature of marine (as well as
terrestrial) HS comes from the age estimates (by l4C/12C) on deep-sea DOC
which gave apparent ages of around 6000 y (Williams and Druffel, 1987).
Similarly it has been suggested that the bottom water in Framvaren fjord could
contain HS that is remaining from the last glaciation period which is indicated by
the very low 14C/12C ratios found (Prof. D. Dyrsen private comm). A further
indication of the general refractory nature of marine DOC comes from the
reported difficulties in oxidising such substances by chemical methods (with
K2S2Og or K2Cr07). the problems resulted in the development of a high
temperature oxidation method using platina as the catalyst (Sugimura and
Tanoue, 1988). With this method the concentration of DOC in the oceans
suddenly increased by some 10-30%, due to the more refractory components in
the DOC pool being oxidised by the new method. Because of the enormous
storage of carbon in the oceans as DOC, this discovery naturally had a
significant impact regarding the greenhouse effect. The method of Sugimura
(1988) in analysing DOC is now widely used (basically measuring the CO2

emission via IR-absorption when the DOC is burnt at 800-900 °C) and several
commercial instruments are available. The Shimadzu 5000 TOC analyser was
used throughout in this thesis.

One of the major reasons for the focus on HS in marine DOC is that it has a well
known ability to form stable complexes with a wide range of metals (Mantoura
and Woodward, 1983). The reason for this is the presence of both carboxylate
and phenolic groups (Stevenson, 1982). Several studies has been performed with
the aim of studying actinide behaviour in the presence of HS in natural systems.
It has been shown that the concentration of several actinides in fresh water are
significantly higher in the presence of HS (e.g. Alberts et.al, 1977; Wahlgren and
Orlandini, 1982; Roos et.al, 1995). In the study by Wahlgren and Orlandini
(1982), it was shown that the K<j value varied inversely with the concentration of
DOC (mostly HS in fresh water) in a range of North American lakes. It has also
been shown that plutonium is associated with HA as it coagulates during
estuarine mixing (Shen et.al, 1983). This means that the importance of plutonium
supply to the oceans from river run-off is low.
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Published stability constants for actinide-HA and actinide-FA have usually been
determined at low pH (pH<6), in order to avoid complications due to hydrolysis
and carbonate complexation. This makes any application of these constants to
natural waters difficult and it is necessary to take into account the influence of
other ligands present. The most obvious example is U(VI), which may readily be
complexed by both HA and FA, but is found only as the inorganic uranium
carbonate anion in marine waters, due to the high stability constant of
UO2(CO3)34", even in the presence of relatively high concentrations of HS.
Before the study presented in paper IV there was no published data to support
anything other than a carbonate complexing mechanism in the marine
environment, even in anoxic basins such as the Black Sea or the Saanish inlet. In
paper IV we therefore present the first data on colloidal uranium in an anoxic
marine environment. We believe the association of uranium with the colloids to
be due to a fraction of uranium existing as U(IV), a valence state having a much
lower stability constant for carbonate complextion compared to U(VI). The HS
concentrations in the bottom water ranges between 10-20 mg I1 (paper II-IV and
Prof. D. Dyrsen, private comm.) it would therefore appear likely that uranium is
complexed by HS.

While HS may be destroyed by bacterial degradation and UV irradiation in
surface waters, the situation is completely different in anoxic waters such as
those in Framvaren fjord, due to: (a) the absence of UV light, as it is absorbed
quickly in the upper water column and (b) the absence of molecular oxygen
which slows down the metabolic processes. The observations of apparently intact
leaves at sediment depths, corresponding to ages of at least a hundred years
shows that the degradation of even labile organic compounds is slow. The
assumption of the presence of very old refractory DOC in the bottom water is
therefore reasonably.
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4. Particles and colloids in the oceans

4.1 Particles

Though particles are rare in sea water, they control the oceanic distribution of
several trace metals, such as Th, Pu, Am, Pb, Fe. The particle concentration in
ambient ocean water is only about 5-100 ug I'1 (or 0.5-10 g per 100 tons of sea
water) and is composed of mainly of biogenic carbonates, silicates, organic
carbon and terrigenous detritus. Inorganic precipitates, such as oxides of iron and
manganese do not significantly contribute in bulk weight, but are probably
important for the scavenging of several elements. The relative composition of the
particle components varies depending on location and depth, which means that as
particles have different adsorption characteristics for different elements.
Different scavenging regimes are therefore expected in varied oceanic regions.
Generally the concentration of particles in the 1-100 urn size range follows a
power-law distribution (McCave, 1984)

d N .- A D b

dD

Where N is the number concentration (cm3) of particles of diameter D, with A
and b are empirically determined constants.

Knowledge of particle dynamics in the oceans was for a long time very limited,
due to a large extent to the very low concentrations encountered. During the
Geochemical Ocean Sections (GEOSECS) program 1973-74 (see 'GEOSECS'
volume in Earth and Planetary Science Letters, vol. 49, 1980, for details) a
great effort was made to enhance knowledge in this area. Deployment of large
sediment traps at various sites in the oceans (Honjo et.al, 1982) has also helped
significantly in determining the fate of suspended matter.

The conclusions drawn from these studies are that the distribution of particulate
material in the oceans is characterised by: (a) high concentrations in the surface
waters due to biological activity, (b) low concentrations at mid depths and (c)
increasing concentrations near the bottom. The near-bottom region of high
particle concentration, referred to as the nepheloid layer, is composed mainly of
inorganic particles from resuspended sediments, due to bottom currents. Because
of the rather slow settling rate of biogenic material in the oceans, bacterial
oxidation of this material takes place within the upper 1000 m or so. With
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increasing depth the fraction of biogenic matter decreases, partly due to the
destruction of the biogenic components as they fall through the water column.
But also in part the result of the increasing flux of detrital material with depth
resulting from material transferred from the continental shelves. The only
biogenic parts surviving the journey through the water column are the hard parts
consisting of shells of calcium carbonate or silica.

The implications of this particle flux on the behaviour of elements such as
plutonium and americium, which have been deposited on the sea surface, in what
may be considered a pulse input, is clearly seen in many of the depth profiles of
the world oceans. The subsurface maxima of dissolved plutonium and
americium, observed in many of these profiles (Bowen et.al, 1980; Fowler et.al,
1983; Nelson et.al, 1984; Livingston et al, 1987) are likely the result of the
dissolution of biogenic matter carrying plutonium and americium from the
surface waters. This hypothesis is supported by the observed oxygen deficiency
(due to the bacterial oxidation of organic matter) at the plutonium and americium
subsurface concentration maxima. Strong correlation's between nutrients and
certain dissolved trace metals at depth has also been observed (Bruland, 1980).
The dissolution of biogenic hard parts at the bottom, may similarly explain the
high concentration of plutonium found in near-bottom waters found in the
Pacific Ocean (Bowen et.al, 1980; Livingston et.al, 1987).

The fine suspended matter carrying the majority of particulate trace elements in
the oceans does not appear to contribute significantly to the vertical flux
(McCave, 1975). Instead it has been shown that the major vertical flux of
plutonium and americium is due to the sinking of large particles, such as fecal
pellets from grazing zooplankton (Fowler et.al, 1983). From the observed depth
profiles, as well as, from sediment trap data, it can also be concluded that
americium is scavenged with a higher efficiency from the surface waters than is
plutonium. The importance of particle flux as the major regulating factor in
determining residence times for particle reactive substances in natural waters was
demonstrated by Santschi (1984) for a wide range of particle fluxes. This implies
that the approximation of a constant distribution of trace substances between
particle surfaces and solution can be attained.

It has also been argued (e.g. Bacon et.al, 1985) that the major process of
transferring trace metals on fine particulate matter into sinking particles is the
aggregation of the former. In recent years some very important observations on
this have been published (Koike et al, 1990; Wells and Goldberg, 1991, 1992,
1993). The coagulation of colloidal matter into filterable particles have been
suggested as the rate controlling step in the scavenging of particle reactive trace
elements (Honeyman and Santschi, 1989).
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4.2. Colloids

It has become increasingly apparent that colloids may play an important role in
oceanic trace metal scavenging. This may seem evident when considering that
concentrations of submicron sized (5-200 nm) colloids in the order of 1012 I'1,
have been observed in several investigations (Koike et al, 1990; Wells and
Goldberg, 1991, 1992, 1993; Longhurst et.al, 1992). The composition of these
colloids seems to be mainly organic matter (Benner et.al, 1992) and thus likely to
be a part, of or identical to, what normally is referred to as 'dissolved organic
carbon', DOC.

Compared to normal particles (defined as above to be larger than 0.45 um) such
as plankton, bacteria, etc., with a concentration of 103-109 I"1 in sea water, the
number of colloid particles, in the size range of 5-120 nm, seems to be at last
three orders of magnitude greater (Wells and Goldberg, 1991). Considering the
much higher surface area these colloids constitute, compared to larger particles, it
would seem necessary to include them, if we wish to understand the behaviour of
trace substances in the ocean. Table 2 (Libes, 1992) shows the importance of the
organic colloidal pool compared with the mass of other organic constituents in
the oceans.

Table 2: Distribution, by mass, of the organic pool in the oceans.
(Libes, 1992).

Organic carbon pool

Dissolved organic carbon (DOC)
Colloidal carbon (1-1000 nm)

Detrital carbon
Phytoplankton

Bacteria
Zooplankton

Mass

10" g
1017g

3-1016g
31015g

(0.2-2)-1015g

1°'4J

The Table clearly shows that very little of the organic carbon is related to living
organisms, Hedges (1987) stated, 'more than 99% of the organic matter in the
ocean is dead, dissolved and extremely dilute' which certainly seems to be true.
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It has been proposed that the colloids in the ocean constitute a reservoir for the
production of larger particles via aggregation. Such aggregation has been
documented by Wells and Goldberg (1993). Such particle aggregation in marine
waters is a function of Brownian motion, turbulent shear, differential settling and
zooplankton grazing rates, among other factors. For particles less than about 1 urn
aggregation rates should be determined by Brownian motion (Honeyman and
Santschi, 1989, Wells and Goldberg, 1992). This determines the collision
frequency and by the coalescence efficiency, the fraction of collisions which
result in adhesion, which is a function of particle size and composition. A
detailed treatment on the role of coagulation in kinetics of forming larger
aggregates can be found in Farley and Morel (1986).

