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FOREWORD 

Spent fuel or high-level radioactive waste is now produced in many 
countries as a result of the generation of electricity by nuclear reactors. 
The long periods of time over which this type of waste remains potentially 
hazardous require a disposal method based on its capability to provide 
long-term isolation. Burial beneath the ocean floor in geologically stable 
sediment formations has been studied because of its potential for long-term 
isolation. 

Since 1977, countries conducting research on ocean-floor burial of 
high-level waste, often called sub-seabed or seabed disposal, have cooperated 
and exchanged information in the framework of the Seabed Vorking Group estab-
H F -' under the Radioactive Waste Management Committee of the OECD Nuclear 
Enei6> Agency. Members of the Group are: Belgium, Canada, France, the Federal 
Republic of Germany, Italy, Japan, the Netherlands, Switzerland, United 
Kingdom, United States, and the Commission of the European Communities (CEC). 

The objective of the Seabed Working Group is to provide scientific and 
technical information to enable international and national authorities to 
assess the safety and engineering feasibility of seabed disposal. As none of 
the participating countries intend to use seabed disposal in the foreseeable 
future, the work of the Seabed Working Group should essentially be seen at 
this stage ar a scientific contribution to the identification and assessment 
of potential 'nethods for radioactive waste disposal. 

An Exe'.utive Committee guided the overall direction and policy of the 
Seabed Working Group in this research. Its members represented their 
respective national programme', made financial commitments and coordinated 
national positions in order to permit the Seabed Working Group to pursue its 
overall objectives. A large number of scientists have contributed to the 
research which comprises the present body of knowledge relating to seabed 
disposal of radioactive waste. 

This --olume is one of a series of eight volumes assessing seabed dis
posal based on research carried out by the Seabed Working Group over the last 
ten years. Volume 1 provides an overview of the research and a summary of the 
results. Volumes 2 to 8 consist of technical supplements which provide a more 
detai td description ot radiological assessment, geoscience characterization, 
engineering studies and the scientific basis upon which the radiological as
sessment is built. Although legal, political, and institutional aspects are 
essential t<- possible future use of seabed disposal, they are not being con
sidered in his series. 

This report represents the views of the authors. It commits neither 
the Organisation nor the Governments of Member Countries. 
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PREFACE 

This report presents the results of the radiological assessment of the 

seabed option for the disposal of High Level Radioactive Waste (HLW) inside the 

ocean seabed sediments. 

The disposal method considered is that of free-fall penetrators reaching a 

depth in the sediments of 50 tn, each penetrator containing 5 canisters of HLW 
3 

glass, with 0.150 m of glass per canister. The disposal area is a 22x22 km 

square hosting 14 667 such penetrators, which represents the waste generated by 

an energy production programme of 3 000 GW (e)a (approximately 3 333 reactor-

years of 900 MW(e) reactors). This was considered a reasonable amount of waste, 

but the results of the assessment can be linearly scaled up or down. The disposal 

areas investigated are located in the Atlantic Ocean, at Great Meteor East and at 

South Nares Abyssal Plain. Disposal in the Pacific Ocean was not considered. 

The assessment was performed in early 1987 in international cooperation 

using the knowledge, data and models available to the Radiological Assessment 

Task Group (RATG) at that time. This information is the result of the work by the 

other task groups of the Seabed Working Group, presented individually in other 

volumes of this document. The RATG developed and tested the methodology and 

models used for the assessment, under the guidance of all the task groups, who 

provided the requested data. In the course of this work, much effort was devoted 

to verifying and validating the models. 

The assessment begins with the "base case" scenario, where the waste is 

successfully emplaced at its prescribed depth and behaves as anticipated in the 

sediments; then, a series of "abnormal" scenarios are analysed, corresponding to 

a set of accidents (including transportation accidents at sea) or abnormal beha

viour of the system. No attempt was made to estimate the probability of occurren

ce of these abnormal scenarios, except for the transportation accidents. They are 

therefore meant to provide an overview of the sensitivity of the seabed option to 

the set of hypotheses used in the base case and to accidents. As part of the 
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sensitivity study, an emplacement depth of several hundred meters was also consi

dered. However, this cannot be viewed as an assessment of the drilled method of 

emplacement, which would have to be used to reach such depths. 

