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Abstract 
This study assesses the environmental impacts associated with radioactive particles present in 

the marine environment, close to the UKAEA Dounreay site, through a review of marine 

survey data, to establish the distribution of species and the likelihood of encountering a 

particle, and consideration of retention, dissolution or absorption of the particle.  Assumptions 

are made regarding particle density, distribution, size and bio-availability of the radioactive 

materials.  From this, impacts are assessed against the likelihood of mortality or other 

significant harm to individuals and interpreted in terms of local populations.  Results obtained 

indicate that no significant impact, at the population level, is likely to be observed.  This does 

not preclude that some individuals will be affected.  It does, however, suggest that any decision 

to remediate, if based predominantly on environmental considerations, should be cognisant of 

the damage caused by remediation itself and subsequent exploitation of the environment by 

man. 

 

1. Introduction 
 

Information on the nature and distribution of fragments of irradiated material which have been found 

near Dounreay is available on the UKAEA website.
†
  The first such fragment was identified in 1983.  

Subsequent offshore surveys have also detected fragments.  According to the most recent information 

available (February 2005), 54 fragments have been removed from Sandside Beach, 232 fragments 

from Dounreay foreshore and 842 fragments from offshore areas.  In addition a particle was recently 

identified on Dunnet beach, some 25 km east of the site (March 2005).  Typically, particles contain 

around 1E6 Bq 
137

Cs, although a broad range (approximately 1E2 to 1E9 Bq 
137

Cs) has been recorded. 

 

A range of particle sizes is recorded, from 60 µm to 8000 µm, with a mean diameter around 1000 µm.  

Of the particles discovered to date, nearly half lie within the surface 10 cm of sediment.  No data are 

available to indicate the number of particles which may be held in suspension in the water column or 

at the bubble bursting surface zone.  However, an approximate estimate can be made assuming 0.001 

particles per m
2
 in the zone available for resuspension (this is the number of fragments in the top 20 

cm of sediment), a density equal to similar sized sand particles (ca. 2E6 g m
-3
) and a total suspended 

sediment loading in water of 1 g m
-3
.  From this, it is anticipated that there will be approximately 1E-8 

particles m
-3
 water.  Even this may be a conservative estimate, but it demonstrates that there is likely 

to be a very low density of fuel fragments suspended within the water column, which will greatly 

limit the potential to impact pelagic organisms. 

 

2. The coastal and marine environment in the vicinity of Dounreay 
 

The Dounreay foreshore exhibits patchiness that is typical of rocky shore species and zonation 

patterns that indicate high wave exposure [1].  Fucus vesiculosus coverage is reported to vary between 
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around 15% and 50% and coverage by Mytilus edulis is reported to vary from 66% to 80%.  At high 

tide level, rock surfaces become rougher and pitted and shallow pools with Enteromorpha sp. (green 

macroalgae) are present.  There is also a sparse zone of Pelvetia canaliculata (channel wrack). 

 

By contrast, Sandside Bay [2] is mainly sandy, mixed with mud.  Arenicola marina (lugworm) casts 

can be found near rocks on the lower shore at the western end, on the upper shore and at the eastern 

end at the low water mark.  The molluscan assemblage includes Mytilus edulis (common mussel), 

Buccinum undatum (common whelk) and Patella sp (limpets). 

 

Sediment in offshore areas of interest range from fine sands and mud to gravel with coarse sand.  

Common benthic species include round worms (with densities from 500 to 1200 m
-2
); polychaete 

worms including Pisione remota, Polygordius sp., Hesionura elongata, Glycera lapidum, Nephtys 

cirrosa, N. longosetosa, Spiophanes bombyx, Hydroides norvegica and Scoloplos armiger (densities 

range from 4 to >600 m
-2
); bivalve molluscs including Moerella donacina, Cochlodesma praetenue, 

Spisula elliptica, Clausinella fasciata, Pelecypoda spp and Modiolus modiolus (densities range from 4 

to > 500 m
-2
); echinoderms (observed at two sites only at densities from 60 to 370 m

-2
); and crustacea 

(observed at some sites but not ubiquitous), mainly the porcelain crab (Pisidea longicornis) and the 

amphipods Bathyporea elegans and B. pelagica. 