An important reason for the general stability of colloidal solutions is the presence
of electric charge on the colloid surface, the strength and sign of this charge is a
function of the type of colloid, pH and ionic composition of the solution. This
shell of charge attracts charges of opposite sign, which then develop a second
layer around the colloid. These two layers of charge, called the electrical double-
layer, plays a fundamental role in the behaviour of colloids. Colloids of the same
type in the same solution, will develop a surface charge of the same sign and will
therefore be repelled and form a very stable solution. For colloid to aggregate
they need to be close enough so that the repelling coulomb force is overcomed by
the attracting van der Waals force. This can happen if the thickness of the double
layer is decreased, or by giving the colloid enough kinetic energy. The thickness
of the outer electrical double layer depends, among other things, on the ionic
strength of the solution. At low ionic strength for instance, the inner layer may
control charges at a relatively large distance which means that the colloids can
repel each other, even at large distances which makes close contact less probable.
At high ionic strength the inner charged layer will be able to control ions in the
immediate vicinity which results in a thinner double layer. In such a case the
Brownian motion may be high enough to make the colloid coagulate. This theory
(called Debye-Huckel theory) explains why colloidal material floes in estuaries,
when moving between two environments with widely different ionic strengths.
The sign of the colloidal charge may be altered in an analogous way, by changing
the pH of the solution.

An interesting observation in connection with this is the apparently long
residence time of colloids in the anoxic water mass in Framvaren. One of the
obvious things that should be studied in Framvaren in order to estimate actinide
residence times in the water column is the aggregation rate of the colloidal
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matter. Such aggregation may be measured by photon correlation spectrometry
and will hopefully be done in the near future.

5. I Itrafiltration

Ultrafiltration is one of many possible methods used for the collection of
colloidal material in natural waters. Other techniques are centrifugation, dialysis,
gel-permeation chromatography and field-flow fractionation (e.g. Karaiskakis
et.al, 1982; de Mora and Harrison, 1983). The use of ultrafiltration for collecting
colloidal material from large volumes of water (100-1000 1) became possible in
the mid eighties when tangential-flow, or cross-flow, ultrafiltration became
available.

Cross-flow filtration differs from conventional filtration in that fluid flow is
tangential as well as perpendicular to the surface of the filter membrane. The
sweeping motion of fluid across the filter membrane reduces significantly the
retention of solutes on the filter membrane (known as concentration polarisation).
This increases the filtration efficiency and ensures that the same 'cut-off is
maintained during filtration.

, 0.45
Filtrate

'u-
Pump UF Filter

10 kD
Permeate

Figure 3: Schematic view of the Millipore Pellicon system used in this thesis

One possible set-up of the filtration procedure is shown in Figure 3 above. This is
called the concentration mode due to the fraction of sample, not passing the UF-
filter being directed back to the feed solution. In this way the feed solution will
be more and more concentrated with respect to colloids larger than the cut-off
limit the longer filtration proceeds. An alternative way is by continuously feeding
the feed tank with new filtrate and only collecting the permeate. In this thesis
only the concentration mode has been used. The drawback of using the
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concentration mode is the increased risk of colloid aggregation as filtration
proceeds. This potential artefact must be beared in mind when ultrafiltration is
aimed at studying colloid coagulation via the 234Th distribution between retentate
and permeate.

Depending on the filter used (cut-off limit and surface area) and on applied
pressure, typical permeate flows are in the range of 1-10 1 min1. The filter pore
sizes are given in Dalton units (one Dalton equals one atomic mass unit) and
filters for the Pellicon system are available in several cut-off limits between 1 and
300 kD. The size cut-off is defined operationally as the molecular weight at
which ca. 90 % retention of spherical macromolecules occurs. The cut-off limits
are nominal as the filters retain material above and below their rated size cut-off.
This is because the retention of the macromolecules will depend also on their
structure and ability to break when pressure is applied.

Two types of material are used for the construction of membranes in the Pellicon
system, polysulfone and regenerated cellulose. Regenerated cellulose has a
considerably lower protein binding ability and potential artefacts from adsorption
onto the membranes are therefore reduced. On the other hand the cellulose
membranes require more care in order to prevent bacterial attack (membranes
must be cleaned and stored properly). The cellulose membranes are also more
difficult to clean as they resist strong acids, or bases, less well than the
polysulfone membranes. In this thesis only regenerated cellulose membrane have
been used.

As some fouling of the membranes is unavoidable it is recommended that the
UF-system is conditioned with a sub-volume of the sample in question that is
going to be processed. The conditioning is performed such that the sub-sample is
recirculated through the system for a few minutes before ejecting. This
conditioning results in the adsorption of surface-active material on the
membranes with their hydrophilic groups oriented out from the filter surface and
thus preventing further adsorption (Shaw, 1986).

6. Thermal ionisation mass spectrometry (TIMS).

The advantages of using TIMS for high precision measurement of long lived
radionuclides are the possibilities to combine high ionisation efficiencies with
good charge collection and being able to maintain a stable signal for long time
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periods. Even though the thermal ionisation process only produces the desired
single ionised ions of the actinide elements with efficiencies in the order of 0.1-
1% the energy spread of the formed ions are so low that they may be considered
monoenergetic. This greatly aids in collecting and focusing the produced charge
and thus ensures a high transmission through the system. The history and
development of various types of mass spectrometers may be found in
Ducksworth et.al. (1986).

Depending on the type of spectrometer set-up, detection limits from sub-
femtogram to nanogram may be encountered. It is however not only the absolute
detection limit which has made these instruments attractive. The possibility of
determining isotopic ratios with high accuracy has enabled several studies in the
field of isotope fractionation and high precision dating not earlier possible.
Important steps which have enabled such measurements include the
incorporation of precise and rapid switching magnet control systems, improved
ion optics to achieve high transmission and highly shielded detectors to detect
small ion signals (Chen et.al., 1992). The advantages of having a stable signal
over a time period of an hour or more are that time is allowed for optimising the
transmission (which may vary from sample to sample) and that artefacts in the
isotopic ratios, due to isotope fractionation during heating may be better
accounted for.

A significant improvement in achieving low detection limits was the introduction
of carborized filaments (Pallmer et.al, 1980a, 1980b). The carborization means
depositing a carbon source onto the filament. The carbon which is deposited
dissolves into the filament whereby the filament work function is increased. A
high work function of the filament is advantageous as it is the difference between
the element first ionisation potential studied and the filament work function
which determines the amount of ions produced of the element (Chen et.al.,
1992). The carbon also promotes the production of ions over oxides (which is not
transmitted through the spectrometer). The carborization may be done by
exposing the hot filament to xylene vapour (Buesseler and Halverson, 1987) or
by dropping a colloidal carbon solution onto the filament and then make it red-
hot by applying a current. The latter procedure was used in paper HI.

In order to further improve the transmission of ions and thereby improving
sensitivity Freeman et.al (1970) developed the technique where the sample is
loaded onto the filament as one or two anion-exchange beads that were placed at
the centre of a folded filament. This increased the detection limits by one order of
magnitude. Although possible to use, this method was not chosen for the samples
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analysed in paper III. The samples were instead loaded directly onto the filament
dissolved in a few fil of weak nitric acid.

The spectrometer used in paper HI was a Finnigan MAT 261 machine
positioned at the Laboratory for Isotope Geology in Stockholm. The instrument is
equipped with nine Faraday collectors and one secondary electron multiplier
(SEM) which was the detector used in this case.

7.Pu and Am in the marine environment

7.1 Sources

7.1.1 Global fallout

A total of approximately 13 PBq of 239+240Pu and 0.3 PBq of 238Pu has been
injected into the atmosphere from nuclear weapons tests conducted in the
atmosphere between 1945 and 1980, with the major fraction delivered between
1956 and 1963 (Perkins and Thomas, 1980). An additional 4 PBq has been
delivered as "close in fallout" at the various test sites, mostly in the Pacific Ocean
(Aarkrog, 1988). The amount of 238Pu injected into in the environment was more
than doubled by the high altitude burnup of a SNAP-9 satellite power source over
the Indian Ocean in 1964, this delivering an additional 0.51 PBq (Linsalata et. al,
1980). The 24lPu/239+240Pu activity ratio in fresh fallout was about 15 in 1964,
24'Pu being the major source of the present inventory of 241Am in the
environment. The global integrated 241Am/239+24OPu ratio today is around 0.33
when considering only nuclear bomb test fallout.

The primary pathway for the stratopheric plutonium, to the troposphere and the
earths surface is through the tropopause discontinuity zone, which occurs
predominantly in the spring at mid latitudes (Perkins and Thomas, 1980). The
residence time of stratospheric fallout is in the order of one year while in the
troposphere it is only in the order of days or weeks. Since most of the injected
plutonium was from the northern hemisphere and due to the mid latitude
stratospheric injection process, the highest depositions of plutonium is found
between 30-50 °N. Roughly 75% of the 238Pu SNAP fallout was deposited in the
southern hemisphere, while for weapons 238Pu only 20% was deposited in this
hemisphere (Hardy et.al, 1973). This has resulted in large differences in
integrated 238Pu/239+24OPu ratios between the southern and northern hemispheres,
at about 0.033 as compared to 0.16 in 1995.
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7.1.2 Reprocessing plants

Although several reprocessing plants exist around the world the major
discharges, with respect to actinides, has mainly originated from the Sellafield
(former Windscale) plant. The total discharges between 1952-92 of 24lPu,
239+240Pu and 238Pu by the end of 1992 was 22 PBq, 0.6 PBq and 0.11 PBq
respectively, while 0.54 PBq of 241Am has also been discharged (Mitchell et.al,
1996). Today the discharges of actinides are at least two orders of magnitude
lower that the peak discharges during the mid-seventies. Due to the high
concentrations of suspended material in the Irish Sea only about 4% of
discharged plutonium and americium has escaped from the Irish Sea and been
transported elsewhere (mainly the Arctic Seas).

