
Studies of anoxic conditions in Framvaren fjord, Gullmaren fjord
and Byfjorden and of mixing between seawater and freshwater at
the Kalix river and estuary
Per Roos
University of Lund, Sverige

Anoxic conditions in Framvaren fjord, Gullmaren fjord and Byfjorden

Framvaren fjord
This fjord has been the most studied among the three included since it constituted the subject
for a Ph.D thesis finished in April 1997. Therefore a more detailed description, as compared
to the other fjords, of this study site is given below. Compared to the other two fjords, Fram-
varen shows features found on very few other places in the world which further have resulted
in that the main focus has been directed towards Framvaren. The main purpose with the SE-1
project was anoxic basins and potential remobilisation of actinides from the sediments. This
process has not been able to detect in the other two fjords and the work there has therefore
been very limited.

The main aim of the work in Framvaren has been to explain the mehanisms responsible for
the extremely long residence times for some actinides found in the water column (in the order
of 100-1000 times longer than for other coastal waters) and to determine the release rate of
actinides from the sediments. Both questions are of course of large importance in determining
the long-term concentrations of actinides in marine waters subject to a sensitive oxygen bal-
ance (e.g. the Baltic Sea or many of the landlocked basins in Norway and western Sweden).

Description of the area
Framvaren fjord is a 9 km long and 1 km wide former meromictic lake situated on the south-
ernmost point of Norway. 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
Minister Strom (Strom, 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 sul-
phate, indicates however that the renewal was complete and that the onset of anoxia started in
1850.

Water column
The hydrogen sulphide concentrations in the bottom water, of the 183 m deep main basin, is
today 7-8 mM, 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 pro-



file (fig.l) 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 the chan-
nel, having a salinity high enough to mix with the bottom water, appears to be very low (Sti-
gebrandt and MolvEer, 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.
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Figure 1.
Depth distribution of salinity (%o) and H2S [mM-2] in framvaren fjord. Redrawn from Skei
(1986).

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), results in an residence time of the upper 18 m of oxic
water (108 m3) of about 100 days.



Table 1.
Some characteristic features of Framvaren fjord.

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

183 m (a )

23.3 %o(a)

?

0.3 W w

6-7 mM w

800 \xM(a)

120^iM (a)

20 meq Yl (a)

(40-70 gm" 2y"VM )

2 2 g m l y 1 (c;

(a) (Skei, 1986)
(b) (Skei, 1983)
(c) (Nais et.al, 1988)

(d) {Paper I)

(e)(Grasshoff, 1975)
(f)(Falkner^.aZ, 1993)
(g) (Buesseler and Benitz,

1994)
(h) (Hay et.al, 1990)

Sediments
The gelatinous, varved sediments in Framvaren, is similar to what is found in some other an-
oxic 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 length of the marine sediment of 47-49 cm in 1995, may also be used to evaluate los-
ses of top sediments when collecting sediment cores. The very high water content of the se-
diments (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 et.al,19S8; Roos et.al,
1997), as well as, from marker horizons derived from nuclear bomb test fallout plutonium and
Chernobyl radiocesium (Roos et.al, 1997). These results give somewhat different accumulati-
on rates, but are in the range of 40-70 g m"2 y"1. 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 Saa-
nish 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 wit-
hout 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 co-
lumn. 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, sin-
ce 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 e-
quipment 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 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

Review ofplutonium remobilisationfrom 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 remobiliza-
tion 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 Livings-
ton et.al (1987). 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 pluto-
nium 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 ofplutonium in sedi-
ments deeper than the 210Pbxs 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 com-
paring solid phase 239+240pu a nd 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)) the239+24 p u and 210Pbxs analysis was not performed on the same cores and there-
fore 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 determi-
ned 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 210Pb:

signals are observed.
xs



One of the most sensitive methods in determining whether remobilization occurs to any signi-
ficant 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 sedi-
ment is very small. Analysing the extremely low levels of plutonium that may be expected in
such a sample (in the order of a few [xBq 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 be-
ing unreliable, due to exposure to air 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, coprecipita-
ting 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 (III) and Mn (IV) oxyhydroxides to
soluble Fe (II) and Mn (II) during reducing conditions. Trace elements hydrolytically scaven-
ged 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 sub-
stance.