A five-page summary of the report and of its conclusions is given after this 

preface. 

Chapter 1 describes the methodology adopted by the RATG for the assessment 

and compares it with other methodologies. 

Chapter 2 presents the results of the assessment for the "base case" scena

rio. 

Chapter 3 gives the results for the "abnormal" scenarios, except for trans

portation accidents, which are described in Chapter 4. 

Chapter 5 presents various additional sensitivity studies of the option. 

Chapter 6 draws the main conclusions and offers recommendations. 

Appendix A is a glossary. 

Appendices B, C and D are detailed descriptions of the data and models used 

in the assessment. 

Appendix E presents the verification and validation studies performed by 

the RATG, prior to the assessment, to gain confidence in the models used. 

Appendix F gives the results of preliminary sensitivity studies run by the 

RATG, prior to the assessment, to evaluate the importance of individual physical 

processes occurring in the system. These studies have helped to focus the re

search of the Seabed Working Group and to improve the models needed for the 

assessment. 

Appendix G compares the results of the present assessment with those presen

ted in the previous NEA 1983 Status Report ("NEA 1983"). 
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SUMMARY: RADIOLOGICAL ASSESSMENT OF THE SEABED OPTION 

1. Concept 

The radiological assessment of the seabed option consists in estimating the 

detriment to man and to the environment which could result from the disposal of 

high level nuclear waste within seabed sediments in the deep oceans. This detri

ment is measured in terms of potential radiological doses to man and fauna. Both 

the maximum individual doses and che collective doses are calculated. 

The assessment is made for the high level raste (vitrified glass) produced 

by the reprocessing of 10 tons of heavy metal (MTHM) from spent fuel, which 

represents the amount of waste generated by 3 333 reactor-years of 900 MW(e) 

reactors, i.e. 3 000 GW(e).a. 

The disposal option considered uses 14 667 steel penetrators, each contai-
3 

ning 5 canisters of HLW glass (0.15 m each). These penetrators would reach a 

depth of 50 m in the sediments and would be placed at an average distance of 180 m 

from each other, requiring a disposal area in the order of 22x22 km. Two such 

potential disposal areas in the Atlantic ocean were studied, Great Meteor East 

(GME) and the South Nares Abyssal Plain (SNAP). A special ship design is proposed 

to minimize transportation accidents. Approximately 100 shipments would be ne

cessary to dispose of the proposed amount of waste. 

2. Methodology 

The assessment used models and data provided to the RATG by the other SWG 

task groups, up to the end of 1986. These models describe: 

. the corrosion of the steel penetrators, 

. the leaching of the glass, 

. the transport of the radionuclides in the sediments, 

. the dispersion and mixing in the ocean waters of the radionuclides escaping 
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from the sediments, 

. the scavenging of some radionuclides from ocean waters by sorption on 

particulates and sedimentation, 

. the pathways to man by consumption of seafood, sea salt, desalinated water, 

by inhalation of airborne sediments or marine aerosols, as well as by 

external irradiation. 

TTr -»e types of calculations are made: 

i) The base case, or "normal" scenario: the waste is assumed buried at its 

prescribed depth and all the barriers behave as anticipated. 

ii) Several "abnormal" scenarios, where one or more components of the system 

behave abnormally. This is both a test of the importance of each of the compo

nents of the system and an assessment of the potential consequences of an unde

sirable natural evolution of the environment. 

iii) Scenarios of transportation accidents, occurring in coastal areas or 

in the deep seas. Not only are the consequences of such accidents analysed, but 

their probability of occurrence is assessed, given a special ship design. Proba

bility of recovery is also studied. 

The assessments are made with both a deterministic and a stochastic methodo

logy. This makes it possible to estimate not only the most likely doses resulting 

from each scenario but also the range of uncertainty of this estimation, given 

the uncertainty in the available data. 