7.1.3 Other Sources

Other sources of plutonium and americium to the world oceans, include run-off
from land via rivers ( e.g. Beasley et.al, 1983; Scott et.al, 1985; Olsen et.al,
1981; Fukai et.al, 1980; Baskaran et.al, 1995), dispersal of weapons grade
plutonium from the military aeroplane mishaps in Palomares, Spain (Iranzo,
1980) and at Thule, Greenland (Aarkrog et.al, 1984), and also the aborted Apollo
lunar probe, dumping of low- and high level waste into the Pacific Ocean etc.
But none of these sources have contributed significantly to the oceans on a global
perspective.

In both the Pacific and Atlantic Oceans the measured inventories of plutonium
are higher than anticipated from nuclear bomb test fallout. One explanation of
this has been that the fallout deposition over land, as measured from soil
inventories (Perkins and Thomas, 1980), have underestimated deposition over the
oceans, due to enhanced aerosol scavenging over the oceans via seaspray and
higher precipitation (Aarkrog, 1988). Other explanations of the observed
discrepancy could be statistical in nature, that is, the depth profiles obtained from
the oceans may not represent the average area inventories (Aarkrog, 1988). The
contribution from remobilization of "close in fallout" at the Marshall Islands has
also been considered as an additional source to the Pacific Ocean (Bowen et.al,
1980).

7.2 Behaviour of plutonium and americium in the marine environment.
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The behaviour of plutonium and americium in the aquatic environment may
generally be considered to be dependent on their oxidation states, pH, the
conductivity and concentration of complexing species (notably cabonate,
bicarbonate and dissolved organic carbon) present in the water. Due to plutonium
and americium being particle reactive, the concentration, size distribution and
composition of the surrounding particles are also very important. This is evident
when considering the extremely low solubility product for hydrolysed Pu(IV)
(i.e., PuO2»xH2O; Ksp = 10'56) which determines the limiting solubility for
plutonium in all natural waters. This tendency of hydrolysis generally follows the
effective charge of the ion in the order of An4+ > AnO2

2+ > An3
+ > AnO2

+ ,
where 'An' represents actinide (Choppin, 1983).

While americium only exists in its trivalent state in natural waters, plutonium
may simultaneously exist in four different oxidation states (Pu(III)-Pu(VI)) of
widely differing properties (e.g. Cleveland, 1970). At higher concentrations Pu
has a tendency to disproportionate, meaning the ability to change into other
oxidation states via the reaction Pu(IV) + Pu(V) <=> Pu(III) + Pu(VI). In natural
waters the concentrations are so low that the disproportionation reactions is
unlikely and plutonium probably exists in only one or two oxidation states,
depending on prevailing redox conditions. The determination of the oxidation
state of plutonium in various marine environments has been performed according
to the method of Nelson and Lovett (1981), this method utilises the fact that only
the lower oxidation states of plutonium (Pu(III) and Pu(IV)) coprecipitates with
rare earth fluorides. Results from such measurements, in open ocean water, in
the Atlantic Ocean (Cochran et.al, 1987), or in the Mediterranean (Mitchell, et.al
1995), reveal that roughly 60-90% of the plutonium in filtered water exists in an
oxidised form (Pu(V) or Pu(VI)). However, these values where significantly
lower in the Pacific Ocean data (Nelson et.al, 1984), where fractions of 40-60 %
were determined except at near the bottom, where 90% of the plutonium was
oxidised. The difference between the data sets are difficult to explain and
proposed influences from remobilized "close in fallout" from the Marshall
Islands and the Nevada test site to the Pacific data, is not convincing due to the
large distances between sampling stations and these sites.

Although results for oxidised plutonium are mostly shown as Pu(V,VI), the most
probable oxidation state has been shown, from both field - and laboratory data, to
be Pu(V) (Orlandini, et.al, 1986). In which plutonium occurs as the PuO2

+ ion,
similar to the NpO2

+ ion. It was earlier argued (Aston, 1980) that the most stable
form of plutonium in sea water should be Pu(VI), present as a carbonate complex
similar to U(VI). These calculations, based on published constants for hydrolysis
and complexation with carbonate, sulphate, fluoride, nitrate and chloride, were
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however questioned by Silver (1983). This was because some of the published
constants were associated with large uncertainties and that the relative
distribution between the higher oxidation states of plutonium was sensitive to
even small changes in these constants. Unfortunately are much of the
complexation and redox data obtained in earlier laboratory studies of
questionable use (especially in such complex mixtures as natural waters). These
involved plutonium concentrations much higher than those of environmental
concern (increasing the risk for disproportionation) and also used more acid
solutions (in order to avoid hydrolysis). However, considering the concentration
and relative complexation tendencies for the most important anions in seawater
(OH", HCO3", CO3

2", Cl' and SO4
2'), hydrolysis and carbonate complexation can

be predicted to be the dominant inorganic complexation reactions in sea water
(Choppin and Allard, 1985).

When moving closer to coastal areas, with higher concentrations of suspended
matter, the oxidised plutonium may become reduced, by interaction with mineral
surfaces (Sanchez et.al, 1985; Keeney-Kennicutt and Morse, 1985) and by
increased biological activity (Fisher et.al, 1983). The higher concentration of
dissolved organic carbon (DOC) can also contribute to dditional reduction and
humic acid has the ability to reduce Pu(VI) to Pu(V) rather rapidly and also
Pu(IV) to Pu(III) (Bondietti et.al, 1976). The reduction of Pu(V) to Pu(IV) by
humics is however much slower, as Pu-0 bonds must be broken and also the
Pu(V) species show little interaction with humics at levels encountered in most
open seawaters (< 0.1 mg I"1). For these reasons Pu(V) may be the most stable
form due to purely kinetic factors (Morse and Choppin, 1986).

Even though the PuO2+ ion behaves almost conservatively in open sea water,
laboratory data from Sanchez et.al, (1985) and Keeney-Kennicutt and Morse
(1985) clearly indicates that adsorption can take place on various mineral
surfaces naturally present in sea water (such as aragonite (fresh CaCOs), calcite
('old' CaCO3) or goethite (FeOOH)). The observation that PuO2

+ is readily
adsorbed on these surfaces within minutes, while NpO2

+ does not, indicates that
the adsorption mechanism may be redox controlled, as Np(V) is much more
difficult to reduce than Pu(V). Transferring these observations into the real world
means that plutonium may behave quite conservatively, as long as, it remains as
an Pu(V)O2+ ion. However, the presence of mineral surfaces in coastal waters,
where the concentration of suspended matter increases 100 fold relative to the
open ocean increases the probability for plutonium to be reduced and adsorbed to
surfaces.

The total particle reactivity of Pu may be described by the distribution
coefficient, Kj, which is defined as the activity on solids (Bq Kg'1) divided by the
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concentration in solution (Bq Kg"1). Typical Kd's for reduced plutonium are in
the order of 106 and close to 104 when oxidised (Sholkovitz, 1983). For Am the
Kd's are similar to those of reduced plutonium. The implication of this is that
hardly any reduced plutonium (or americium) is present in the filtered fraction
(operationally defined as > 0.45 urn) when the suspended load concentration
exceeds a few mgl"1. Although the use of the Kd concept is a rather crude way of
looking at the very complex processes regulating actinide behaviour in the
oceans, it is probably the only way in which the importance of suspended
particles can be included in large scale modelling of actinide transport
(compartment modelling or other types of numerical models). The Kj concept is
of course entirely dependent on the operationally defined cut-off value for what is
considered to be dissolved and what is particulate matter (> 0.45 urn) and this
ratio (which is based on two measurements) is therefore dependent on how the
operator filters the water. Clogging of filters results in the trapping of smaller
particles, with their larger surface area to volume ratio, resulting in higher Kj
values. Conclusions based on the distribution of oxidation states between the
particulate and 'dissolved' fractions via the Kj concept are also very risky if
colloidal matter is present, (even at moderate concentrations), the adsorbed
plutonium (as Pu(III) or Pu(IV)) on the colloids will now pass the 0.45 fim filter
and become counted in the 'dissolved' fraction. This is clearly seen in Paper II
where we concluded that practically all plutonium was present as Pu(III), but in
spite of this only a few percent was found in the particulate fraction (0.22 urn
and 0.45(im). At the suspended load values found in Framvaren (0.5-1.5 mg I'1)
the published Kd (Sholkovitz, 1983) values for reduced plutonium would predict
the plutonium (or americium) to be at least 60-80% associated with the filterable
particles, which obviously it is not. The reason for this is the presence of a
enormous surface area in the form of colloidal matter which has adsorbed the
plutonium and americium. This was also confirmed by ultrafiltration in Paper II.
The importance of carrying out ultrafiltration in connection with oxidation state
measurements has been highlighted by Mitchell et.al (1995). In their study in the
Irish Sea, it was concluded that approximately 50% of the reduced plutonium in
the 0.45 jim filtered fraction was colloidal (as determined using a 1 kD filter).