The results from the study performed by Buesseler (1986) shows that the shape of the pore-
water 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 sedi-
ments 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 jiBq I"1, 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 sedi-



ments, 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 environ-
ment, 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 distributi-
ons, 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; Car-
penter 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 rele-
vant 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 percen-
tage of the flux reported by Buesseler. It should be mentioned that in the calculations made in
these two 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 con-
sequently the flux from the sediments would decrease with the same factor.

Although no pore water profile was analysed (successfully) for plutonium in Framvaren fjord,
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.

Review of plutonium and americium studies in anoxic marine waters
Investigations of plutonium or americium in anoxic aquatic environments have been infrequ-
ently 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 et.al{\9%6,1991,1994), 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 (Cari-
bean Sea outside Venezuela). All these basins contain moderate concentrations of H2S (1-50
|iM) 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 (Li-
vingston and Bowen, 1979) remobilization from the sediments in Cariaco Trench was due to
loss of top sediments during sampling.

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 limi-
ted 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 un-
filtered samples, Livingston et.al (1988) had shown earlier that only about 3% of the plutoni-
um is retained on a l(im filter. The fraction of filterable material found in Framvaren (0.22
Jim or 0.45 urn) was in the order of 1% 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 plutoni-
um to the sediment. In Framvaren fjord little mineralization occurs of the particulate 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 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, 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 acti-
nides 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 colloi-



dal fraction of plutonium and americium in the Black Sea would certainly help in clarifying
this.

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 con-
tact with plutonium containing sediment is only about 8 liters per m2, while in Framvaren the
corresponding volume is 2401 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 sedi-
ment 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 con-
sidering 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, but much more clearly, in Framva-
ren. 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.

Results obtained
Although our first sampling expedition in Framvaren were conducted already in 1989 the
main work was done during 1994 (two expeditions) and 1995 (one expedition). It was soon
recognised that the concentrations of dissolved Pu, Am and Th isotopes in Framvaren deep
water was extremely elevated as compared to both other coastal marine waters and other per-
manently anoxic marine basins. Figure 2 summarizes the depth profiles of Pu obtained during
the four expeditions.
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Figure 2.
Depth distribution of 239+240pu in Framvaren water column obtained 1989-1995.

As is clearly seen in figure 2 the concentrations increases strongly towards the bottom of the
fjord. The bottom water concentrations of 300-400 (iBq/1 are roughly 70 times higher than
concentrations normally found in other Nordic marine waters. In fact there are no other mari-
ne area known in the world with higher plutonium concentrations originating from global
bomb test fallout. In spite of the connection to the North Sea the extremely limited water
exchange has transported only a small fraction of reprocessing plutonium in to the fjord as
compared to fall-out plutonium. This is clearly seen in figure 3 and 4 below.
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Figure 3.
238pu/,239+240pu r a t j o s founcj m Framvaren water column during expeditions 1989-95.

The influence of reprocessing plutonium may be seen in the upper 30-40 m of the fjord while
deep- and bottom waters shows typical fall-out ratios of around 3% or less. The high concen-
trations of fall-out plutonium present in the deep- and bottom water require substatial input of
reprocessing plutonium to occur in order to significantly change the Pu/239+240Pu ratio. This
is not likely to occur due both to the presently low plutonium concentrations in the North Sea
and the very low probability to inject high density North Sea water over the sills to Framva-
ren.

