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INTRODUCTION 

The events originating from the tsunami in March 2011 that have resulted in the release 
of radionuclides from three of the boiling water reactor (BWR) units at the Fukushima 
Dai-ichi power station in Japan will play an important role in providing a better 
understanding of severe reactor accident phenomena in the future. This will in turn 
enable the industry to review the current arrangements for severe accident 
management and mitigation, and if necessary include engineering design safety 
features into new and existing plant. At present, whilst some results of measurements 
made in the vicinity of the station are available, the data are still relatively scarce. 
Similarly, because of the status of the damaged cores of Units 1, 2 and 3 it is difficult to 
ascertain their exact condition and hence determine the degree of core degradation that 
has occurred. Therefore, it is only possible to draw preliminary conclusions from these 
limited data. It is likely that, as the situation in each of the units stabilises and any 
breaches in the primary containment are sealed, more detailed data will become 
available, enabling a better understanding of the events to be obtained. 

The purpose of this initial submission is to provide some interpretation of the results that 
have been released in terms of some of the accident phenomena that have been 
observed, and how they relate to the current understanding of severe reactor accidents. 
This is then applied to some of the potential lessons that can be learned by the UK 
nuclear industry. Whilst there are no BWRs in the UK, there are a number of 
phenomena that can be considered to be generic, in particular with respect to the 
release, transport and speciation of fission products under reactor fault conditions. 
Therefore, the emphasis in this submission has been placed on such chemistry- and 
aerosol-related processes, although some consideration is given to other issues. 

Only the results of the analyses that have been published by the Tokyo Electric Power 
Company (TEPCO) on its website have been considered. 

ACCIDENT PHENOMENA 

Details of the accident progression have been provided in a comprehensive chronology 
by the International Atomic Energy Agency (IAEA), which is updated on an at least daily 
basis. It is therefore not intended to replicate this here. A number of phenomena will be 



discussed based on observations and the results of analyses that have been made 
freely available by the TEPCO. These are mainly based on gamma-ray spectroscopy 
analyses of airborne, soil and liquid samples taken in the vicinity of the site. 

ZIRCALOY OXIDATION AND HYDROGEN FORMATION 

The hydrogen formation and subsequent damage to the secondary containments of 
Units 1, 2 and 3 (i.e. in chronological order) was clearly caused by the oxidation of 
zirconium (i.e. in Zircaloy) by steam at high temperatures, 

. 

The reaction is highly exothermic and could only have taken place when a Zircaloy 
surface was exposed to steam. Zircaloy is present in a BWR in the fuel cladding, bundle 
liner and guide tubes (fuel channels). The logical conclusion is that hydrogen originated 
from one of these sources. The first surface to be exposed in the core as the coolant 
vaporises would be the core top guide (i.e. fuel channels). This may have been the 
largest source of hydrogen production that caused the explosions in Units 1, 2 and 3. 
The only uncertainty is with respect to whether the temperature in the vicinity of the top 
guide would have been sufficiently high for the oxidation reaction to proceed. If this was 
the primary source of hydrogen then it may have some implications with respect to the 
impact on the timing of releases of radionuclides. A hydrogen explosion in a generic 
context would have less impact on the radioactive source term if the integrity of the fuel 
bundle were to remain intact. The fact that the hydrogen explosion in Unit 1 occurred 
relatively soon after the initiation of the accident sequence suggests that vaporisation of 
the coolant was relatively rapid and significant areas of Zircaloy in the core were 
exposed. 

Whether or not the explosions were caused by hydrogen produced by oxidation of 
Zircaloy from the top guide or fuel bundles, there was clearly further oxidation of the 
latter during the accident sequence. Evidence for this is provided by fact that tellurium 
nuclides (i.e. Te-132 and Te-129m) have been detected in samples analysed at the 
Fukushima site. It is possible that Te-132 was present as a daughter from the decay of 
I-132, which was also detected. However, the parent of Te-129m is Sb-129, and this 
was not detected. Experimental studies have shown that tellurium is associated with the 
small tin components that make-up the various types Zircaloy (i.e. as tin telluride). This 
is only released when the level of Zircaloy oxidation reaches approximately 95%. 
Therefore, the fact that tellurium nuclides have been detected suggests that the level of 
oxidation of the Zircaloy in at least some of the fuel bundles in one or more of the Units 
on the Fukushima site has reached or exceeded this level. 