It is difficult to predict the long term behaviour of plutonium in the oceans. At
present the inventory in the ocean water column is slowly decreasing, with an
estimated half life in the order of a few hundred years (as determined from
sediment trap data (Fowler et.al, 1983; Livingston and Anderson, 1983)), while
the removal half life in the surface layers has been calculated to be much shorter
of the order of 7-8 years (Holm et.al, 1991), which is due to the biological
activity as discussed above. However,having a physical half life of 24400 y
makes it necessary to try to estimate the residence time in the water column on a
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longer time scale. It is likely that on a shorter time scale (a few hundred years)
the removal half life of plutonium will increase due to less plutonium being
subject to scavenging by biological activity in the surface layers. The process
determining the removal rate from the water column during the next few decades
will be the processes which transports plutonium downward from the subsurface
maxima in the oceans. This will depend on the probability of the plutonium
species existing at depths greater than about 500 m to ride 'piggy-back' on the
particles falling down from the euphotic zone. Plutonium and americium
deposition on the continental shelves, or on other areas with high particle flux
and intense scavenging is probably also of great importance, as the ocean
circulation will continue to feed these areas with 'new' material via upwelling
(e.g. Sholkovitz, 1983). The importance of areas with intense scavenging in
balancing the export of in situ produced 230Th and 231Pa in the oceans has also
been highlighted by Anderson (1981), who concluded that the export flux as
measured by sediment traps in the Atlantic and Pacific Oceans are less than
predicted from uranium decay. Similar behaviour should be expected for those
anthropogenic actinides whose physical half life is in the same order of or longer
than the circulation time of the oceans. 241Am has a comparatively short half life
(432 y) and has a higher affinity for particles in the oceans, americium will to a
greater degree, than 239+240Pu, be accumulated in deep sea sediments. Several
studies have confirmed the high ratios of 241Am/239+240Pu in suspended material.
These include sediment trap material, as well as, in sediment cores from the deep
waters in the oceans (e.g., Holm et.al, 1977; Fowler et.al, 1983; Livingston et.al,
1987).

Modelling of plutonium concentrations in the oceans on time scales longer than
about a thousand years must include the sediment as a source term for the
potential remobilization. The details of which have been heavily debated over the
last 20 years. This subject is dealt with below.

7.3 Remobilization of plutonium from marine sediments

During the GEOSECS program (See Earth and Planetary Science Letters, vol.
49, 1980) Bowen reported enhanced concentrations of 239+240Pu in near-bottom
waters at several stations in the Pacific Ocean. They argued that these enhanced
concentrations were due to remobilization from plutonium bearing particles being
dissolved at or near the bottom. Nearly the same concentrations, in the bottom
waters, were later reported by Nelson et.al (1984) and Livingston et.al (1987).
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Livingston et.al (1987) argued that as the concentrations had not changed
significantly between 1973 (Bowen et.al, 1980) and 1980 (Livingston et.al,
1987) the plutonium observed originated from maximum fallout period from
1963 to 65. The reason, these enhanced levels have only been observed in the
Pacific Ocean, could be due to the very low rate of deep water formation in the
central gyres of the Pacific. In the Atlantic Ocean the deep water is continually
flushed by water from the polar areas. If assuming these enhanced values were
due to the biogenic particles dissolving, with consequent release of the adsorbed
trace substances, (including plutonium) it is unfortunate that no analysis of other
trace substances were carried out. That would of course greatly helped in
determining the cause of the high plutonium concentrations.

Indications of plutonium mobility within the sediments has also been argued
from solid phase data (Cochran et.al, 1985), which has been based on the
observations of plutonium in sediments deeper than the 2l0Pbxs signal. Arguments
based on the different results of calculated mixing rate constants from the
observed plutonium and 210Pbxs depth profiles in sediments have also been
forwarded (Stordal et.al, 1985). There are however two problems when
comparing solid phase 239+240Pu and 210Pbxs data, which makes the results
insensitive indicators of Pu mobility. The first problem is that in some studies
(such as the one performed by Stordal et.al (1985)) the 239+24Opu and 210Pbxs

analysis was not performed on the same cores and therefore between-core
variability may cause the observed variations. The second problem lies with the
fact that it is difficult to correctly subtract the supported 210Pb activity in many
cases, whereas it is easy to determine 239+240Pu above a zero background. The
errors in the determined 210Pbxs may thus be large and in deep sea sediments
where supported 210Pb activities are much higher than elsewhere, it is difficult to
establish how deep down in the sediments 2l0Pbxs signals are observed.

One of the most sensitive methods in determining whether remobilization occurs
to any significant degree from sediments is by analysing the interstitial water, the
pore water. Due to the low porosity of deep sea sediments the amount of water to
collect from a given slice of sediment is very small. Analysing the extremely low
levels of plutonium that may be expected in such a sample (in the order of a few
uBq for a 100 ml sample) is of course a challenge and requires thermal
ionisation mass spectrometry (TIMS). The only investigation of deep sea pore
water has been performed by Buesseler (1986) on sediments in the Atlantic. Only
three earlier studies exist on plutonium in pore water (Heatherington, 1976;
Nelson and Lovett, 1981; Sholkovitz and Mann, 1984), all in coastal areas (Irish
Sea and Buzzards Bay), and the data presented by Nelson and Lovett (1981) has
been questioned by Sholkovitz (1983) as being unreliable, due to exposure to air
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of the collected pore water samples before filtering. If reducing pore waters
containing Fe2+ and Mn2+ (which they always do to some extent) are exposed to
air long enough, both will oxidise and precipitate as oxyhydroxides,
coprecipitating the plutonium, which consequently will be lost when filtering.

The proposed mechanism for remobilisation from sediments (marine as well as
limnic) has generally been thought to be due to the reduction of Fe (HI) and Mn
(IV) oxyhydroxides to soluble Fe (II) and Mn (II) during reducing conditions.
Trace elements hydrolytically scavenged on to the surface of these particles
would then be released and diffuse out of the sediment carried by other colloidal
particles. However, the composition of marine particles are much more complex
and they are as a rule composed of mixtures of organic and inorganic material.
Practically all inorganic particles formed in natural waters rapidly become
covered with an organic film, in many cases consisting of humics (humic and
fulvic acids). Since both iron and manganese oxyhydroxides, as well as, humic
colloids have a high binding capacity for many trace substances, it may therefore
be difficult to determine if the scavenging is due to adsorption onto the
inorganic, or onto the organic phases. The organic coating may in any case be
remobilised, when the oxyhydroxides are solubilized, thus serving as the carrier
substance.

The results from the study performed by Buesseler (1986) shows that the shape
of the porewater profiles of plutonium closely follows the solid phase data, which
means that there is an equilibrium between the two phases. Loss of plutonium to
the overlaying water column will thus be compensated by the solid phase
plutonium. In all the sediments analysed (from 90 m to 5000 m water depth) the
porewater concentrations of plutonium were higher than in the overlaying water
by a factor of 5-10. Although the sediments ranged from typical shelf sediments
with reducing pore water, to deep sea sediments, with oxic pore water down to
several centimetres, there was no significant correlation between pore water
plutonium and Fe, Mn or DOC. The flux of plutonium to the overlaying water
column, calculated from the pore water profiles, was in the range of 0.5-40 mBq
m~2 y"1, which is approximately 0.1-0.01% of the solid phase inventories per year.
This is a rather low flux and would probably not be noticed, as elevated near
bottom activity, especially when diluted by the water circulation. Assuming the
flux to be constant for at least 10 years would mean a total flux from one of the
deeper cores (4460 m, flux calculated to about 7 mBq m'2 y"1) of 70 mBq. If,
during the time period considered, this is distributed over the lower 200 m water
column then the results in elevated concentrations would be of about 0.4 uBq I"1,
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or only about 4% of the present concentrations. Fluxes of this magnitude would
not support the observed high bottom activities in the Pacific Ocean.

Remobilization of plutonium from weapons testing between 1946 and 1958, at
the Marshall Islands, has been studied by Schell et.al (1980) and Noshkin
(1980). Plutonium in these sediments, composed mainly by foraminifera shells
and coral are readily released. It has been estimated (Noshkin, 1980) that as
much as 50% of the total plutonium inventory in these atolls will be released
during the coming 250 years, assuming the present release rate to be constant.
These carbonate sediments are, however, not representative for sediments
elsewhere in the oceans and conclusions of plutonium behaviour in other places
should not be drawn from the Marshall Islands data.

If the remobilization of plutonium from certain areas in the pelagic ocean have
been accepted without to much discussions, the potential remobilization of
plutonium from coastal and shelf sediments has been heavily debated. If
remobilization from deep sea sediments has been thought of as being due to
mineralization of biological material in an nutrient-poor environment, then
remobilization mechanism in coastal sediments has been suggested to be due to
the reduction and dissolution of iron- and manganese oxyhydroxides. All of these
investigations build their arguments for or against remobilization on the
inventories and/or depth distributions, of plutonium in the sediment, in relation
to either 210Pb dating, or budget calculations, or both (e.g. Livingston and Bowen,
1979; Koide et.al, 1975; Koide and Goldberg, 1982; Carpenter et.al, 1981;
Carpenter and Beasley, 1987). Some of these investigations are critically
reviewed in Sholkovitz (1983), where it is concluded that many of the
interpretations made in the above papers were erroneous and that evidence for, or
against remobilization, cannot be drawn from these data.

The most rigorous dataset on plutonium remobilization from coastal sediments
comes from Buzzards Bay, Massachusetts, where a pore water profile of
plutonium and several other relevant species (alkalinity, dissolved iron,
manganese, DOC, nutrients etc) were presented by Sholkovitz and Mann (1984).
The sediments in Buzzards Bay are muddy, oxic down to a few centimetres and
with a rather high organic matter content (4-5%) and may thus be considered to
represent coastal sediment in a large part of the world. The results from their pore
water study shows that plutonium is present in concentrations comparable to, or
somewhat lower, than those reported by Buesseler (1986) from the shelf station
(90 m). The pore water profile was found to closely follow that of the solid phase
profile. The calculated fluxes from the Buzzards Bay sediment were only in the
order of 1 mBq m"2 y"1, which is only a few percentage of the flux reported by
Buesseler. It should be mentioned that in the calculations made in these two
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investigations, diffusion coefficients for free, uncomplexed, plutonium has been
used (a value similar to that for Th4+ (Li and Gregory, 1974)). If the plutonium is
complexed by DOC, which is very likely at the DOC concentrations of 5-50 mg
I'1 found in these pore waters, the value of the diffusion constant would be 2-3
orders of magnitude lower and consequently the flux from the sediments would
decrease with the same factor.