It is interestingly to see in fig. 4 that americium seems to be regulated by the same mecha-
nisms in the water column as plutonium. Normally Am/ Pu ratios in coastal waters not
affected by reprocessing plants are lower than the typical fallout ratio (in 1995 about 0.36)
due to preferrential scavenging of americium. The upper part of the Framvaren water column
show influence by reprocessing releases while deeper waters have a ratio representative for
bomb test fallout.
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Figure 4.
241Am/239+240Pu ratios found in Framvaren water column 1989-95.

The source of plutonium to the water column in Framvaren is the sediments. Although direct
measurements of the flux of pore water plutonium into the overlaying water mass has not yet
been done the existing observations rather clearly points to the sediments as the source. Exi-
sting evidence for this is:

The shape of the plutonium and americium depth profiles are nearly
identical to other constituents known to originate from the sediments
(DOC, silica and other nutrients etc.).

- The 238Pu/239+240pu a n d 241Am/239+240pu ^ ^ i n d £ e p _ ^ hottQm w a _

ter are identical to those found in the sediments.
The development of the depth profile may be fairly accurately model-
led at different times by assuming a pulse release from the sediments in
1963 and using a fixed diffusion coefficient.
The fact that2 ^ h displays a similar depth profile as Pu and Am with
concentrations more than 200 times higher than in other marine waters
. This isotope enters the fjord in the crystal lattice of mineral grains
which rapidly is transported to the sediments.
The water column inventory of 232Th has increased between 1989 and
1995 with a rate of about 2 Bq m"2 y"1.
Analysis of T h in sediment pore water shows high concentrations
and is directly proportional to DOC concentrations.

The accumulation rate of sediments in Framvaren has earlier been determined from sediment
trap data and one 210Pb profile (Skei, 1983; Naes et.al, 1988). Sediment trap data reported cor-
responded to an yearly accumulation rate in the range of 40-114 g m'2 with an average of 60 g
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m"2. The 210Pb profile indicated an accumulation rate of 120 g m"2, twice as much as the re-
sults from sediment traps. The difference was suggested (Nass et.al, 1988) to be due to sedi-
ment slumping down the steep fjord sides, not recorded by the sediment traps. Large variati-
ons in total fluxes during the year was also observed although the average flux at different
depths from 40 m down to 160 m was similar as was the organic carbon fluxes (which from
C/N ratios around 8-10 was suggested to consist of mainly dead phytoplankton). These obser-
vations is of importance as it indicates that the major flux of material to the sediments origi-
nates in the upper 20 m of oxygenated water. Hypothetical coagulation and settling of the
relatively high concentrations of DOC in the water column is thus of minor importance for the
total flux of organic material to the sediments. As it was determined that insignificant minera-
lization occurs during passage of the water column (Nses et.al, 1988) the cause of high DOC
concentrations in the bottom waters is likely due to mineralization occurring in the sediments,
followed by diffusion out into the overlying water. This is also obvious from observed depth
distributions of silica and alkalinity in the water column (Skei, 1986). The mineralization of
organic matter in the sediments is also obvious from an LOI depth profile (fig. 5) where it
may be estimated that the annual loss of organic material is in the order of 200 mg m"2, when
assuming an annual sediment accumulation rate of 60 g m".
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Figure 5:
Loss on ignition (LOI) values for two sediment cores collected in Framvaren fjord 1994 and
1995.
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Accumulation rates determined from the 210Pb profiles have been calculated assuming a con-
stant flux of material with constant concentration of 210Pb, neither of which is true in reality,
as has been observed from sediment trap data (Roos et.al, 1997). Over longer time scales, as
those considered here, the average flux of material and of 210Pb to the sediments may be as-
sumed to be constant and average accumulation rates determined by the constant rate of sup-
ply model (Appleby and Oldfield, 1978) results in nearly the same accumulation rates as those
determined by a constant flux, constant concentration model.