The status of the cores is difficult to determine, but it is likely that there are two 
possibilities. The first of these is that partial fuel melting has taken place of individual 
rods within certain bundles but the overall integrity of the array has been maintained. 
The second possibility is that significant oxidation of the Zircaloy has resulted in loss of 
core integrity, leading to the formation of a debris bed. At present, there is no direct 
evidence for either of these scenarios. However, if the later had occurred it is possible 



that there would have been a release of a greater fraction of the components of the fuel 
and structural materials, the magnitude of which would depend on the integrity of the 
primary containment. However, there have so far been only limited analyses reported 
that support this. 

RADIONUCLIDE RELEASES 

To date, analyses of radionuclides have been reported by TEPCO for airborne, soil and 
seawater samples in the vicinity of the Fukushima site. The earliest available data are 
from 22 March 2011. There have also been some analyses released of water from the 
trench of Unit 1, from a puddle in the turbine hall of Unit 2 and from the first basement of 
the turbine building of each unit (i.e. 1 – 6). In this section, some trends in the nature of 
the radionuclide release derived from the results of the limited analyses that are so far 
available will be discussed in the context of the phenomenology of the accident. It 
should be noted that there are understandably limitations to the measurements that 
have been made so far. These rely almost entirely on gamma-ray spectroscopy 
measurements. Whilst this technique will measure a large number of radiobiologically 
significant nuclides (e.g. I-131, Cs-137), some nuclides such as Sr-90, which is a pure 
beta emitter, will not be analysed. 

The analyses show a variety of radionuclides to be present. However, as already 
discussed in Section 0, care has to be taken in the interpretation of the results. This is 
because some of the nuclides are present as daughters formed by the decay of their 
short-lived parents. The potential for inaccuracies caused by the in-growth of daughter 
nuclides after sampling has been acknowledged by TEPCO in its press release of 4 
April 2011. After this time, only caesium and iodine releases were reported for the 
analyses of airborne material and seawater. 

Ideally, an assessment of the radionuclide analysis results should be carried out in 
conjunction with observed events with respect to each of the reactor units. In this way it 
could be possible to correlate the results for radionuclides released with the progression 
of the reactor faults. However, this is not within the scope of this document. 

Analyses of Airborne Material 

Analyses of airborne species have so far shown the presence of cerium (Ce-144), 
barium (Ba-140), lanthanum (La-140), caesium (Cs-134, -136, -137), iodine (I-131, -
132, -133), tellurium (Te-129, -129m, -132), tin (Sn-113), silver (Ag-110), ruthenium 
(Ru-105, -106), technetium (Tc-99m), zirconium (Zr-95) and cobalt (Co-58), although 
not all nuclides were detected in every sample. Measurements were generally made of 
dust samples taken on-site and at the west gate, although there was some I-131 
reported at the outlet from an exhaust stack for Units 1 and 2. In general, partitioning of 
material was identified between the vapour-phase, particulates and other radionuclides 
(presumably of undetermined form). There appears to be no reference to the 
methodology used to determine this partitioning, but it may have been achieved using 
selective filters (e.g. Maypacks). Only caesium and iodine nuclides were identified in the 
vapour and particulate phases. All others were identified as undetermined. Whilst this 



type of analysis does provide some good indicative data, the results should be treated 
with some caution, as there is often migration between the zones in the filters used to 
collect such material. 

The results show a number of interesting trends, and it is possible to obtain some 
information regarding the form in which the radionuclides were released. As would be 
expected, in many samples iodine and caesium radionuclides are associated in both the 
particulate and vapour phases, suggesting that there has been release in the form of 
caesium iodide. However, some samples showed iodine without caesium in the vapour 
phase and caesium without iodine as particulate. This suggests that there may also 
have been some release of molecular iodine and caesium hydroxide. 