Although no pore water profile was analysed (successfully) for plutonium in
Framvaren fjord {paper If), it may be calculated that the average flux from the
sediments. In order to generate the observed plutonium depth profile in the water
column must be in the order of 1000 mBq m"2 y"1, that is 2-3 orders of magnitude
higher than the values reported by Sholkovitz and Mann (1984) and Buesseler
(1986) from coastal oxic areas.

7.4 Studies of Pu and Am in anoxic marine basins.

Investigations of plutonium or americium in anoxic aquatic environments have
been infrequently performed. Investigations in lakes have been reported by
Wahlgren et.al (1977), Alberts et.al (1977), Alberts and Orlandini (1981),
Sholkovitz et.al (1982), Buesseler et.al (1985) and Sanchez et.al (1986), while
studies in marine anoxic basins have been reported by Carpenter and Beasley
(1981), Sanchez e/.a/(1986, 1991, 1994), Livingston et.al, (1988) and Buesseler
& Benitz (1994). The reasons for the limited number of papers is not so
surprising, as there are very few locations where anoxic marine waters are to be
found. It is, however, somewhat surprising that the number of published papers
on actinides in anoxic lakes are so few. There are several lakes in the world with
permanent anoxic bottom water, but perhaps more relevant is that many of the
lakes in the subarctic zone develop anoxic bottom water during the long ice
cover.

The work performed by Carpenter and Beasley (1981) included only sediments
and no water, the studied areas were the Saanish Inlet and Dabob Bay in Canada
(separated from each other by about 65 km), the Golfo Dulce (Pacific coast of
Costa Rica) and the Cariaco Trench (Caribean Sea outside Venezuela). All these
basins contain moderate concentrations of H2S (1-50 u.M) in the bottom water.
The main aim of these studies was to compare measured inventories in these
basins relative to expected ones from bomb test fallout. The main conclusion was
that remobilization does not occur from these anoxic sediments and that the
earlier proposed (Livingston and Bowen, 1979) remobilization from the
sediments in Cariaco Trench was due to loss of top sediments during sampling.
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Investigations by Sanchez covered both the Saanish Inlet (1986), the Black Sea
(1991) as well as Framvaren fjord (1994). The Saanich Inlet is a well studied
intermittently anoxic fjord with a wealth of background chemical data. Due to
the fjord being flushed annually there are limited possibilities of studying the
diffusion of remobilized actinides from the sediments. The values for plutonium
reported by Sanchez et.al, (1986) do not show any particular change in the
anoxic water column inventory, over what would be expected. Neither show the
data from the Black Sea (Sanchez et.al, 1991) any enhanced levels in the anoxic
water mass, in fact rather the opposite. It was concluded by Buesseler and Benitz
(1994) that approximately 90% of the Black Sea inventory resides in the
sediments.

The oxidation state measurements performed in the Black Sea (Sanchez et.al,
1991), the first reported in an anoxic marine water column, shows that there is
almost no oxidised plutonium below the redoxcline (50-100 m depth), it would
therefore be expected to discover plutonium adsorbed to particles. Even though
the study by Sanchez et.al (1991) was performed on unfiltered samples,
Livingston et.al (1988) had shown earlier that only about 3% of the plutonium is
retained on a 1 urn filter. The fraction of filterable material found in Framvaren
(0.22 ^m or 0.45 urn) was in the order of 1% {Paper II) of the total
concentration, even though the suspended load concentrations are roughly one
order of magnitude higher in Framvaren than the Black Sea.

The reasons for not finding a similar plutonium depth profile in the Black Sea
water column, as in Framvaren, are probably to be found in the type of particles
which transport the plutonium to the sediment. In Framvaren fjord little
mineralization occurs of the paniculate matter as it settles to the bottom, while in
the Black Sea some mineralization may occur of the organic material during
passage through the 2000 m water column. Most important, however, is that the
organic carbon flux to the sediment in Framvaren is nearly ten times as high as in
the Black Sea (Table 1). The high concentrations of DOC {Paper Il-IV) observed
in the sediment pore water in Framvaren is a continuous source of DOC to the
overlaying water column. As observed from our ultrafiltration data {Paper II), it
is likely that most of the plutonium and americium in the Framvaren water
column is associated with the colloidal component, which therefore prevents
these actinides from being scavenged onto sedimenting particles from the oxic
water mass. Due to the lower fraction of organic carbon flux in the Black sea,
plutonium is probably associated to a higher degree with other particles, when
descending the water column. A study of the colloidal fraction of plutonium and
americium in the Black Sea would certainly help in clarifying this.
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In the Black Sea the porosity of the upper sediment is around 80-85% (Crusius
and Anderson, 1991) and the plutonium in the sediment is entirely associated
with the upper centimetre of sediment (Buesseler and Benitz, 1994). This means
the water volume in the sediment in contact with plutonium containing sediment
is only about 8 liters per m2, while in Framvaren the corresponding volume is 240
1 per m2. In fact this, together with high concentration of DOC in the sediment
pore water probably explains the much higher flux from the Framvaren sediment
although the sediment inventories (Bq m"2) are nearly the same.

It would be interesting to perform a closely spaced water sampling near the
bottom of the Black Sea in order to detect any remobilization. The reason is even
more important when considering that a given sediment layer in the Black Sea,
will be closer to the sediment surface for a longer period of time, than in
Framvaren and will therefore be influenced by advective movement in the
overlaying water. Some indications of remobilization from these sediments on a
longer time scale may come from data presented by Huh et.al (1994), although
they did not consider this aspect. Their data for dissolved 232Th in the water
column show a significant increase towards the bottom, similar to what we
observed (Paper 111), but much more clearly, in Framvaren. The reasons for these
elevated concentrations would of course be very interesting to identify and
perhaps they could provide further insight into future behaviour of plutonium in
the bottom waters in the Black Sea.

The first attempt to measure plutonium oxidation states in Framvaren was
presented by Sanchez et.al (1994). These measurements were performed in 1989
simultaneously with the samples used for the data presented in Paper I (some of
the data presented in the two papers actually stems from the analysis on the same
samples). Unfortunately the recoveries for the analysis of the reduced plutonium
was very poor. This is clearly shown as large uncertainties for some samples as
observed in Table 3 below. If we disregard these large errors for a while and
instead consider the oxidised fraction observed in Framvaren, we see that it is
surprisingly high in the two samples collected in the anoxic water mass (at 40
and 60 m depth), roughly 40%. This is in sharp contrast to the observed
behaviour of plutonium in the Black Sea, where the fraction of oxidised
plutonium in the anoxic waters was nearly zero.
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Table 3: Oxidation state determinations for plutonium in Framvaren and
Helvik Fjords from Sanchez et.al (1994). The last column shows the sum of
the 239+240Pu(III+IV) and 239+24OPu(V+VI) fractions, compared with the
concentrations obtained from whole water samples presented in Paper I.

Framvaren
fjord

Depth [m]
2
10
20
40
60

Helvik fjord
Depth [m]

2
7
11
18
25

^ ^ P u C m + I V )
[mBq m"3]

6.8±3.6
3.5±1.9
2.5±1.4
12.1±6.4
18.0±9.5

239+240Pu(III+IV)
[mBq m"3l

2.7±1.5
5.3±0.5
1.2±0.7
1.7±1.1
3.0±1.7

239+24(Vu(V+VI)
[mBq m"3]

6.1±1.1
4.0±0.9
3.5±0.7
8.3±1.3

11±2

239+24OPu(V+VI)
[mBq m'3]

9.5±1.5
10.7±1.6
10.2±2.0
4.2±0.8
4.5±0.9

Sum of fractions
relative total Pu

174%
134%
92%
76%
48%

Sum of fractions
relative total Pu

115%
137%
211%
75%
104 %

The reducing conditions (as measured from the H2S concentrations) at 40 and 60
m depth in Framvaren are equal to (40 m), or twice as reducing (60 m), as the
bottom waters in the Black Sea. Sanchez et.al (1994) argues that the observed
oxidation state distribution is caused by mixing of the Helvik fjord (the fjord to
which Framvaren is connected, see fig 1) surface water and surface water in
Framvaren. Such mixing does occur (Stigebrant and Molva3r,1988) and mixing
equal amounts of surface water from the two fjords, would result in the observed
salinity and oxidation state distribution, as reported at these depths. This mixing
does not however generate the enhanced levels of plutonium which is present at
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these depths. The large errors for reduced plutonium and the accompanying
inbalance of the sum of the fractions, with the total plutonium at 60 m depth
must also be beared in mind. It is, however puzzling that oxidized plutonium is
found at these depths at all. As the recovery, of the first rare earth precipitate,
was low it is tempting to believe that this did not carry the plutonium as
expected. As negligible tracer crossover was reported, it must however, also
mean that the tracer was not in equilibrium with the plutonium in the sample. We
must therefore conclude that accurate oxidation state measurements are still
missing for the upper part of the water column in Framvaren fjord.

The oxidation state measurements that are presented in Paper II all concern the
bottom water, as our main question was to determine whether any Pu(IV) existed
or not. From thermodynamic calculations (Allard, 1982) it may be predicted that
Pu(lII) should dominate and that is what we also concluded from our
measurements, see Table 4.

Table 4.

Results of experiments aimed at determining the oxidation state of
plutonium in 0.22 \\m filtered bottom water (140-160 m) from Framvaren
fjord. The concentration of 239+24Opu being about 295 ^Bq I"1 in water in
1994 (Paper II).