The calculations were made simultaneously and independently by different 

institutions in several countries (Sandia National Laboratories, USA, for the 

Department of Energy; Joint Research Centre, Commission of the European Communi

ties; National Radiological Protection Board, for the PAGIS-CEC Program, UK; 

Electrowatt Engineering Services, for the Department of the Environment, UK; 

Dornier GmbH for the Bundesministerium fur Forschung und Technologie, FRG; Ecole 

des Mines de Paris for Commissariat a l'Energie Atomique, France). A consistent 

set of models was used as well as a single data base, which was assembled and 

approved by all SWG members before the start of the assessment. This made pos

sible a large number of intercomparisons and verification studies, increasing 

the confidence in the quality of the results. 
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3. Results 

No significant differences were found between the two sites (GME and SNAP) 

although the quality of their sediments is slightly different. We will therefore 

not specify the site origin of the results. 

i) For the base case, the peak dose to members of the maximally exposed 
. . . . - 9 - 1 

group of individuals is in the order of 3x10 Sv a for tb- complete repository 
of 10 MTHM, occurring 150 000 years after disposal. This is about 3x10 times 

-3 -1 5 

smaller tnan the ICRP recommended limit (10 Sv a ) and 3x10 times L mailer 

than background dcses; such very snu?ll doses are therefore totally negligible and 

insignificant. The uncertainty on this value calculated by the stochastic analy-
—15 -8 -1 

sis ranges between 3x10 and 3x10 Sv a and the highest dose ever calculated 
—8 -1 

in the stochastic analysis is 3x10 Sv a , in a sample of 500 runs. 

The radionuclides contributing most to these doses are the long-lived poor-
/99 79 126 129 135 ly sorbed fission products ( Tc, Se, Sn, I, Cs) and the major pathway 

is the consumption of molluscs, crustaceans, seaweed and fish. 

5 . 3 
The collective doses integrated to 10 years are in the order of 2x10 man 

7 4 
Sv and to 10 years of 3x10 man Sv. These figures can only be used for comparison 
with other disposal options, as there is no internationally recommended limit. 

ii) For the various abnormal scenarios, it was found that the seabed option 

was extremely insensitive to a large number of assumptions or to varying beha

viour of the system components. In particular, for a properly emplaced penetra-

tor, the corrosion and leaching properties of the waste are not significant. Only 

three scenario* were found to increase the doses significantly: 

a) Emplacement of penetrators in the sediments at a depth less than 10 m. If this 

occurred for all penetrators, individual doses, compared with the base case, would 

be increased by a factor of: 
2 

- 10 for penetrators buried at a depth of 10 m; 
4 

- 10 for damaged penetrators lying on the ocean floor. 

b) Existence of an upward water velocity in the sediments. The base case scenario 

assumes th^t no pore watei velocity exiets in the sediments above the present 
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detection limit, which is 10 m a . The information collected by the Sediment 

Barrier Task G~oup in^icstes that this is indeed the case at present (see Volume 

3). But if a vertical pore water velocity up to 1 ;n a existed in the sediments, 
3 

the individual doses could be increased by a factor of 2.3x10 compared with the 

base case for penetrators with a normal corrosion rate and by a factor of 3.5x10 

for penetrators with a zero corrosion time. In fact, the scenario considers only 

the existence of a vertical pore water velocity in the sediments. However, any 

other movement or pathway of the pore water in the sediments (e.g. horizontally 

towards a fault) would have similar deleterious effects. Causes of such movements 

of water could be compaction, natural convective cells developing between the 

crustal bedrock and the ocean bottom, or other unknown mechanisms. Imperfectly 

closed holes behind a penetrator, etc.. could constitute pathways. This scenario 

points to the need of a better understanding of potential pore water movements 

and pathways in the sediments. 

c) Change in the retention properties of the sediments for the radionuclides. If 

the distribution coefficients K, of all elements were equal to zero, the indivi

dual doses could be increased by a factor of 1.7x10 compared with the base case. 

Such a scenario is very unrealistic, but highlights the need for in situ measure

ments of sediment retention properties as well as for speciation studies of the 

radionuclides. In addition, the analysis showed that the existence of hypotheti

cal biological pathways from the site sediments to man should be more thoroughly 

investigated. 

iii) For the transportation accident, it was found that the doses could be 

very severe, especially for accidents in coastal waters (in the order of 7x10 

Sv a per metric ton of heavy metal of waste lost in the sea, with an uncertainty 
—6 —3 —1 —1 

range of 4x10 to 1x10 Sv a MTHM ). However, it is possible to design a 

transportation *essel and organize recovery actions, so that the probability of 

occurrence of such doses is extremely small and, in practice, negligible. 