Pb-210
(Bq/kg)

100 1000 10000

0

5

10

15

1 20
g-25
O

30 -

35 -

40 -,

45

-PN 1801 (170 m)

-PN 1230 (170 m)

- PN 288 (80 m)

-PN 184 (170 m)

Figure 6.
Pb results from different cores collected in Framvaren fjord. The PN 184 core was distur-

bed below about 18 cm.

210Pb inventories found in the sediments are typical for the expected results in these parts of
the world (Appleby and Oldfield, 1992). The Pb inventories corresponds to annual fluxes
of 114,102 and 198 Bq m"2 for the cores PN 1801, PN 1230 and PN 288 respectively. PN
288, has roughly a twice as high inventory of all the elements listed than compared with the
deeper cores. The explanation to this seems to be the higher total flux of material to this stati-
on, which is situated around 4 km south from the other deeper stations. It is possible that se-
diments here are influenced by the suspended load carried by the incoming Helvik fjord wa-
ter. This water is denser than the Framvaren surface water and initially follows the bottom
topography, where it may resuspend the soft sediments before interleaving in to depths in
Framvaren corresponding to the salinity of the mixed water. Resuspended matter may in any
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way not constitute any substantial contribution to the 80 m station as the laminations were as
clearly visible here as at the other stations.

When examining the data in figure 7 it is obvious that the concentrations of plutonium in the
sediments are extremely high, roughly a factor ten higher than in other coastal sediments in
the marine environment only exposed to bomb test fallout, but comparable to levels found in
top sediments in the Black Sea (Buesseler and Benitz, 1994). The reasons for the high con-
centrations are of course to be found in the low mass accumulation rate which in turn is due to
the minimal inflow from other water bodies (fresh as well as marine). Settling material is for
that reason strongly dependant on the biological production rate in the 18 m oxic water mass
and the efficiency for scavenging of actinides and many other metals by planctonic material is
well known (Fowler et.al, 1983). The integrated inventories for plutonium and americium in
sediment and water of around 70 and 23 Bq m"2 are roughly 50 % higher than expected from
nuclear weapons test fallout only and may probably be explained by sediment transport from
shallower areas in and around the fjord.
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Figure 7.
Depth distribution of 239+240Pu in Framvaren sediment cores collected in 1994-5.

Since the water column inventory has not changed significantly between 1989 and 1995 it is
likely that the remobilised plutonium was released from the sediments during mineralization
of easily degradable material and that the fraction remaining is associated to more refractory
substances.
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It is tempting to view the depth distribution profile in the water column as a result of pure
diffusion out from the sediments and applying the expression for a substance diffusing out
from a plane surface in to an infinite space (Crank, 1975).

C(z , t ) :=•
M

:-exp
4-D-t

where C(z, t) is the concentration (Bq m'3) of the diffusing substance at distance z (m) at time
t (s) from the plane. M is the total amount of diffusing substance per surface area (Bq m"2),
and D the diffusion constant (m2 s"1). Fitting the data from 1989 and 1994-95 respectively to
this equation yields eddy diffusion coefficients for 1989 and 1995 of 65 and 80 m2 y'1 with
inventories (M) of 26.2 and 35 Bq m"2 respectively (R2 = 0.98 and 0.99 respectively). It was
assumed that all the diffusing substance was formed at the bottom in 1963 (giving diffusion
times of 26 and 32 years respectively) and that subsequent accumulating sediment has not
contributed to the water column inventory. The model results together with measured data are
plotted in figure 8. As can be seen from the figure the model agrees fairly well with measured
values even though the model is very simple. A full description of the dynamics of plutonium
in the Framvaren water column would require both knowledge of the flux evolution with time
of plutonium from the sediment at various water depths as well as vertical and horizontal eddy
diffusion coefficients in the water column at various depths. It would also require knowledge
of the flux of plutonium to the sediments from the anoxic water column.
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Figure 8.
Comparison between measured plutonium concentrations in 1989 and 1995 and modelled
using a single pulse release in 1963.
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One of the main questions aimed to clarify during the Framvaren work was the 'speciation' of
plutonium (and other actinides) in the water column. In order to determine this we used an
ultrafiltration system and chemical methods sensitive to the oxidation state of plutonium. The
results are seen in figure 9 and table 2.

lOkDUF PuandAm

I
4>

Figure 9.
Pu and Am retention in 10 kD UF experiments on Framvaren water from different depths.