Method

LaF3 precipitate (10 1);

TTA extracted (81)

Not extracted (water phase)

Adsorbed on AG 1x4 , 8 M HCL. (3 1)

Not adsorbed

Adsorbed or

extracted

oxidation state

Pu(III+IV)

Pu(IV)

Pu(IV,V,VI)

239+24UPu Sum of

luB r1] fractions

[nBl-1]

275±11 na

12±4

271±13 283±15

14±6

290±17 304±20

It must however still be questioned with what confidence oxidation state
measurements can be made with various chemical methods in this peculiar water.
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8. Uranium in the marine environment

The naturally occurring uranium isotopes 238U, 235U and 234U are present in large
quantities in the world oceans, mainly due to the formation of the very stable
uranyl carbonate complex UC^CCh^4" which results in a residence time in the

2 3 5 2 3 8oceans of nearly half a million years (Cochran, 1992). Although the 235U/238U
ratio in seawater is identical to what is found in continental crust the 234U/238U
ratio is larger than unity due to preferential mobilisation of 234U during chemical
weathering. This ratio is rather constant in the oceans and high precision
measurements (Chen et.al 1986) in the Atlantic and Pacific Oceans have resulted
in a activity ratio of 1.1444 ± 0.002. Due to the conservative behaviour of
uranium in open sea water it has a constant relation to salinity. Chen et.al (1986)
has reported a value of 3.162-3.281 ug kg"1 for 35 per mille salinity water. This
ratio, as well as the 234U/238U ratio usually deviates significantly in coastal areas
due to the influence of uranium transported by rivers. The significance of the
detailed knowledge of the behaviour, residence time and isotopic ratios of
uranium is far from academic as the uranium isotopes 235U and 234U are mother
isotopes to the particle reactive isotopes 231Pa and 230Th respectively, which have
shown to be of great value when performing sediment dating. If the ocean
uranium inventory or isotopic ratios have changed over time it would have
implications in several fields.

The major flux of uranium to the oceans comes from the rivers, although a
significant fraction also may come from shelf sediments (Barnes and Cochran,
1990). The removal of uranium is thought to occur at suboxic shelf and slope
sediments as judged from sediment pore water profiles of uranium from such
areas. Contrary to the earlier discussions on potential plutonium and thorium
remobilization from marine sediments the situation is the reverse for uranium.
Barnes and Cochran (1990) also consider anoxic basins as important sinks for
marine uranium.

8.1 Uranium in marine anoxic basins.

Investigations of uranium behaviour in anoxic marine basins has attracted more
interest that thorium isotopes as judged from a survey of published articles over
the last twenty years. The reason for this is likely the ease with which uranium is
measured in seawater and the interest in evaluating these basins as sinks for
uranium. An interesting investigation on the oxidation state and concentration of
uranium in the Black sea was presented by Anderson et.al (1989a) where it was
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concluded that almost no uranium was found to be reduced (U(IV)) as judged
from a method similar to the method of Nelson and Lovett (1981) used to
determine plutonium oxidation states. There were, however, clear indications of
uranium removal as seen from the difference between observed uranium
concentrations and those calculated from salinity. From sediment trap data and
surface sediments a residence time of about 1000 years was calculated, a value
significantly shorter than in the oxic oceans. As no reduced uranium was
encountered the mechanism for removal of the authigenic uranium component
could not be explained. The observations of uranium only being present in its
oxidised form in the marine environment was also reported to be true for the
Cariaco Trench (Anderson, 1987). It thus seems as if the carbonate complex of
uranium stabilises the U(VI) species even though it is expected (Langmuir, 1978)
that U(IV) should predominate at redoxpotentials equal to the Fe2+/Fe3+ redox
couple, that is, in all of the anoxic basins mentioned here.

Although no mechanism for the removal of authigenic uranium has been found
in anoxic basins it has been suggested (Huh et.al 1987, Anderson et.al 1989a)
that the flux of uranium into the sediments (where it is reduced and adsorbed) is
the responsible mechanism for removal. It has also been shown by Mohogheghi
and Goldhaber (1982) that the presence of mineral surfaces are necessary in order
to reduce uranium in sulphidic sea water.

There have been two reports on uranium in Framvaren fjord (Todd et.al, 1988,
McKee and Todd, 1993). Both show deviations in observed uranium
concentrations relative to what is expected from salinity. Todd et.al (1988)
conclude from the conservative ratio of uranium to salinity with depth that there
appears to be no sign of removal to sediments of uranium in Framvaren. Mckee
and Todd (1993) suggests that the uranium in the upper parts of the anoxic water
column is governed by microbial uptake or potential reduction as judged from the
sharp decrease in dissolved uranium observed at the redoxcline.

The results presented in paper IV seem to be unique in at least two aspects. First
the presence of colloidal uranium is evident from all depths as judged from the
ultrafiltration experiments. Second, reduced uranium has been shown to exist at
all depths.

In a recent paper by Porcelli et.al (1996) the presence of colloidal uranium in the
Baltic Sea is shown. The Baltic sea is however a brackish sea with rather high
concentrations of suspended and colloidal matter.

Uranium concentrations in pore water from anoxic marine sediments has been
reported by several authors (Kolodny and Kapland, 1973; Cochran et.al, 1986;
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Anderson et.al, 1989b; Barnes and Cochran, 1991). While earlier presented pore
water profiles (Kolodny and Kapland, 1973, Cochran et.al, 1986) were indicative
of a release from sediment, recently obtained pore water profiles indicate the
reverse in accordance with the theory on diffusion of uranium into the sediments
from the overlaying pore water . The reason for the different results has been
shown to be due to artefacts when sampling the pore water. All of the earlier
investigators have to some extent allowed air to come in contact with the
samples. Something which has been shown to release uranium from the
sediments (via oxidation of uranium to the much more soluble U(VI) species).
Later investigations (Anderson et.al, 1989b, Barnes and Cochran, 1991) have
utilised in-situ pore water collectors (Harpoon samplers) to reliably collect
undisturbed pore water samples.

9. Thorium isotopes in the oceans

Thorium is one of the least soluble elements in seawater due to ist characteristic
ability to hydrolyse and associate with particle surfaces. Of the six naturally
occurring thorium isotopes (234Th , 232Th , 231Th , 23OTh , 228Th and 227Th ) four
are produced continously, in situ, in the water column by conservatively behaving
mother isotopes (238U - 234Th, 235U - 231Th, 234U - 23°Th, 228Ra - 228Th ) and three
of them with a well known rate ( 2 3 4 ^ , 2 3 0 ^ f},) directly proportional to
water salinity. The 228Th isotope is not produced homogenously in the open
ocean, as are the others, due to the mother isotope, 22SRa, with a rather short half
life (5.8 y) is generally supplied to the ocean via advected shelf water or diffusion
from the sea floor.

Due to the reactive nature of thorium these parent-daughter pairs have
extensively been used to study the rate and mechanism of chemical scavenging in
the oceans. A process that is believed to be important in controling the
distributions and concentrations of many trace metals. Initial measurements of
230Th (Krishnaswami et.al, 1976a, 1976b) showed increasing concentrations
with depth, which is a direct consequence of the constant uranium concentration
(and 230Th production rate) of sea water and the fact as the particles sink they
scavenge progressively more 230Th . Due to the long half-life (75 000 y) the
decay during passage of the water column (average time of 20-80 y) is
insignificant. The observations by Nozaki et.al (1981) and Bacon and Anderson
(1982) that 230Th concentrations increased towards the bottom in both the
dissolved and particulate phase was concluded to be a result of sorption
equilibrium with the suspended particles.
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The acceptance of reversible scavenging in the oceans has resulted in several
proposed box-models for the behaviour of the different thorium isotopes (e.g.
Nozaki e/.a/,1981,1987; Bacon and Anderson, 1982; Bacon et.al, 1985). The
aim of these models has been to treat the dynamic transport of the thorium
isotopes in the particle size spectrum of the oceans assuming steady state mass-
balance of the particles involved. These models have been tuned to actual data
and been found to fairly well describe observed depth profiles for thorium under
various suspended load concentrations. Improvment of these models have later
been made by Clegg and Whitfield (1990a, 1990b) and Murnane et.al (1990) to
include the fast remineralisation of large biogenic particles (fecal pellets etc.)
produced in the surface waters.

Although these models have provided insight into the behaviour of thorium
isotopes during particle cycling in the oceans they have not adressed the nature of
the scavenging mechanisms itself. It was also recognised (Santschi et.al, 1986)
from the models mentioned above that calculated rate constants for the prodution
of particulate thorium from dissolved thorium (and the reverse process) was
much slower than predicted from surface site complexation chemistry (in the
order of milliseconds when predicting metal adsorption onto oxide surfaces
(Hayes and Leckie, 1986) to days or months when predicted from Th-box models
with the same concentrations of filterable particles). Another observation which
has nessecitated the development of better models is that the widely used Kj

factor varies inversely for the thorium isotopes (and other metals) with the
particle concentration in the oceans (Honeyman et.al, 1988).

An explanation to the observed discepancies between theory and reality was
presented by Honeyman and Santschi (1989) (building mainly on observations by
Farley and Morel (1986)) in which they attributed the odd behaviour of particle
reactive substances in the oceans to preferential sorption onto colloids. In other
words, the observed low production rate of particulate thorium in the ocean was
an effect of the choise of filter pore size. Would the colloidal fraction have been
included in the particulate pool would the rate transfer from dissolved to
particulate phase have fitted laboratory experiments better. Instead the dissolved
thorium is picked up by the total much larger surface area residing in the
colloidal pool, the production rate of filterable particles (> 0.45 um) then depends
on the aggregation rate of the colloids as has been discussed above. Due to the
Brownian motion of the particles being the most important factor controling the
colloid aggregation, the model has been described as a colloidal pumping of trace
substances. Since the adsorption of the trace substances by the colloids is very
fast, the rate controling step in transferring dissolved trace elements to
sedimenting or filterable particles would be the aggregation of the colloids.
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As has been discussed above, the occurrence of high concentrations of colloids in
sea water has by now been well established (Wells and Goldberg, 1991, 1992 and
1993). The use of 234Th as a colloid coagulation monitor (Baskaran et.al, 1992)
has shown that aggregation times of days to weeks for the aggregation of
colloidal matter (10 kD-0.45um) is typical in upper ocean surface water. Other
investigations (e.g Moran and Buesseler, 1993) have on the other hand shown
that colloidal aggregation not always is thr rate controling step in the scavenging
of thorium from ocean water.