Besides than caesium and iodine, a number of radionuclides of other elements have 
been detected in the samples taken of airborne material. The presence of cerium (as 
Ce-144) cannot be accounted for by the decay of short-lived parent nuclides. It is likely 
to be present in fuel as low-volatile cerium (IV) oxide (CeO2) and is unlikely to be 
volatilised in significant amounts, even at the temperatures encountered in the 
degrading cores during the accident. It is possible that it was released by a mechanism 
involving mechanical aerosol generation caused by degradation of the core. However, if 
this were the case then it would be expected to be associated with fuel components 
This would be in the form of uranium for Units 1 and 2 or uranium and plutonium for Unit 
3 which used mixed-oxide (MOX) fuel. These were not reported for any analyses of 
samples taken from the air. In some of the early experimental studies conducted in the 
Falcon facility at Winfrith with trace-irradiated fuel samples in the 1980s and 1990s, 
there was evidence for the release of cerium. Samples taken of particulates from the 
Chernobyl accident also showed similar results. A similar conclusion can be made for 
barium (as Ba-140) and lanthanum (as La-140). Both are likely to be present as 
involatile oxides in the fuel. It has also been postulated that barium could be released 
under high-steam conditions as a hydroxide species, although there is little evidence for 
this. It should also be remembered that Ba-140 has a relatively short half-life, decaying 
to La-140. Therefore the presence of the latter could be due to decay of the former, 
although there were some samples in which only La-140 was present. The presence of 
the tellurium nuclides (Te-132, -129m, -129) has already been discussed in Section 0. 
The presence of Te-132 can be explained by the decay of I-132, but Te-129m and Te-
129 are daughters from the decay of Sb-129, which was not reported to have been 
detected in any sample. The presence of tellurium nuclides may indicate that there has 
been significant oxidation of the Zircaloy fuel cladding. Tin (as Sn-113) has also been 
detected which may also be an indication of a high level of degradation of the Zircaloy 
cladding caused by steam oxidation, as tin would be expected to be retained in the 
cladding. Ruthenium (as Ru-105 and -106) was detected in several samples. The 
chemistry of ruthenium is complex and it is not proposed to give it detailed consideration 
here. However, it should be noted that ruthenium can be released in the form of volatile 
oxides when air ingress takes place and has a tendency to form sub-micron particles. 
Technetium (as Tc-99m) was also detected in some samples. It is difficult to envisage a 
mechanism for the release of technetium, other than via mechanically generated 
nuclides from a degraded core. However, it should be noted that it is the daughter 
product from the decay of Mo-99, which is relatively short-lived. Molybdenum generally 



forms oxides of low volatility, although there is some evidence that this can be 
enhanced at higher oxidation potentials. It is difficult to envisage mechanisms for the 
release of the zirconium (as Zr-95) that was detected. Under the high-steam conditions 
of the accident, it is almost certain that zirconium (IV) oxide would have been formed. 
Similarly, cobalt (as Co-58) be unlikely to be present as a volatile species, and would 
not have originated from the decay of any other radionuclide present in the samples. 

Whilst it is not possible here to relate the timings of any of the events of the accident 
sequence to the release of radionuclides, one qualitative observation is that there 
appears to have been an increase in non-volatile nuclides at the time that smoke was 
observed to have been emitted from one of the units. This may warrant further 
investigation. 

Analyses of Aqueous Samples 

As already discussed above, analyses were reported of seawater around the discharge 
points on a regular basis. These were taken at the discharge canals for Units 1 to 4, and 
5 to 6. Later seawater sampling was extended to locations further from the plant. In 
addition, a few single analyses of water were reported for samples taken from the 
trench of Unit 1, from a puddle in the basement of the turbine hall of Unit 2, and from the 
first basement of the turbine building of Units 1 to 6. The seawater samples taken from 
the discharge canals were reported as containing barium (Ba-140), lanthanum (La-140), 
caesium (Cs-137, -136, -134), iodine (I-132, -131), tellurium (Te-132, -129), ruthenium 
(Ru-106, -105), molybdenum (Mo-99), technetium (Tc-99m), zirconium (Zr-95) and 
cobalt (Co-58). Only the results of caesium and iodine radionuclides were reported for 
the seawater samples taken from locations further from the site. The trench sample 
from Unit 1 was reported as containing lanthanum (La-140), caesium (Cs-137, -136, -
134), iodine (I-132, -131), tellurium (Te-132, -129m, -129), ruthenium (Ru-106), silver 
(Ag-110m), technetium (Tc-99m) and niobium (Nb-95). The puddle in the basement of 
the turbine hall of Unit 1 was reported as containing barium (Ba-140, lanthanum (La-
140), caesium (Cs-137, -136, -134), iodine (I-134, -131), silver (Ag-108m), technetium 
(Tc-99m) and cobalt (Co-56). The samples from the first basement sub-drains from 
Units 1 to 6 were reported as containing lanthanum (La-140), caesium (Cs-137, -136, -
134), iodine (I-132, -131), tellurium (Te-132, -129m, -129), and niobium (Nb-95), 
although not all radionuclides were detected for every unit.  