Method

LaF3 precipitate (101);

TTA extracted (8 1)

Not extracted (water

phase)

Adsorbed on AG 1x4 , 8

M HCL. (3 1)

Not adsorbed

Adsorbed or ex-

tracted oxidation

state

Pu(III+IV)

Pu(TV)

Pu(TV,V,V])

239+240Pu Sum of

[|J,B I"1] fractions

[JJB1-1]

275±11 na

12±4

271±13 283±15

14±6

290±17 304±20

Table 3.
Results of experiments aimed at determining the oxidation state of plutonium in 0.22 (im fil-
tered bottom water (140-160 m) from Framvaren fjord. The concentration of 239+240pu being
about 295 |J,Bq I"1 in water in 1994.
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From the UF and chemical speciation experiments it thus seems as if plutonium and americi-
um to a large degree is associated to fairly large (10 kD-0.2 Jim) colloids and that plutonium
is present in the Pu (III) valence state.

Several of our findings made in Framvaren during the latest 3-4 years are unique. The remo-
bilisation of plutonium from the sediments in marine anoxic basins, have been a special topic
worldwide for the last 20 years but have never been possible to prove. In Framvaren we have
for the first time been able to prove that remobilisation is occurring and we have also been
able to determine and model the release rate which fits well with observed data. Further in-
sight in the mechanisms governing plutonium behaviour in anoxic basins has come from ul-
trafiltration experiments. While earlier suggestions on the reasons for potential plutonium
release from anoxic sediments were built on the process of reduction and subsequent release
of iron- and manganese hydroxyoxides, acting as carrier phases for plutonium, the present
data from Framvaren clearly shows that organic colloids are the main carrier particles. With
chemical methods we have been able to determine that plutonium is present entirely in the
trivalent state. This means that the knowledge of the oxidation state of plutonium by no means
is indicative for its mobility. In well oxygenated waters reduced plutonium are considered to
have a short residence time due to its tendency to hydrolyse and become scavenged by parti-
culate material. An important question is thus why this is not happening in the permanent an-
oxic Framvaren fjord.

The answer to this question is that colloidal humic substances, originating from the break-
down of organic material, is not consumed by microbial life at the same rate in anoxic waters
as in oxygenated waters. The consequence being high concentrations of refractory colloidal
matter in anoxic waters which may exist for very long time. These colloids have a well docu-
mented high carrying capacity for actinides (actinide-humic/fulvic acid complex), especially
tri- and tervalent actinides. The influence of iron or manganese oxyhydroxides thus are com-
pletely irrelevant in this case. The build-up of organic colloids in marine water starts as soon
as oxygen are depleted and similar situations as in Framvaren may thus form in any marine
basin containing sediments with a high fraction of organic matter. The stability of the water-
mass in Framvaren (the most stable recorded of all fjords in the world) indicate that perma-
nent anoxic conditions must persist for several years with little or no water renewal in order to
produce suitable conditions for actinide mobilisation from sediments.

The importance of the organic colloids as carrier phase for actinides are furthermore well
shown in our data set for thorium isotopes in water and sediment. The naturally occurring
thorium isotopes are excellent tracer isotopes for the particle reactive actinide elements of
artificial origin (e.g. Pu and Am). The non-radiogenic 232Th is normally only found within the
crystal lattice of mineral grains and very low concentrations are therfore found in a 'dissol-
ved' (< 0.45 fim) state in the world oceans. In Framvaren fjord the concentration of 'dissol-
ved' 232Th are roughly 200 times higher than in other coastal areas. The remobilisationrate of

^?h from the laminated sediments have been quantified by analysing sediment pore water
(by thermal ionisation mass spectrometry) profiles and the concentrations was found to be
directly correlated to DOC concentrations. The dissolved (colloidal) organic material thus
seems to have the possibility to mobilise even lattice held thorium.