For the total repository of 10 MTHM, the expected individual dose resulting 

froii sea transportation accidents with a special ship design is estimated at 

4x10 Sv a by summing up all the doses of possible accidents multiplied by 
— 16 -13 

their probability of occurrence (with an uncertainty range of 3x10 to 8x10 

Sv a" 0' 
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In none of the above scenarios does the dose to fauna appear to be signifi

cant. 

4. Discussion 

The results of this radiological assessment show that the disposal of high 

level waste in sub-seabed sediments could be radiologically a very safe option. 

This statement holds true as far as the assumptions, models and data used in the 

calculations can be validated. A further research program on sub-seabed disposal 

should therefore aim at achieving such a validation. 

Since, in many cases, conservative assumptions or data were used in this 

assessment, it is most likely that future research will show that the consequen

ces of this disposal option may be even smaller than those described here. 

Given the sensitivity of the global system and the uncertainty associated 

with the various processes, the following areas should be investigated with a 

high priority: 

. magnitude and possible causes of pore water migration in the sediments and 

role of potential preferential pathways for this migration: hole closure 

behind a penetrator, role of existing or subsequent faults, role of layer

ing, etc.... 

. retention properties of the sediments, especially for long-lived fission 

products, but also for actinides; 

. ocean mixing in continental slope areas (for transportation accidents in 

these zones which are not analysed in the present assessment) and in coastal 

waters; 

. deep-sea biological activity in connection with ocean mixing (for a hypothe

tical deep-sea fish pathway from sediments in the disposal area); 

. engineering aspects of transportation, emplacement and recovery actions in 

case of accidents; 

. validation of all models by in situ experiments; 

. hole closure studies; 

. possibilities of large-scale erosion of the sediments in case of climatic 

changes .-
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CHAPTER It METHODOLOGY USED 

FOR THE RADIOLOGICAL ASSESSMENT 

OF THE SEABED OPTION 

1.1. Introduction 

Geologic disposal o c nuclear waste is the last step in the nuclear fuel 

cycle, and in order to be considered acceptable, it must conform to the general 

principles of radiological protection of man and the environment, like all the 

previous steps in the cycle. However, a major difference from the previous steps 

is that this radiological protection must be insured for periods of time exten

ding far into the future and not only for the time during which the energy 

produced by the nuclear fuel cycle is used. This is because some vaste radio

nuclides have very long half-lives, which makes them potentially hazardous for 

thousands to millions of years. 

In this report we will examine the potential radiological impact on man and 

fauna of sub-seabed disposal of vitrified high level radioactive waste, as shown 

schematically in Figure 1.1. This assessment was made for a maximum period of 10 

years, using the following information: 

(i) Scenarios concerning the emplacement of waste in the sediments and the subse

quent evolution of the system. These scenarios are based on judgement and experi

ence and cover both the expected evolution and a broad spectrum of possible 

events or mishaps. The choice of parameters for these scenarios reflects the 

uncertainty or range of possible values. 

(ii) Behaviour of the waste and the waste package in the medium. This information 

comes from laboratory experiments, measurements and models developed by the Near 

Field Task Group (NFTG). 

(iii) Migration of radionuclides in the sediments; the relevant information and 
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measurements were gathered by the Site Assessment Task Group (SATG) and the 

Sediment Barrier Task Group (SBTG) and models were developed to represent the on

going physical processes in the sediments. 

(iv) Release, transport and dispersion of radionuclides in the ocean. These 

mechanisms are represented in models developed by or with input from the Physical 

Oceanography Task Group (POTG). 

(v) Transfer of radionuclides from seawater or sediments to the biosphere consi

dering all major pathways and including, of course, the food chain. Data are 

provided by the Biology Task Group (BTG) but others already accepted internati

onally such as concentration factors, transfer factors, etc... are also used. 

(vi) Reco.nmendations of the International Commission for Radiological Protection 

(ICRP) concerning the determination of the dose to man resulting from each 

pathway and yardsticks to evaluate the consequences of these doses. The doses to 

fauna and their consequences were evaluated with the BTG from results of calcula

tions of transfer to the biosphere. 