The results of the analysis of seawater samples taken at the discharge canals may give 
some indication of the status of the cores during the course of the accident. There are 
marked changes in the composition as the accident progressed, with nuclides other 
than of caesium and iodine detected at later times in the sequence. However, without a 
detailed assessment of the volumes of water being circulated around each of the three 
degrading cores and information on consequent the outflows into each of the discharge 
canals it is difficult to draw any firm conclusions. Interpretation is complicated further by 
the fact that TEPCO appears to have restricted the reporting of data to caesium and 
iodine radionuclides at a certain point in the sequence. It is worth noting that caesium 
and iodine are likely to form species that are more water soluble, and this may explain 
their appearance at the start of the sequence. It is also worth noting that there is no 



indication given of whether the samples were filtered before analysis. The logical 
assumption is that they would have been and that this would have removed all of the 
material that may have been suspended in the water. This could account for a 
significant inventory of radioactive material, particularly if the cores have degraded 
sufficiently and if the suspended solids are of a low particle size. 

The results from the trench from Unit 1 can be considered to be similar to those for the 
seawater in terms of the identity of the radionuclides released, although there are a few 
differences (e.g. Mo-99 was reported in seawater, whereas Nb-95 was reported in the 
trench). However, unlike the seawater analyses, the sample from the trench was only 
taken at a single point in time and therefore represents a snapshot. Without a detailed 
knowledge of the history of the discharges of water to the trench it is difficult to draw any 
firm conclusions. 

The results of the analyses from the puddle from the basement of the turbine hall in Unit 
1 and the basements of Units 1 to 6 may provide some qualitative information on the 
releases from the three degraded cores. There are similarities to some of the results of 
the analyses of the airborne material, particularly with respect to the presence of Ba-140 
and La-140 in the puddle sample. This adds confidence to the results from the analyses 
of airborne material that the observed release of barium was real. However, unlike the 
airborne analyses, all the tellurium nuclides were below the detection limit. The results 
of the analyses of the water from the basements below the turbine halls of Units 1 to 6 
are broadly consistent with those of the analysis of the puddle. No barium (as Ba-140) 
was detected but its lanthanum daughter (as La-140) was present. Tellurium nuclides 
were detected, consistent with the results of the analyses of airborne material were 
present suggesting that the Zircaloy cladding had oxidised sufficiently for it to be 
released. Therefore, the results of the analyses of material from these two areas can be 
concluded to provide broad support to those of the airborne material. 

Analyses of Soil Samples 

Only limited results of the analyses of soil samples have been reported. These were 
taken at two locations at the Fukushima site and also at distances of up to 1 km from 
the Unit 1 and 2 stack on several dates between 21 and 28 March 2011. In some cases 
samples were taken from the same location on up to 3 separate dates. The analyses 
included measurement of Pu-238 and Pu-239/Pu-240. These were carried out because 
of the concerns that had been expressed over the release of plutonium from the mixed 
oxide fuel used in Unit 3. The results showed the presence of barium (Ba-140), 
lanthanum (La-140), caesium (Cs-137, -136, -134), iodine (I-132, -131), tellurium (Te-
132, -129m), silver (Ag-110m), ruthenium (Ru-106), molybdenum (Mo-99), technetium 
(Tc-99m), niobium (Nb-95) and beryllium (Be-7). In addition, very low levels of Pu-238 
and Pu-239/Pu-240 were detected at samples taken up to 500 m from the Unit 1 and 2 
stack. 