Thorium in the water column is associated to the organic colloids in a way similar to plutoni-
um and americium. The ratios between various thorium isotopes and plutonium or americium
is nearly the same between particles, large and small colloids and surface sediments indicating
the general non-specific adsorption capacity of these humic colloids with actinides in the
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lower oxidation states. It should be mentioned that the actinides are nearly the only particle
reactive elements which are remobilised from the Framvaren sediments. Other reactive trace
metals are efficiently scavenged as sulphides.

Further unique data comes from our analysis of uranium behaviour. In all anoxic marine ba-
sins examined so far reduced uranium have never been observed. In Framvaren uranium se-
ems to exist in two fractions, one reduced form associated to colloids and one oxidised form
possibly present in the carbonate form (not verified). The presence of reduced uranium asso-
ciated to organic colloids is noteworthy as this means that reducing waters by no means nes-
secary constitute a safe barrier for uranium metal dissolution as long as colloidal matter is
present. A fact that also is known from ground water studies.

Framvaren fjord is a unique and excellent natural laboratory for studying the behaviour of
various elements under permanent anoxic conditions. The need to better understand processes
occurring in such environments are far from only being academic as the processes involved
are generally occurring and may become noticed clearly in any aquatic environment where the
organic loading becomes sufficiently high.

Gullmaren fjord
The actinide behaviour in this fjord on the Swedish west coast has been far less studied as it
was early recognised that the residence time of water was to short to build up sufficiently high
colloid concentrations. The Gullmarn fjord has an effective sill depth of 40 m and a maximum
depth of about 120 m and is the only true fjord in Sweden. The water column in the Gullmarn
fjord may generally be divided into three different water masses. The upper 10 meters consist
of water affected by the Baltic surface current and normally has a salinity of 18-30 %o. Below
this water mass resides a layer of shallow Skagerrak water (30-34 %o) and deeper than about
50 m lays the deep water with a salinity higher than 34 %o which originates in the deeper part
of Skagerrak where cold and saline water enters from the Norwegian Trench and the North
Sea. Normally the bottom water stays trapped in the fjord for 8-12 months, but is renewed in
late winter/early spring.

Depth 137Cs [mBq/1]
_____ _________

20 m 14.4±0.9
48 m 9.8±0.8
90 m 11.6+0.7

Table 4.
•137Depth distribution of Cs in Gullmaren fjord in April 1995.

From measurments of surface sediments on cores collected at various depths the 137Cs con-
centrations range from 40 to 60 Bq/kg.
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Depth

l m
7m

20 m
48 m
90 m

Salinity
[%o]
28.7
30.0
32.1
32.9
34.3

238U [mBq/1]

32.3
33.7
36.1
37.0
38.6

234Th [mBq/1]

18
23
28
28
34

Susp.load
[mg/1]
0.80
NA
1.34
0.71
0.78

Table 5.
234Th, 238U, salinity and suspended load concentrations in unfiltered water from the Gullmarn
fjord in April 1995.