 

In addition to the above broad indications of dominant species, lobster (Homarus gammarus) and the 

shore crab (Carcinus maenas) are present.  Common pelagic fish include cod (Gadus morhua), 

herring (Clupea harengus) and mackerel (Scomber scombrus).  Benthic fish include plaice 

(Pleuronectes platessa) and dab (P. limanda).  Both Grey seals (Halichoerus grypus) and harbour 

seals (Phoca vitulina) are also common. 

 

3. Method of assessing impacts from fuel particles 
 

The current primary UK method to calculate doses to biota was developed by the Environment 

Agency and English Nature [3].  The approach adopted represents organisms as ellipsoids of finite 

size, identified by generic types.  Although this model is applicable primarily to chronic exposures to 

diffuse sources it can be adapted to describe the dose following ingestion of a particle. 

 

The probability of an organism encountering a particle is a function of the spatial distribution of the 

particles and the area of activity of the organism.  For convenience, we assume that the surface layer 

(0-10 cm) contains 0.001 particles m
-2
, and all particles within this surface layer are available to all 

epibenthic biota without further distinction.  External dose rates are not recorded for particle finds.  In 

general the dose rate (D) from a point source of gamma rays is given by: 

 

D = Γ A/d
2 

 

where: Γ is the specific dose rate constant (µGy m
2
 per MBq h); A is the activity of the source (MBq); 

and d is the distance (m).  For Cs-137, Γ is approximately 8.9E-2 µGy m
2
 per MBq h in air.  Since the 

fuel fragments are generally at or below the sediment surface and under water, a shielding factor of 

approximately 2 is introduced. 

 

Following ingestion, it is assumed that 10% of the activity of a fragment is available for absorption 

and is distributed evenly throughout the mass of the individual animal.  This factor has been set 

arbitrarily.  Work is ongoing to determine actual availability.  Results from those studies are not yet 

available.  The dose is calculated as: 

 

DF
M

A
D *=  

 

Where: D is the dose rate to the individual organism (µGy h
-1
); A is the total activity absorbed by the 

organism (Bq); M is the mass of the organism (kg); and DF is the dose factor (µGy h
-1
 per Bq kg

-1
).  
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Dose factors are taken from [3] and include weighting factors of 20 for alpha emissions and 3 for low 

energy beta.  There is no generally accepted notation for doses derived on this basis and the term 

Gy
20,3

 is adopted here.  Although the Environment Agency and English Nature list dose factors 

separately for each reference organism the values do not differ significantly and a ‘total weighted dose 

coefficient’ is derived here, based on the contributions from all nuclides weighted for average activity 

per fragment relative to Cs-137, of 6.5E-04 µGy
20,3

 h
-1
 per Bq Cs-137 kg

-1
 in body tissue, applicable 

for all organisms in this study. 

 

The EC funded FASSET programme has indicated that, in considering the potential impacts from 

calculated doses to organisms, “the threshold for statistically significant effects in most studies is 

about 10
2
 µGy h

-1
; the responses then increase progressively with increasing dose rate and usually 

become very clear at dose rates >10
3
 µGy h

-1
 [when incurred] over a large fraction of the life-span” 

[4].  In the absence of more specific information this is used to judge the likely severity of impacts on 

individuals. 

 

4. Illustrative impact assessments 
 

The following dose and impact assessments represent attempts to quantify information which is 

subject to many sources of uncertainty and, in some cases, essentially qualitative.  As a consequence, 

many liberties have been taken in rounding calculations and applying rules of thumb, or introducing 

factors to try to balance apparently conflicting assumptions.  The impact assessments are therefore 

presented as illustrative and should be interpreted as no more than order of magnitude estimates.  In 

order to clarify some of the processes involved, more detailed calculations are appended for two of the 

organisms summarised below. 