The release of radionuclides (excluding the plutonium isotopes) is broadly consistent 
with the results of the analyses of the airborne material and water samples taken from 
under the turbine halls. Again, Ba-140 was detected and is most likely in steric 



equilibrium with its La-140 daughter. The presence of Te-129m suggests that there has 
been significant steam oxidation of the Zircaloy cladding by steam. The presence of Ag-
110m is difficult to explain as silver is unlikely to form stable volatile species under 
accident conditions. It may be present as the result of a mechanically generated aerosol 
released from a degraded core. The presence of Ru-106 and Mo-99 suggests that 
volatile compounds of these nuclides (most likely oxides) were formed. Mo-99 decays to 
Tc-99m which is probably only present as a daughter product. As already discussed, 
the presence of Nb-95 is difficult to explain unless it was released in a mechanically-
generated dust aerosol. Only one sample was found to contain Be-7 and as such this 
may be a spurious result. 

As already discussed, very low quantities of Pu-238 and Pu-239/Pu-240 were detected 
in some samples. It has been stated that the values are consistent with those from the 
fallout that originated from atmospheric nuclear testing in the Pacific. If there were to 
have been a release of plutonium from the MOX fuel used in Unit 3, then this would 
probably have been in the form of a mechanically-generated dust aerosol released from 
the degraded core, rather than as a volatile species. If this were the case, then it would 
almost certainly be accompanied by a release of uranium isotopes. None of the results 
of analyses that have been released by NEPCO contain any data for uranium, and it 
therefore has to be assumed that it was not detected. The sizes of the particles 
released by this mechanism would be relatively large and would therefore be likely to be 
transported only fairly short distances. Therefore the likelihood is that the plutonium 
isotopes detected in the analyses originated from atmospheric nuclear testing and not 
the MOX fuel. 

CONSEQUENCES FOR THE UK NUCLEAR INDUSTRY 

As has already been stated many times elsewhere, the UK does not have any BWRs 
and therefore the causes and consequences of the Fukushima events may not be 
directly applicable. However, examination of the radioactive source term resulting from 
the degraded cores of Fukushima Units 1, 2 and 3 can be used generically in order to 
improve the basic understanding of the source term in a severe accident and the 
accident management methods for existing reactors and new-generation designs. In 
addition, there are also lessons that may be learned from the Fukushima events with 
respect to the existing gas cooled reactor (GCR) fleet. 

Source Term 

The source term from the Fukushima units is far more relevant to all designs of water-
cooled reactor because many of the materials used in the construction of a BWR are 
similar to those of a pressurised water reactor (PWR). However, there are two main 
differences and these are discussed below. 

A PWR, such as Sizewell B, uses Cd-In-Ag control rods, whereas a BWR such uses 
control rods containing blades of boron carbide. These will produce different aerosol 
sources under accident conditions. The control rods in a PWR will fail under accident 
conditions produce metallic aerosols comprising mainly cadmium by nucleation, 



although mechanically generated silver and indium particles may also be released 
particularly if there is a violent rupture of the stainless-steel cladding. Failure of BWR 
control rods will result in the formation of boric oxide from the oxidation of boron carbide 
by steam, which will ultimately form boric acid. Studies have shown that boric acid 
aerosols are complex and these will almost interact in a different manner compared with 
the metallic aerosols produced in a PWR severe accident. The chemical interactions 
between the two types of aerosol and released radionuclides will also be totally different 
and it must therefore be concluded that there may be significant differences in the 
source term to the environment. The presence of metallic control rods compared with 
those containing boron carbide will also lead to differences in core degradation 
behaviour and melt progression in the two types of reactor. However, it should be noted 
that both designs of reactor utilise boric acid in the coolant as a soluble moderator 
which could act as an additional aerosol source in an accident. 