From the values given in table 5 the residence time of 234Th in surface waters may be calcu-
lated to be in the order of 40 days. It is also obvious that the residence time for paniculate
reactive substances in deeper layers are relatively short, at least compared with the Framvaren
fjord where residence times in the order of thousand days was estimated from 234Th/238U dise-
quilibria.
The plutonium concentrations in filtered water are between 5 and 9 )xBq/l which are normal.
The rather intense bioturbation in surface sediments furthermore ensures oxygenated conditi-
ons down to about 10 cm depth which means that sedimenting organic material are decompo-
sed more completely than under anoxic conditions which results in less organic colloids. The
bioturbation rate in Gullmaren fjord have been determined from a tracer experiment in the
Kristineberg mesocosm facility. The results indicate that the bioturbation rate is so large that
the upper 10 cm are homogenously mixed in a time period of 1-2 years meaning that a pulse
input of contaminated sediments fairly quick would be distributed to large depths although the
sedimentation rate is rather low (about 8 mm per year).
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Figure 10.
Depth distribution after 191 days of a DSCo tracer carefully added to the surface sediments in
the mesocosm facility at Kristineberg Marinebiological Station. Smearing effects from the
insertion of the tubes in the sediments have been corrected for by removing the outer 1-2 mm
of frozen sediments.
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Mixing between seawater and freshwater at the Kalix river and estuary

The Kalix River is a relatively large unregulated river (catchment area 23600 km2, average
water discharge 300 m3/s) situated within the boreal zone, in the northern part of Sweden. The
water discharge is almost constant at approximately 50 m3/s during winter baseflow (Decem-
ber-April), when the river is ice-covered. In mid May most of the snowpack melts in the
lower part of the catchment and the discharge increases to a maximum around 1500 m3/s.

The Kalix river is draining in to the north part of the Baltic Sea, the Bothnian Bay. This part
of the Baltic Sea is especially interesting as the salinity in this region is only between 0-3%o .
This is thus the region where the limnic waters enters salt water and mix. It is well known
from laboratory studies that flocculation and desorption phenomena occurs under such mixing
but the salinity required for observing actual effects on dissolved and paniculate matter have
been unclear. Many reports conclude that few, if any, effects are seen below 5 %o. Studies in
the Kalix River shows that little, if any, coagulation of Fe, Si or humic substances occur
within the 3 %o zone

During spring discharge in mid May the concentrations of 137Cs is about 3 times higher than
during the rest of the year (3 Bq/m3 as compared to 1 Bq/m3) in spite of an increased water
volume discharge by a factor 10-15. Thus the radiocesium is not, in contrary to many other
elements, diluted during spring discharge. Approximately 50-60% of the annual radiocesium
discharge comes during May-June. The fraction of particle associated (1 |im) radiocesium
ranges between 10-25%. The increase in radiocesium during spring discharge may probably
be attributed to the increased water flow through otherwise poorly drained areas, such as mi-
res. This has in part been confirmed by the analysis of radiocesium in tributaries draining mire
rich areas. The radiocesium concentration in these were 2-3 times higher than in the Kalix
River for the same time period. The Chernobyl radiocesium constitutes approximately 80% of
the total 137Cs.

Comparing discharged 137Cs with the sedimentary inventory in the estuary is not straightfor-
ward as the sediments recieves radiocesium from both the river and the Bothnian Bay waters.
The latter at concentrations far higher (30-50 Bq/m3) than the river concentrations. The inte-
grated deposition of bombtest radiocesium in the analysed sediment cores does not show any
enrichment as comparedd to tabulated fall-out levels at these latitudes (approximately 3500
Bq/m2).
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Figure 11.
137,Cs in Kalix estuary sediments.
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Figure 12.
239+240Pu in Kalix estuary sediments.
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The plutonium concentrations in the river are slightly higher during low water discharge than
during spring discharge, 3-3.5 mBq/m3 as compared to 2.4-2.7 mBq/m3. In spite of the the
lower concentrations during spring discharge roughly 30% of the annual plutonium output
comes in May, 10-20% of this is associated to particles larger than 1 um. Assuming 80% of
discharged Pu to be in the colloidal form it is interesting to note that an inventory calculation
results in that more than 80% is trapped within the estuary despite the salinity endmember
being only 3 %o. No fractionation between Pu and Am has been observed. A plot of the Pu
depth distribution in the estuary is given in fig 12. The inventory in this core was 245 Bq/m2.
Integrated 210Pbxs in the same core corresponded to an annual input of 320 Bq/m2 which is
approximately three times the expected.
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