 

Polychaete worms 

Polychaete worms have been identified at population densities up to 300 to 400 m
-2
 in the area of 

greatest contamination.  Using the ‘reference organism’ approach a worm has a standard mass of 

0.0072 kg.  Following a generalised ‘rule-of-thumb’, invertebrates ingest food at a rate equivalent to 

approximately 5% of body weight per day [e.g. 5].  If it is assumed that sandy sediments contain 

approximately 1% by mass of organic material it follows that a worm of mass 0.0072 kg will ingest 

36 g sediment per day or 0.0065 m
3
 a

-1
.  Assuming 0.001 fuel fragments per 0.2 m

3
 (i.e. through the 

top 20 cm of sediment) that volume of sediment is likely to contain 3.25E-5 fragments.  At population 

densities around 200 m
-2
, this implies the top 20 cm of sediment will pass through a worm gut 6.5 

times in the year.  In fact, it is likely that this will provide a conservative estimate of potential uptake.  

The worms will turn over sediment from a greater depth and will retain it for some time in the gut, 

reducing the likelihood of repeated ingestion of a single particle.  In order to avoid misleading 

precision in estimates of uptake of fuel fragments a rounded estimate is derived such that, for every 

hectare of contaminated sediment (which will contain around 10 fuel fragments on average) 50 worms 

encounter a particle.  If ingestion of a particle results in individual death, this is equivalent to 2.5E-3% 

of the population. 

 

Gastropod molluscs 

Analyses conducted by UKAEA suggest that the average content of sediment in winkle gut is of the 

order of 0.005 g per individual.  Winkles inhabit the intertidal zone, grazing on algae.  Gastropods 

living further offshore tend to be larger and may contain up to 0.1 g sediment.  No information is 

available on the average residence time of the sediment within gastropods and so it is assumed that the 

entire sediment content is replaced each day, unless it is a fragment in which case it is retained.  An 

individual would therefore be exposed to 0.1 g sediment per day, or 36.5 g per year. 

 

Particle distribution profiles indicate a higher density of fuel fragments in the surface layers of 

sediment.  For the fraction of sediment available to grazing gastropods, a fuel fragment density of 

0.001 m
-3
 is assumed.  A mass of 36.5 g of sediment equates to 0.000018 m

3
 and, based on the fuel 

fragment density assumed, this is likely to contain 1.8E-7 fragments (i.e. approximately one in every 5 

million organisms will encounter a particle each year). 
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Data on population densities for gastropod molluscs have not been located.  Nonetheless, it is clear 

that exposure at this rate, leading to the potential loss of 0.00002%, would have no discernible impact 

on populations or ecological communities. 

 

Lobster 

Lobster favour rocky areas from low water down to 60 m and are known to occur in the general 

vicinity of Dounreay.  During active scavenging, lobsters are omnivorous.  For simplicity, it is 

assumed here that polychaete worms, from the contaminated area, form the sole food source.  If a 

lobster consumes 5% of body weight per day, the defined reference crustacean (with body mass 1.26 

kg) will require around 9 worms (of body mass 0.0072 kg) per day.  It has been derived above that 

each worm has a probability of ingesting around 1E-7 fragments per day.  As a food source, it may be 

estimated conservatively that a fragment remains available for scavenging by a lobster for up to 7 

days.  Summed over a year, this is equivalent to a lobster encountering 2.3E-3 fragments. 

 

Following the method outlined previously, the whole body effective dose to a lobster of 1.26 kg body 

weight arising from a particle containing 1E6 Bq will be given by: 

 

45.6*
26.1

1.0*61
−= E

E
D  = 51.6 µGy

20,3
 h

-1
 

 

This is below the observed threshold of 100 µGy h
-1
 for ‘statistically significant effects’ indicated by 

FASSET [4].  Even if the risk of severe deleterious effect on the individual is as high as 10% per 

ingestion event (although there is no hard evidence for this, either way), it is difficult to see how this 

would impact significantly on overall population dynamics. 