Both BWRs and PWRs contain significant amounts of Zircaloy in their construction that 
could be oxidised by steam in an accident to form explosive mixtures of hydrogen and 
air. One of the aspects of the Fukushima events was the rapidity with which the 
hydrogen explosions occurred and their violence. In all three units, the secondary 
containment buildings were demolished, thus removing any mitigating role which they 
may have had with respect to the source term to the environment. In the Mark 1 BWR 
design employed in Fukushima Units 1 to 4, little reliance is placed on the secondary 
containment for mitigation of release. The situation in a PWR is different from that in a 
BWR in that its containment is reinforced with a steel liner and is better designed to 
withstand hydrogen explosions. In addition, many PWRs, such as Sizewell B, also 
contain catalytic recombiners to ensure that hydrogen levels in an accident are kept 
below the lower explosion limit. It is therefore likely that the integrity of the containment 
would be retained, thus mitigating the source term. 

The new-generation water-cooled reactors proposed for construction in the UK 
incorporate many additional safety features compared to existing units. This includes 
different control rod designs that incorporate hafnium, which is far less volatile than 
cadmium at high temperatures, and therefore much less likely to fail under accident 
conditions. 

The potential of new-generation reactors to use MOX fuel may be influenced by the 
possible release of plutonium from Fukushima Unit 3. Whilst the results to date suggest 
that it is unlikely that any plutonium has been released, further analyses will be required 
to confirm this. 

The measurements that have been released to date by TEPCO and discussed in 
Section 0 are not sufficiently detailed to enable a full evaluation of the source terms 
from the three damaged units. Further analyses will be required to identify other 
radionuclides that may have been released and also to provide data on the morphology 
and composition of any aerosols of structural materials produced. Clearly, as the 
situation in each unit is brought under control, remote access and sampling will be 
required, and this will provide additional data. Ultimately, it will be necessary to 
ascertain the condition of the degraded cores which will include the degree of melting (if 



any). Once these data are available a full assessment of the source term implications 
for Sizewell B and future UK water reactors will be able to be assessed. 

The loss of on-site power also resulted in a reduction in the ability to cool reactor fuel 
stored in ponds at the Fukushima site. This may ultimately also have contributed to the 
source term for the accident. As all types of UK reactors have fuel storage facilities on 
site, these should be reviewed and assessments made of the consequences of the 
failure of the cooling systems when hot fuel that has been newly removed from the core 
is stored there. 

GCR Issues 

The design of the UK gas cooled reactor fleet is very different from that of the 
Fukushima BWRs. However, there are some issues that may be relevant and worth 
considering. 

As already discussed in Section 0, the secondary containment in a Mark 1 BWR is not 
designed to withstand a hydrogen explosion. A similar situation exists in a GCR, where 
the primary dependence for mitigation of the source term is placed on the steel-
reinforced concrete pressure vessel as the primary containment, which also acts as a 
radiation shield. The potential for generation of explosive quantities of hydrogen in a 
GCR is limited because of the carbon dioxide coolant and the absence of Zircaloy. 
However, the graphite core could degrade by interaction with water. Therefore, as in the 
case of the Fukushima events, the loss of the secondary containment could take place 
relatively early in the accident sequence. This would result in loss of one level of 
mitigation of the source term, with dependence only on the primary containment. An 
increase in temperature caused by loss of cooling (i.e. power to circulators) or coolant 
(i.e. CO2) in a GCR would mean that the accident would progress much more slowly 
than would be the case for a water-cooled reactor. However, unless cooling could be 
restored, there would ultimately be a degradation of the reactor core. Failure of the 
primary containment would also lead to severe degradation and ignition of the graphite 
cladding. Therefore, a scenario in which the means of cooling the core of a GCR is lost 
for whatever reason could be more difficult to control and mitigate than was the case at 
Fukushima, particularly when the ability of graphite to form aerosols in a fire is taken 
into account. 

Accident management methods proposed for use in GCRs have included the use of ad 
hoc filters to remove aerosols channelled through an engineered breach. One of the 
methods of filtration would involve passing the flow from the breach through water, with 
the reactor fuel pond identified as a potential source to scrub aerosols. Clearly, there 
are issues associated with this strategy when there is also reactor fuel stored in the 
pond. If the loss of cooling is caused by a failure of the on-site power supply, then 
cooling of the fuel pond is also likely to have ceased, as was the case at Fukushima. If 
this is the case, then it will clearly not be possible to use it to scrub aerosols channelled 
from an engineered breach and this strategy will therefore not be available. Even if the 
on-site power has not failed, utilising this method when fuel is stored in the pond should 
not be carried out without due consideration. 