In the following chapters, we will describe the data, models and assumptions 

used in the calculations before giving any results. We will also try to emphasize 

where the major uncertainties occur in this knowledge base, in order to evaluate 

the resulting uncertainty in our predictions through sensitivity analysis and 

also to point out what research is still required to improve the radiological 

assessment of the sub-seabed option. 

During the years of its existence, the work of the Radiological Assessment 

Task Group (RATG) has essentially consisted in developing: 

- a methodology for establishing the present assessment; 

- in conjunction with the other task groups, the various models needed to 

represent the total system and testing and verifying them; 

- a data base including all the information needed for the assessment; this 

data base was reviewed both internally in the S^abad Working Group (SWG) and 

externally, before performing the assessment. 

In addition, the RATG has provided guidance to the SWG in establishing 

priorities in the research program by running partial sensitivity studies show-

19 



ing on which mechanisms, elements or data to focus the work of the SWG, given 

their relative importance in the assessment. 

Before going into the details of the work, it may be of interest to review 

briefly the particular features of the radiological assessment of the sub-seabed 

option for disposal of radioactive waste, compared to that of ge ''ogical disposal 

on land. These features have indeed greatly influenced the methodology developed 

for the assessment. 

1.1.1. Development of scenarios 

In a land-based geologic repository, three types of scenarios are generally 

considered: 

i) The normal (or base case) scenario. In this case, the various barriers of 

the repository behave as expected and the environment is assumed stable, equiva

lent to what is observed today. Only the influences of the waste on the medium 

are considered (e.g. heat release, geochemical evolution, e t c . ) . 

ii) Abnormal or accidental evolution of the geologic environment. In the land-

based option, it is unreasonable to pretend that the environment will not change 

in 10 million years. Evolution scenarios are therefore generated to study the 

behaviour of the repository under different conditions. In some cases, these new 

conditions are created with the help of predictive geological models that can 

sometimes provide estimates of the probability of occurrence of these abnormal 

conditions. Among these are: 

- return of glaciation, 

- changes in climatic and hydrologic conditions, 

- erosion or sedimentation, 

- faulting and deformation, 

- e t c . . . . 

iii) Human intrusion or human error. In some safety assessments such scenarios 

are considered to be of low probability and not analysed; in others, various 

situations are analysed and often give potential doses far above the other types 

20 



of scenarios. Human intrusion or error oan affect the confinement of the waste in 

two ways: 

a) enhanced degradation of one or several elements of the barriers leading to an 

increased release of radionuclides into the environment. This may be caused, for 

instance, by the drilling of a borehole, even if it does not pass through a waste 

package; it could also result from the existence of an undetected borehole or 

failures in the sealing of boreholes, shafts and drifts; 

b) direct contact with the waste by man through reconnaissance or exploitation of 

underground formations for resources, storage, weapons testing, etc. 

What is the corresponding situation for the subseabed option? 

(i)The normal or base case scenario will, of course, be extensively studied. 

This corresponds to the normal emplacement of the waste package at its prescribed 

depth in the sediment. The path in the sediment between the sea bottom and this 

emplacement depth will be assumed sealed. The environment will also be assumed 

stable and the effect of the waste will be considered (heat release, geochemical 

interaction,....). 

ii)The evolution of the geologic environment can be predicted more easily 

and with a higher degree of certainty than in the land-based option, which 

greatly simplifies the development' of scenarios. Indeed, the selection process 

has shown that the mid-plate areas of the seabed are amonp: the most stable parts 

of the earth for the selected time frame. At the depth of emplacement, most 

climatic or geologic changes in the earth will result in little or no alteration 

in the sediments, that will keep and confine the wastes, provided there is no 

erosion. By definition again, the changes most likely to occur will result in a 

deeper burying of the wastes by the deposition of new sediments on the seabed, 

thereby gradually increasing the safety of the repository. The sedimentation 

rates have been determined by the SSTG. 