 

Benthic fish 

For benthic fish the reference species is taken to be plaice and the ‘reference organism’ defined here is 

taken to be 45 cm long and weighs 3.1 kg.  Plaice have a varied diet but, for simplicity, it is assumed 

here that the diet consists exclusively of worms.  For an individual weighing 3.1 kg, a daily intake of 

0.125 kg of worms is required on average (approximately 4% of body weight [6], although this may 

be conservative).  This is equivalent to 17 worms per day (with an average body mass of 0.0072 kg). 

 

It has been derived above that each worm has a probability of ingesting around 1E-7 fragments per 

day.  As a food source, it may be estimated conservatively that a fragment remains available for 

scavenging by plaice for up to 7 days.  If a population of fish were obtaining their food sources solely 

from contaminated areas, this would imply a frequency of encountering 0.004 fragments per year.  In 

fact fish have large ranges and it is likely that only a small proportion of the total food intake would 

be derived from the contaminated area.  The actual fraction of food derived from the affected area 

cannot be determined quantitatively.  If, for example, it comprised 10% of the average annual intake, 

the probability of ingesting a fuel fragment would fall to 0.0004 a
-1
. 

 

Following the method outlined previously, the whole body effective dose to a fish of 3.1 kg body 

weight arising from a particle containing 1E6 Bq will be given by: 

 

45.6*
1.3

1.0*61
−= E

E
D = 21 µGy

20,3
 h

-1
 

 

This is substantially below the observed threshold of 100 µGy h
-1
 for ‘statistically significant effects’ 

indicated by FASSET [4].  Even if the risk of severe deleterious effect on the individual is as high as 

10% per ingestion event (although there is no hard evidence for this, either way), it is difficult to see 

how this would impact significantly on overall population dynamics. 

 

Mammals 

For this study, a reference seal is defined as 1.5 m long, with a body mass of 100 kg.  A seal of this 

mass probably ingests around 4 kg food per day [7].  A reasonably conservative estimate is to assume 

that 25% of the seal’s diet is comprised of crabs (with a reference mass of 40 g), a further 25% is 
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lobster (with a reference mass of 1.26 kg) and the rest is from fish with a very low likelihood of 

containing fragments.  If it is accepted that each crab encounters 1.7E-7 fragments per day, which 

remain available for transfer through the food chain for 7 days, a seal which feeds solely on organisms 

from the contaminated area will ingest 0.01 fragments per year from this source.  Further accepting 

that each lobster encounters 6.5E-6 fragments per day, available for transfer through the food chain 

for 7 days, another 0.013 fragments per year derives from this source.  A total ingestion rate of 0.023 

fragments per year is thus estimated.  In fact, the actual intake would be very much lower than this, as 

food will be derived from a much broader area and from a much wider range of species. 

 

Following the method outlined previously, the whole body effective dose to a seal of 100 kg body 

weight, arising from a particle containing 1E6 Bq, will be given by: 

 

45.6*
100

1.0*61
−= E

E
D  = 0.65 µGy

20,3
 h

-1
 

 

This is well below the observed threshold of 100 µGy h
-1
 for ‘statistically significant effects’ indicated 

by FASSET [4] and it is unlikely that stochastic effects will be observed.  Non-stochastic effects, such 

as cancer induction, are likely to be low although little evidence is available to support this 

supposition. 

 

5. Discussion 
 

The derived impacts from encounters with fuel fragments are considered to be ‘order of magnitude’ 

estimates.  Considerable uncertainty exists with respect to fuel fragment distribution, organism 

feeding ranges and habits, and biological endpoints following uptake.  Nonetheless, reasonably 

conservative assumptions have been throughout and estimates of impacts presented here will tend to 

be at the upper end of the likely impact in the environment.  In each case it has been concluded that no 

significant impact will be observed at the population level. 

 

Similar conclusions have been reached following a series of investigations in the Chernobyl Exclusion 

Zone, considering impacts on both invertebrate and small mammal populations [e.g. 8, 9].  Although 

the accident at Chernobyl, and resultant contamination of the environment, is entirely dissimilar to the 

situation pertaining to Dounreay the ecological studies undertaken do offer valid observations on the 

effects of high levels of radiation on wild populations.  The evidence suggests that dose rates of the 

order of 1000 µGy h
-1
 have not caused significant observable failure of populations or communities, 

even when sustained over periods long by comparison to life spans. 