CONCLUSIONS 

Consideration has been given to the events following the tsunami at the Fukushima 
power plant in 2011. This has included consideration some observed phenomena and 
the results provided by TEPCO of analyses of the radionuclides released. Some 
observations and preliminary conclusions are listed below. 

(i) The production of hydrogen and subsequent explosion at early stages in the 
accident sequence in Units 1, 2 and 3 suggests that there has been significant 
oxidation of the Zircaloy in the reactor cores and this may extend to the fuel 
cladding. 

(ii) The observation of tellurium (Te-129m) in the airborne and soil samples analysed, 
and also in some liquid samples collected below the turbine hall in each of the unit 
suggests that >95% oxidation of at least some of the sections of fuel cladding 
above the water level has taken place. 

(iii) There is some evidence for the release of caesium iodide, caesium hydroxide and 
molecular iodine. 

(iv) The high level of oxidation of the Zircaloy may have resulted in a loss of structural 
integrity and possible formation of a debris bed in one or more of the reactor cores. 

(v) The presence of low-volatile radionuclides such as Ce-144 and Ba-140 may 
indicate that some of the integrity of the fuel cladding has been lost, resulting in the 
release of a mechanically-generated (dust) aerosol. 

(vi) Whilst the chemistry of ruthenium is complex under accident conditions, the 
presence of Ru-105 and Ru-106 suggests release as a volatile vapour or sub-
micron aerosol particles. 

(vii) The presence of Mo-99 in some samples may indicate transport as a volatile oxide 
or by a mechanically-generated aerosol. 

(viii) The low levels of plutonium measured were probably from atmospheric nuclear 
testing in the Pacific. Had these originated from the MOX fuel utilised in Unit 3, 
then it would be expected that uranium isotopes would also have been reported, 
which was not the case. 

(ix) Further analyses of samples taken at the Fukushima site and its vicinity will 
provide greater insight into the progression of the accident in each of the three 
units which have undergone core degradation. Provision of information on the 
distribution of other radionuclides not reported so far (e.g. Sr-90), reactor and 
structural materials will be particularly important, together with data on the status 
of the degraded cores. 

Consideration of the UK reactor fleet has also been given in the context of the 
Fukushima accident. Whilst there no BWRs in the UK there are some issues from which 
lessons may be learned. 



(i) The source term produced by the degraded cores from Units 1, 2 and 3 may be 
considered to be generic as long as differences in reactor design and materials are 
taken into consideration. 

(ii) The differences in the control rod materials used in a BWR and a PWR will have 
an effect on the core melt progression. They will also influence the composition 
and morphology of the aerosols produced in an accident, and possibly the 
transport of radionuclides that are released. 

(iii) The hydrogen recombiners of a PWR mean that a hydrogen explosion is less likely 
and the steel-lined containment is better able to withstand it should it occur. 

(iv) Consideration should be given to the measures in place at UK reactor sites to 
mitigate any consequences of the loss of cooling to fuel storage ponds. 

(v) The advanced safety features in new-generation reactors, including the use of 
hafnium in the control rods, will make events such as those at Fukushima even 
less likely to occur. 

(vi) The similarities between the primary and secondary containments in a GCR and 
those in the Fukushima Mark 1 BWRs should be examined in the context of the 
consequences of a loss of on-site power. 

(vii) Mitigation strategies involving ad hoc using the fuel storage pond should be 
reassessed in the context of the events in which cooling was lost to the fuel ponds 
at Fukushima. 

The events at Fukushima were clearly exceptional and it is unlikely that such extreme 
circumstances could arise in the UK. However, it should be noted that the UK’s ability to 
assess the consequences of severe reactor accidents such as this has been severely 
reduced since work in this area ceased in the early 2000s. There is still some expertise 
resident in the UK, but it is not in the form of coordinated teams or organisations, with 
personnel now largely working in different technical areas. It therefore has to be 
concluded that the ability to respond to and assess the implications of events such as 
the Fukushima accident from within the UK is now severely limited. 
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