Observations of colloidal coagulation in anoxic waters still remains to be done
but obviously it is important in understanding the residence time for all the
actinides studied in this thesis. The residence times calculated from 234Th -238U
disequilibrium in Framvaren (McKee et.al, 1991) indicated an extremely long
residence time (> 10 y) but as the 234Th -238U disequilibrium only is possible to
use on a time scale of less than a year this value has a large uncertainty. Similar
calculations based on measurements of Ra- Th (Todd et.al, 1988) in the
upper water column gave residence times in the order of 2 years.

232Th , contrary to the other thorium isotopes, enters the oceans mainly in detrital
form via wind blown dust and have a pattern similar to aluminium (Orians and
Bruland, 1985). The concentration of this isotope is therfore extremely low,

typically in the order of lmBq m or less. Large volume sampling with recently
available in situ pumps capable of filtering several hundred liters per hour have
made it possible to study this thorium isotope better. The interest in studying long
lived thorium isotopes has also forced other techniques than conventional alpha
spectrometry to be used. Huh and Bacon (1985) used neutron activation when
analysing 232Th in the Caribbean Sea on 10 1 size samples but with rather large
blank values (20-90%). Chen et.al (1986) used thermal ionisation mass
spectrometry (TIMS) to study 232Th on liter sized samples from the Atlantic
with high precision. During the latest ten years several reports using TIMS for
the analysis of long lived thorium isotopes have been published (e.g. Huh and
Beasley, 1987; Baskaran et.al, 1992, Huh et.al, 1994; Moran et.al, 1995;
Andersson et.al, 1995). The advantages of using TIMS instead of NAA is that
the precision (detection limits, variability, blank corrections) is much higher, the
amount of work per sample less and apart from 232Th , results for 230Th are
usually also obtained.

The introduction of these techniques has drastically reduced the volumes of water
required to analyse 232Th and 230Th (from cubic metres to litres) but have also
introduced harder restrictions on the chemicals and laboratories used for the
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chemical purification steps. The significantly reduced blank levels for 232Th
achieved with the introduction of these routines have also caused the confidence
in older data (before about 1980) to be questioned (Huh et.al, 1989). A situation
well known from many other diciplines concerning analysis of trace amounts of
naturally occurring substances.

9.1 Thorium in marine anoxic basins.

Very few reports on thorium in anoxic marine basins have been reported, a
survey of the literature indicate that paper HI constitute 50% of the 'world
inventory' of 232Th and 230Th profiles in such basins. It is also the first report on
the colloidal distribution as well as on pore water data of 232Th from marine
anoxic waters.

As judged from the data in our paper it seems justified to continue investigating
the behaviour of thorium (as well as other actinides) in such basins. Even though
this paper contains the first evidence for the remobilization of thorium from
marine sediements we strongly believe that a similar mechanism is acting on
thorium in the Black Sea. The 232Th and 230Th depth profiles presented by Huh
et.al (1994) show clearly an increase of dissolved 232Th towards the bottom
even though the concentrations were low compared to in Framvaren (but high
compared to other ocean waters). An investigation of the colloidal distribution of
thorium isotopes in the Black Sea would therefore be highly interesting.

Recent investigations of the long lived thorium isotopes in the Baltic Sea
(Andersson et.al, 1995 and Porcelli et.al, 1996) have shown high concentrations
of colloidal (as well as total concentrations) thorium, likely associated with the
relatively large amounts of humic substances present in the brackish waters. This
is strongly supported by the decreasing concentrations with increasing salinity
observed (also observed earlier by Holm et.al, 1984)
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10. SAMPLING AND MEASUREMENT

10.1 Field work

The collection of all samples upon which this thesis is based upon was
undertaken during four expeditions, June 1989, February 1994, August 1994 and
August 1995.

10.1.1 Sediment sampling.

During the expedition in 1989 {Paper I) sediments were collected from the small
vessel 'F/F H.H. Gran' at station Fl with a 5 cm diameter corer. Two sediment
cores were collected from a depth of 170 m and sliced in 2-cm slices immediately
upon retrieval. Unfortunately the sybsequent analysis showed significant losses
of the upper 15-20 cm, or so, of the cores must have occurred during sampling.
For those reasons the results from these cores are not treated in the coming
discussions.

During the expeditions in 1994 and 1995 a hand held sediment corer with tube
diameter of 64 mm was used and all sampling was carried out from a small boat,
except for in February 1994 when sampling was performed from the ice. In order
to collect undisturbed sediments a long tube (130 cm) was chosen. Only
sediments with 'full length' of the marine sediment were subject to further
analysis at the laboratory. All sediments were sliced immediately upon retrieval
in 2 cm slices (for total analysis) or 3 cm slices (for pore water studies and
sequential leaching). During the sediment sampling in February 1994 the
sediments below about 15 cm were all disturbed, as seen from the lack of
laminas. Cores collected in August 1994 and 1995 were all completely
undisturbed and constitute the main part of sediments used for this thesis.

10.1.2 Pore water sampling

During the sediment sampling in August 1994 and 1995 some cores were split in
3 cm slices and put into plastic bags from which all the air was pressed out
before sealing. The plastic bags were stored in an outer plastic bag in order to
minimise contact with air, for as long as the sampling proceeded. After the
sampling was finished the sediments were kept cold until required. Sediment
slices from the same depths were weighed and then pooled together in 100 ml
centrifuge tubes, sealed with plastic and centrifuged at 2000 rpm for about 10
minutes. The pore water was filtered through 0.45 urn cellulose nitrate filters (47
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mm) using Whatman 3 paperfilter as the prefilter. The remaining solid phase was
transferred to plastic bags and frozen. A total of 4 (1994) and 5 (1995) cores
were collected in this way and the total amount of pore water obtained for each 3
cm layer varied between 200 and 750 ml depending on depth.

During the handling of the sediments, the pore water was not completely
protected from air and when stored for a few hours (cold) the plastic bags used
were not completely air tight. Nor were the sediments protected from air during
centrifuging and filtering, the presence of H2S was tested in the filtered water, by
adding a few drops of copper nitrate solution to a subsample and observing the
formation of CuS. From an earlier pore water study in the Kalix river estuary,
northern Sweden (Roos, unpublished data), it was observed that visible
precipitation of iron hydroxide, on the inside of the plastic bag, occured after one
day of storage in a refrigerator. This occured even though the Kalix River
samples contain considerably more dissolved iron and almost no detectable smell
of H2S. In the Framvaren pore water samples the presence of dissolved Fe2+

(except the fraction that is associated to DOC) is unlikely due to the very high
H2S levels, which means that all the iron should be present as FeS, and therefore
only associated with the solid phase.

10.1.3 Water sampling

During the expedition in 1989 all water samples were collected with a 100 1
Nishkin bottle, while samples taken in 1994-95 were collected by lowering a tube
to selected depths, with a submersible pump suspended a few meters below the
watersurface. Water was pumped into 25 1 cubitainers and processed either on
shore or brought back to the laboratory in Lund for analysis. Verification of
correct depths being sampled is obtained from salinity measurements on
subsamples, or from occasional echo sonar reflections, from a metallic weight at
the end of the tubing. Sampling by means of a tube is not, however, generally
recommended as calm weather is required to minimise drift. On a few occasions
it was necessary to temporarily stop pumping as the tubing was observed not to
be hanging vertically in the water. One duplicate water sample from 140 m depth
was collected in a 301 Nishkin bottle in 1995 with no detectable difference in the
plutonium activity, from a corresponding depth sample collected with the tubing.

Upon arrival to the shore the water samples was transferred to 50, 100 or 200 1
plastic drums, subsamples for salinity, DOC and uranium were taken, the
samples acidified with hydrochloric acid and yield determinants added (242Pu,
243Am, 229Th and l34Cs) while stirring the sample. After letting the tracers
equilibrate with the sample for about an hour the hydroxide forming elements
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were precipitated by adding sodium hydroxide. After settling of the precipitate
the supernate was used for 137Cs analysis by transferring it to another drum. This
was neutralised with hydrochloric acid and then the radiocesium was
coprecipitated onto copper ferrocyanide, formed by adding copper nitrate and
potassium ferrocyanide solutions. In order to form this precipitate it was
necessary to add an excess of the copper nitrate solution to compensate for the
copper sulphide formed.

Several unprocessed water samples were also transported back to Lund. These
samples were used to analyse radium, actinium, protactinium, plutonium, and
uranium oxidation states, as well as, for duplicate analysis.

10.1.4. Ultra filtration

Ultrafiltration was performed on filtered water (100 1 in most cases) from several
depths both in 1994 and 1995. In 1994 the prefiltering of the samples was
undertaken directly when pumping using on line Millipore Milliguard 10" (0.8
m2 filtering area) CWSS cartridge filters (0.2 um nominal pore size). The
Milliguard filters were also used for large volume filtration (300-650 1) from
several depths. In 1995 the water was brought to shore before filtering by using
preweighed 142 mm 0.45 urn cellulose nitrate filters. Ultrafiltration was
performed by using a Pellicon system from Millipore, equipped with two parallel
working 0.46 m2 PLGC (regenerated cellulose) membranes with a 10 kD nominal
molecular weight cut-off.