Nevertheless, three types of abnormal evolution of the geologic environment 

are considered in the assessments: 

- unexpected erosion of the sediments leading to a reduction of the thickness 

of the sediment cover above the waste package, up to the absence of all 

sediments. Such an event is extremely unlikely in the selected areas, since 

the absence of erosion was a selection criterion, but it will be analysed; 
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- faulting of the sediments, numerous syn-sedimentary faults have been obser-

ved in both areas selected for study (GME and SNAP); the RATG has thus 

tentatively evaluated the potential effect of existing faults on the confi

nement, as will be shown in Chapter 3. The effect of the development of new 

faults will also be analysed; 

- existence of a vertical, upward water flow in the sediments, resulting in an 

enhanced transport of radionuclides towards the ocean. The existence or 

absence of such a vertical velocity in the sediments has been given a greac 

deal of attention by the SBTG, especially during and after the ESOPE cruise. 

Their conclusion is that, at present, the vertical velocity in the sedi

ments, if any, is below the detection limit of the various measurement 

methods available. Sensitivity studies made by the RATG (Chapter 3) have shown 

that below this detection limit, a vertical water velocity has no influence 

on the predicted radiological impact. As the existence of a larger, verti

cal, upward water velocity at some particular time in the past or in the 

future cannot be totally excluded at this time, the RATG decided to include 

it as an abnormal case. The possible causes of such a water velocity will be 

discussed in Chapter 3 and Appendix B. 

iii) Human action. A special characteristic of the sub-seabed disposal is 

that human intrusion after disposal is extremely unlikely and even if it should 

happen, it would have very limited consequences. Indeed, in the selected areas, 

resources are nonexistant , so no direct exploitation on the site can be expec

ted. Exploitation of nodules in other areas of t\\e ocean, close to the disposal 

area, will be considered. Nevertheless, any exploitation of the seabed sediments 

could, at most, be equivalent to the removal of the sediments by erosion, which 

is considered in the assessment. A deep-sea reconnaissance borehole has an ex

tremely small probability of hitting a waste package and, even if it should 

occur, it would be of no significance for the safety of the rest of the reposito

ry. *The effect of the destruction of one waste package would be very small, 

except perhaps for the drilling crew. The effect of an event with such a small 

probability will not be analysed. 

Methane hydrates, known as clathrates, recently presented as a possible energy 

resource, are not present at these sites. 
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Although human intrusion is not a serious problem for the sub-seabed option, 

there is, however, a specific series of human errors or accidents that must be 

analysed in the radiological assessment and are generally not considered for a 

land-based repository. They are: 

- transportation accidents at sea from the harbour to the disposal site. This 

may involve the loss of a number of waste packages, damaged or undamaged, or 

even of the whole transportation ship. Such accidents can happen in coastal 

waters, on the continental slopes or in the deep sea. They are a major part 

of the assessment although recovery actions might be possible to limit the 

effect of such accidents; 

- improper emplacement of the waste package in the sediments. This can range 

from an emplacement depth shallower than expected to the positioning of a 

waste package on the seabed rather than inside the sediments. Although 

highly unlikely, such an extreme event will be considered; 

- incomplete sealing of the path followed by the waste package between the sea 

bottom and the prescribed emplacement depth. This may be due to a malfunc

tion during emplacement or to unexpected deviations in natural sealing 

properties. Particularly since data on this latter issue were collected 

fairly late in the program (HOCUS experiment, see Volume 4), such a case 

will be considered. 

In Section 1.2.3 and Chapter 3, we will specify the list of scenarios which 

have been analysed on the basis of these general principles. 

1.1.2. Radiological pathways to man 

For a land-based repository there is a large number of possible pathways 

by which radionuclides may reach humans, once a release has occurred, for ins

tance: 

.Drinking water. This pathway is particularly important for a scenario where a 

well has been drilled in the vicinity of a repository with potential relati

vely high concentrations. 

•Terrestrial food chain, via irrigation or direct water uptake by plants. 

These pathways are very dependent on the climate, type of crops, eating 

habits of the population. 
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.Aquatic food chain, primarily fresh-water fish in lakes and rivers but also 

marine food chain, since eventually most of the radionuclides released from 

a land-based repository will end up in the sea through the natural surface-

water or ground-water flow systems. 