 

This study has not addressed the issue of environmental remediation measures.  Such a policy would 

be determined by many factors, not least the potential impact on man.  Nonetheless, there is anecdotal 

evidence to suggest that the current imposition of a fisheries exclusion zone around the contaminated 

area has resulted in greater biodiversity and productivity in the region through the removal of the 

activities of man.  Clearly this observation does not suggest that the introduction of radioactive 

materials should be considered beneficial.  It does, however, suggest that any decision to remediate, if 

based on predominantly environmental considerations, should consider the damage caused by 

remediation itself and the reintroduction of exploitation of the environment by man. 

 

6. Considerations for human exposure groups 
 

The dose estimates presented here have been defined for a specific purpose: to assess whether fuel 

fragments in the marine and coastal environment in the vicinity of Dounreay are likely to pose an 

unacceptable detriment to species present as otherwise viable breeding populations.  The assessments 

have been based on assumptions which will tend to present upper estimates of likely doses.  This 

represents what might be considered a ‘limiting test’.  If, under the assumptions imposed, the impact 

is assessed to be not significant at the population level it is considered that a robust conclusion can be 
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drawn that species are not at risk from the presence of the particles.  If, on the other hand, the impact 

is assessed to be potentially significant, a further round of realistic determinations may be required. 

 

As a consequence, the results from this study should not be used to extrapolate potential impacts to 

local consumers of marine foods.  For instance, while local lobsters may be consumed, the existence 

of a fisheries exclusion zone must be recognised and, notwithstanding this, the likelihood of a lobster 

containing a fuel fragment in a form which can be ingested by a human consumer would need 

reappraisal.  Highly conservative assumptions have been made about the location and types of foods 

ingested by lobsters, and the probability of fuel fragments contained therein, in order to derive an 

upper estimate of the impact on populations.  It has been noted that worms (assumed to be the 

exclusive foodsource for lobsters) are unlikely to retain particles due to the relatively simple gut 

structure.  Nonetheless, in order to build a robust case with respect to potential uptake by lobsters, it is 

assumed that particles in the worm gut are retained for 7 days.  It has also been assumed that the 

lobster derives its food solely from the most contaminated area, which is within the fisheries 

exclusion zone.  If true, this would preclude it from the human foodchain and if not true would reduce 

the probability of encountering a particle.  Again, even if a particle is ingested by a lobster, it is likely 

to be evacuated within a relatively short time.  The probability of a human consuming a particle from 

a lobster would have to take into account both a more realistic estimate of the likelihood of the lobster 

encountering the particle and the probability that the particle will be resident in the lobster at the time 

of cooking it, and of the likelihood of the particle being retained following dressing of the lobster 

ready for consumption.  Finally, if a particle were ingested by a person, both the deterministic organ 

dose to the gut and the stochastic whole body dose equivalent would need to be derived. 

 

Similar considerations would apply for the consumption of fish or other seafoods collected from the 

region. 
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Appendix: step by step dose and impact calculations for polychaete worms and 

lobster 
 

Polychaete worms 

A polychaete worm is assumed to have a standard mass 7.2 g, based on an organism 20x0.6x0.6 cm, 

with a body density of 1 g cm
-3
.  This might be represented as a lugworm.  Typically, lugworm will 

burrow rapidly to a depth of about 20 cm. 

 

As a rule of thumb, it is assumed that lugworms of this standard mass ingest 0.36 g organic matter per 

day (=5% of body weight) or 36 g sediment per day (assuming 1% organic matter in sediment). 

 

If sediment has a density of 2E6 g m
-3
, a mass of 36 g is equivalent to 1.8E-5 m

3
.  Over one year, each 

worm therefore ingests 1.8E-5x365 m
3
 (=6.5E-3 m

3
) of sediment.  At a fuel fragment density of 0.001 

per m
2
 in the top 0.2 m of sediment (equivalent to 0.005 particles per m

3
 to this depth) each worm will 

ingest 3.2E-5 fuel fragments per year (or 8.9E-8 fragments per day). 