Before starting to collect the permeate fraction, the ultrafiltration equipment was
conditioned by recirculating a 5-liter subsample for a few minutes before ejecting
to drain. The sample was then filtered in concentration mode with an inlet
pressure of 2-2.5 Bar and a retent pressure of about 1.5 Bar. In 1994 filtration
proceeded until the retentate volume reached about 10 1 while in 1995 equal
volumes of retentate and permeate were produced. Subsamples for DOC, and
uranium were taken from both permeate and retentate before proceeding, as with
the water samples described in 3.1.3. After each ultrafiltration session the whole
equipment was rinsed by recirculating in the following order: 3 1 reverse osmosis
(RO) water, 4-5 1 of 1 M NaOH, 2-3 1 RO-water, 4-5 1 1 M HC1 and finally 2-3 1
RO-water. Each volume was allowed to recirculate (both retentate and permeate
outlets draining back to the feed tank) for about five minutes before ejecting into
a 25 1 cubitainer. Before dismantling and storing the system RO-water was
allowed to flow through the system, until neutral pH was recorded at both
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permeate and retentate outlets. The combined washing solutions was brought
back to Lund for analysis.

10.2 Sample preparation and radiochemistry

10.2.1 Sample preparation

10.2.2 Sediments

The wet weight was recorded before drying at 80-100 °C. In order to determine
the salt free weight of the samples, they were washed gently with about 100 ml of
RO-water on a preweighed paper filter, dried and reweighed. Sediment porosity
was determined as volume of water per volume of total sediment assuming a salt
free sediment density of 1.5 g cm'3. The sediments were analysed by gamma
spectrometry prior to further treatment. Loss on ignition (LOI) was determined
by the weight loss after ashing at 550 °C overnight. Tracer yield determinants for
Pu, Am, Th and U were added after ashing. The 232U tracer used was purified
from its 228Th daughter prior to use. All sediments were dissolved by repeated use
of HF/HNO3 prior to separation. Due to the small amounts used (0.08-2g) there
were usually no problem in dissolving the samples. Separate samples of sediment
were taken for analysis of 210Po when possible. In some of the samples collected
the salt free dry mass was too low to permit separate analysis of 210Po and in
these the samples were not ashed to avoid losses of polonium.

10.2.2 Filters

0.45 urn 142 mm cellulose nitrate filters were dried and the dryweight recorded
with the aim of determining the suspended load in the water column. Due to very
small (sometimes negative) changes in weight compared to filter tara these results
were disregarded. The filters were ashed in the presence of yield determinants
and the ash analysed for actinides. The Milliguard cartridge filters were acid
leached in the presence of tracer yield determinants. The leached filters were
washed with water, then ashed at 550 °C which was then combined with the
leaching solution, evaporated and analysed for actinides and radiocesium.

10.2.3 Pore water

Due to the anticipated small amounts of 232Th present in the pore water samples
special precautions were taken. All tracers added (236Pu, 232U and 229Th) to the
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pore water were therefore purified from the thorium in a clean room using high
purity acids (Seastar, sub-boiling distilled in quartz) and acid cleaned teflon
labware. Iron dissolved from an iron meteorite (known to contain negligible
amounts of thorium) using suprapure hydrochloric acid was added together with
tracers and acid to the porewater samples. The samples was allowed to
equilibrate for one week before precipitating iron hydroxide with ammonia. The
bottles with the samples were shaken for 15 minutes. Further processing was
performed in a clean laboratory at the Laboratory of Isotope Geology in
Stockholm.

10.3 Radiochemistry

10.3.1 Sediment, water and filters.

After dissolution of the sediments and the filtered actinides both were
coprecipitated on iron hydroxide by adding ammonia. The precipitate was
centrituged, dried, dissolved in 8 M HNO3. The plutonium and thorium were
separated according to the method of Wong (1970) and americium according to
the method of Holm (1984).

The water sample precipitates were dissolved in acids and reprecipitated with
ammonia (iron added). In order to get rid of the sometimes large amounts of
humics and silica present, the samples where treated with HF and ashed before
analysis of Pu, Th and Am in a similar way as for sediments and filters.

Uranium was separated by using tri-n-butyl phosphate (TBP) in 8 M nitric acid.

Polonium was spontaneously plated onto nickeldiscs from 2 M HC1 after
dissolving the sediment samples in HNO3/HF. 209Po was used as yield
determinant.

Technetium was analysed according to the method of Ballestra et.al (1987).

10.3.2 Pore water

A slightly modified method of Chen (1986) was used for separating Th, U and
Pu from the pore water. The modification consisted in using HC1 instead of HBr
in the first column to elute Th. Pu was instead eluted from this column with 1 M
HC1. The reason for this was the interest in analysing Pu in the pore water,
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eluting with HBr would result in both Pu and Th in the same fraction. The Pu
and U fractions were brought back to Lund for further purification. The Th
fraction was evaporated and loaded on the rhenium filament for thermal
ionisation mass spectrometry.

Three blanks consisting of empty 250 ml bottles, left over from the pore water
extraction, in Framvaren 1995 were used. They were filled with 150 ml of double
destilled water but otherwise treated exactly as the samples.

Half of the plutonium fraction were further purified with a method similar to that
of Moorthy (1988), being evaporated on quarts discs and irradiated at a neutron
flux of 4-1016 m'2 s"1 at Rise research center, Denmark. The irradiated discs were
etched with HF and the resulting fission tracks counted in a low power
microscope.
Due to the blank samples having high track densities we have rejected the results
from these studies.

10.3.4 Yield determinants

All trace yield determinants were calibrated against standard solutions of 239Pu,
24lAm, 232Th , 238U, and 210Pb which in turn have been gravimetrically
determined (U and Th), or calibrated against high precision point sources of
241Am. 242Pu has also been
(Fukai and Murray, 1975).

241Am. 242Pu has also been calibrated against the intercalibration sample AG-I-

10.4 Measurements

Most gamma spectrometric measurements were performed on a high purity
germanium well crystal. This was because most sediment samples have a mass of
less than one gram.

All alpha spectrometric measurements were performed on either surface barrier
detectors or passivated ion implanted silicon detectors (PIPS detectors). Most of
the plutonium and americium samples were counted 2-3 weeks after
electroplating in order to allow for 224Ra ingrowth. In some of the Th samples
210Po was detected, as it interferes with the low energy peak of 228Th only the
high energy peak was used in these samples.

Background readings for detectors used for Po and Th was done about every
second month.
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Technetium was measured on an anti coincidence shielded GM-counter with a
background of 0.2 cpm. Potential contamination was checked by analysing the
planchettes by gamma and alpha spectrometry.

232Th in sediment porewater was analysed by thermal ionisation mass
spectrometry at the Laboratory for Isotope Geology in Stockholm. After
separation and drying the thorium fraction it was dissolved in a few microliters of
weak nitric acid and allowed to stand for some minutes. Meanwhile a zone-
refined rhenium filament (earlier degassed at 2000 °C for 30 minutes) was
prepared by adding a few microliters of colloidal carbon and evaporating. The
sample was transferred to the filament, evaporated and some more colloidal
carbon was added and evaporated. The filament was carefully positioned in the
filament holder carousel together with the other samples and mounted in the
spectrometer. The samples were allowed to bake at a low current under vacuum
in the spectrometer overnight.

The 229Th mass was monitored while increasing the current through the filament,
meanwhile reading the temperature of the filament via a pyrometer. A stable
thorium signal was obtained at a temperature of 1850-1920 °C. Both 229Th and
232Th signals were obtained by running the instrument in peak jumping mode
using the SEM (secondary electron multiplier) detector in analogue mode. About
100 ratios of 229Th/232Th were measured. The intensity of the Th signal varied
between 25 mV to 500 mV.
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11. Main conclusions

This thesis is a collection of evidence/indications for remobilisation of
actinide elements under anoxic conditions. Important findings include the
speciation of plutonium and uranium under these conditions and the
evidence for 232Th diffusion out from the sediments. The mobility of this
thorium isotope is especially remarkable as it, like aluminium, titanium or
lithium, is generally considered to be completely immobile. An element
used to normalise against.

An important finding is that the mobility of the actinides apparently is
governed by the organic colloids, or humic substances present. This means
that similar behaviour, even though of another magnitude, should be
expected in, for example the Baltic Sea if the oxygen supply would cease.
The key factors which promotes the mobilisation are the absence of iron-
or manganese particles (or their coating on other particles) and the
increased DOC concentrations during anoxia.. The processes occurring in
Framvaren are far from unique but they appear more clearly here.

Future research

There are principally two factors which should be looked closer at in order
to better understand actinide dynamics in Framvaren fjord (and by
extension- in other anoxic waters enriched in humics). The first one
concerns the mobilisation process from the sediments. The second the
colloid behaviour in the water column. The speciation of actinides in the
pore water may for instance be studied by in-situ pore water extractors
which accumulate the selected species from the pore water on ion
exchangers or other adsorption substrates. Such substrates may be selected
according to species studied and with dialysis membranes or normal filters
applied around the sorption substrates molecular weight information may
be determined.

An important factor is the colloid aggregation rate in the water column.
This rate is likely to determine the residence time for the actinides in the
water column. The coagulation rate may be studied by the intensity
variations in the scattered light from a light source, a technique called
photon correlation spectroscopy.
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Apart from these suggestions there are a number of interesting processes
in Framvaren which warrants detailed studies. Certainly there are many
investigations still to be conducted in Framvaren.

This work has benefited from a number of independent factors which
when added together has made the base for performing these
investigations. First of all the site itself, performing science in Framvaren
fjord is easy. This highly unique watermass has enabled us to study
phenomenon hardly identified anywhere else on earth. The luck of having
access to an ultrafiltration equipment in such an environment has greatly
increased the quality of the work performed. Finally, the access to a mass
spectrometer have made it possible to analyse key parameters for the
understanding of thorium dynamics.
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