For the seabed option the potential pathways to man are better defined and 

much less subject to changes with time, climate or eating habits. Furthermore, 

they have already been intensively analysed for the assessment of other parts o' 

the nuclear fuel cycle, e.g. release from coastal power plants, reprocessing 

plants or low-level and intermediate-level sea dumping operations. Among the 

most important pathways are: 

- marine food chain, including the consumption of seaweed or sea animals at 

different trophic levels, 

- consumption of desalinized water or sea salt, 

- contact with sea water or sea sediments for recreation or industrial acti

vity, 

- airborne dispersal of radioactivity from the ocean to the atmosphere and back to 

land. 

The reasons why there is less uncertainty compared with land-based disposal 

options are: 

a) the absence of anything similar to a "well" scenario in the seabed; 

b) the relative stability of the potential pathways with respect to changes 

in the climate or in eating habits: as will be seen later, the major pathways are 

created through ingestion of seaweed or seafood, and it is always possible to 

maximize the potential doses by defining diets based solely on such products, 

even if such a diet does not yet exist. This is, for instance, the case of the 

catch from deep sea fisheries, which do not exist today, but are considered in 

the scenarios. 

Whereas some radiological assessments of land-based repositories consider 

it unrealistic to predict doses based on present practices farther into Che 

future than 10 000 years (e.g. up to the next glaciation), we believe that it is 

not unreasonable to estimate potential doses to man up to 10 years in the seabed 

option. Despite the fact that the circulation in the ocean may change during this 

period of time, dose calculations would not be very different since quasi-steady 

state conditions prevail. 
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1.1.3. Cut-off date 

In some countries regulations prescribe a cut-off date for the radiological 

assessment (e.g. 10 000 years in the US for a land-based repository, together 

with other constraints on the effectiveness of the geological barrier). In other 

countries, even if the regulations do not assign a cut-off date, some preliminary 

radiological assessments have uied 10 , 10 , 10 years as cut-off dates, arguing 

that beyond such a date, the predictions are meaningless. 

The HATG ha£ decided on a cut-off date from 10 to 10 years but with 

integrated collective dose« calculated for 10 , 10 , 10 and 10 years as terms 

of comparison. The reasons for doing this are as follows: 

. For the normal or !>ase case scenario the quality of the confinement of the 

sub-seabed option is such that with a short cut-off date (e.g. 10 years) 

almost no release of radionuclides to the biosphere could be observed. It is 

therefore reasonable to extend the prediction period to cover that over 

which the physical processes take place. This can also happen in some land-

based options. 

. The rationale for studying the sub-seabed option i? precisely its long-term 

stability, both geologically ind in terms of possible transfers to man. This 

makes predictions in the far future much more certain than for a land-based 

option. 

. Eyt^ndirg the prediction period beyond 10 years did not seem useful, 

however. 
17Q 7 7^7 

Except possibly for I (half-lifs 1.6 10 years) and perhaps Np (half-

life 2,3 '0 years), all radionuclides will have decayed away by 10 years. These 
129 

two elements will be either nixed or recombined in the environment ( I), or 
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stiil sorb*-? OP the viedimen'cs ( Np? after this time. 

} . J .4. Uo<;e to fauna 

In land-based lepositories or nuclear installations only the dose to nan is 

generally calculatad. The reasons are that: 

- man is considered as the element in the biosphere most sensitive to radia

tion, 

- radiological protection of fauna is intended to protect populations, not 

individuals of a species. Tbe-efore, if some localised releases of radio-



activity from a land-based disposal area are harmful to some individuals of 

a given species, they would not endanger this whole species. 

These arguments may not hold for the sub-seabed option: indeed, man may not 

be the most exposed species since man does not live close to the potential 

release areas of radionuclides on the sea floor. Deep-sea animals might be the 

most endangered species; this has to be analysed. 

1.2. Radiological assessment methodology 

1.2.1. Existing methodologies 

In current safety studies, two major approaches can be used: 

(i) Fault-tree or event-tree analysis: An accident situation (here: the release 

of radionuclides to the environment) is considered to be the result of a series 

of deleterious events which, in the end, cause a breach of the entire barrier 

system. The analysis consists in trying to determine the probability of occurren

ce of each individual event and then, by combination, the over-all probability of 

the breaching of the confinement. This approach is often used in reactor safety 

assessments and has been extended to geologic disposal, e.g. for studying the 

role of geologic "accidents" such as faulting, glaciation, erosion, (d'Alcssan-

dro and Bonne, 1981). 