 

At a population density of 200 worms m
2
 (reported range from a few to 300 or 400 m

2
), one ha will 

support a population of 10,000x200 (=2,000,000) worms, with a collective predicted ingestion of 65 

fuel fragments per year. 

 

However, one ha of contaminated seabed will contain not more than 10,000x0.001 fuel fragments 

(=10) to a depth of 20 cm.  The prediction of 65 fuel fragment ingestion events occurs because a 

population of 200 worms m
-2
 will turn over the equivalent of 200x6.5E-3 m

3
 a

-1
 (=1.3 m

3
) sediment.  

If the worms are turning over material only from the top 20 cm of sediment (with a volume of 0.2 m
3
 

per m
2
 surface area), this implies that the sediment (and accompanying fuel fragments) will pass 

through a worm gut 6.5 times per year. 

 

In practice this seems unlikely.  If a fuel particle is retained in a worm gut for any significant period 

its availability for subsequent uptake will be restricted.  For instance, if a worm dies rapidly as a result 

of a fuel particle in its gut (which is the conservative assumption made here), the particle would not 

become available again until significant decomposition occurs.  It is also possible that worms will turn 

over material from depths greater than 20 cm.  Neither of these factors has been quantified. 

 

In order to avoid an impression of accuracy in these calculations which cannot be justified, given the 

level of approximations required, a rounded value of 50 fragments ingested per ha is adopted (i.e. 

each fragment within the 1 ha area is encountered by 5 individual worms). 

 

Lobster 

A standard lobster is assumed to have a body mass of 1.26 kg, based on an organism of dimensions 

30x7x6 cm and a body density of 1 g cm
-3
. 

 

As a rule of thumb, it is assumed that a lobster consumes 5% of body weight per day.  For a lobster of 

body mass 1.26 kg this is equivalent to a consumption requirement of 63 g d
-1
.  If a standard 

polychaete worm has a mass of 7.2 g, it follows that a lobster will consume, on average, 8.75 worms 

per day.  This is approximated to a whole number of 9 worms per day. 

 

It has already been demonstrated that each worm has a probability of ingesting 8.9E-8 fragments per 

day (although a slightly lower rounded value was then applied to estimate the impact on populations).  

Again, to avoid misleading impression impressions of accuracy, with respect to uptake by lobsters it is 

assumed that each worm encounters 1E-7 fragments per day, as a rounded value.  However, having 

ingested a particle it is also assumed that a worm then dies.  This does not remove it from the food 

chain for a lobster.  Consequently, an assumption is required to describe how long a particle remains 

available for ingestion to a lobster.  It is assumed here, arbitrarily, that the particle will remain 

available for 7 days.  In effect, this means that from a population of worms, the chance of a lobster 

encountering one (live or dead) containing a particle rises to 7E-7 per day.  The overall likelihood of a 

lobster ingesting a particle is thus given by 7E-7x9x365 (=2.3E-3) per year. 
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The whole body effective dose (D) to a lobster of 1.26 kg body weight arising from a particle 

containing 1E6 Bq 
137

Cs (and other associated radionuclides, with a total weighted dose factor of 

6.5E-4 Gy
20,3

 h
-1
 per Bq Cs-137), of which 10% is available for absorption, can be derived as: 

 

45.6*
26.1

1.0*61
−= E

E
D  = 51.6 µGy

20,3
 h

-1
 

 

No certain effects on an organism can be determined at this dose rate.  The FASSET programme 

rather tentatively drew a conclusion that below about 100 µGy h
-1
 there is little evidence for 

‘statistically significant effects’ [4].  Nonetheless, even if it were assumed, arbitrarily, that up to 10% 

of lobsters exposed to a dose rate of this order were to be taken out of the breeding population this 

would equate to a loss of 0.023% per year of the overall population.  It is difficult to see how this 

would impact significantly on overall population dynamics. 

 