This approach was not considered appropriate for sub-seabed disposal since 

most processes likely to occur will be continuous and slow and not accidental 

events to which a probability could be assigned. A form of fault tree analysis 

was, however, used for analyses of transportation accidents at sea. 

(ii) System performance analysis: The release of radionuclides to the environ

ment is assumed to result from an evolution scenario of the system, through which 

slow processes (e.g. leaching, transport,...) are assumed to take place. 

The safety analysis consists in modelling the physical behaviour of each 

component of the system to predict these processes and the potential resulting 

release. 
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For this to be possible, the physical system has to be simplified into a 

number of well-defined processes, which can be modelled, and all the necessary 

parameters of these models have to be selected. 

More than one scenario can be studied; each scenario can represent a diffe

rent potential evolution of the system, as explained in Section 1.1.1. and, in 

some cases, probabilities of occurrence are estimated for each one. 

Even for a given evolution of the system, different calculations can be 

made, each of them with a different set of parameters of the various models. The 

values of these parameters are very often uncertain since they require measure

ments plus extrapolation both in space and/or time. Each calculation can thus 

represent a possible behaviour of the system, given the uncertainty in the 

parameters. 

1.2.1.1. Deterministic analysis; The deterministic approach to radiological 

assessment consists in using fixed-value data to predict the consequences of a 

given set of conditions (scenario and parameter values). "Best estimate" analy

ses are conducted for particular scenarios, when the parameters ,,-i whe various 

models are set to what is believed to be their most likely values. "Bracketing 

studies" can also be made for these scenarios by simultaneously assigning to all 

parameters their potentially "least favourable" and "most favourable" values, 

inducing respectively higher and lower doses than the reference case. 

Sensitivity studies are used to provide information concerning the influen

ce of input parameters on the model output. In a deterministic framework such 

studies may be used to quantify the effect on the results of the varying of a 

particular parameter. 

Note that in the early stages of an assessment, deterministic analysis can 

be used to investigate a single process, a given model or a set of interacting 

processes comprising a barrier, whereas the final assessment is made on a model 

of a complete system of the disposal option. In general, complex models are used 

in a deterministic analysis. 
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1.2.1.2. Stochastic uncertainty analysis: The purpose of the stochastic 

uncertainty analysis is to determine the uncertainty on the doses by considering 

statistically the variability and/or uncertainty of the parameters. It is diffe

rent from the bracketing studies in that it includes all possible values of the 

parameters and not only the extreme ones; certain favourable parameter values may 

therefore be associated with others that are unfavourable. The stochastic uncer

tainty analysis is a means of considering the uncertainty on doses in a more 

realistic way than that offered by bracketing studies. A complete system variabi

lity analysis using assessment level models is best performed using a stochastic 

uncertainty code. 

Stochastic modelling works as follows: each parameter in the models is defi

ned not by a single value (e.g. best estimate or least favourable value), but by 

a range of possible values together with the probability function of it taking 

these values. For a given evolution scenario, the models used in the determinis

tic case (or simplified ones) are used repeatedly (e.g. hundreds or thousands of 

times) and each run defined by a different set of parameters, which are kept 

constant for the entire duration of the run (e.g. 10 years). In general, simpli

fied models are used in a stochastic analysis, given the large number of runs 

required. The set of parameters for a given run is selected by sampling the 

probability functions of each parameter using, for example, random Monte Carlo 

methods or stratified sampling techniques, such as Latin Hypercube Sampling 

(LHS). By analysing the calculated releases (or doses) for each run, it i3 then 

possible to determine a histogram, or empirical distribution function, to esti

mate the probability of occurrence of a release, given the probability functions 

of the input parameters. The accuracy of this experimental distribution function 

increases with the number of runs performed. The major difficulty of probabilis

tic modelling is that it is often extremely difficult to determine the range of 

the input parameters and, even more, what type of probability function to use. 

The ranges and distributions fjr the parameters usually incorporate both 

objective and subjective data. In particular, the ranges and distributions com

monly used have limits defined more or less by objective data or by theoretical 

considerations. Hence, these functions describe the uncertainty of parameter va

lues rather than their probability of occurrence, and in this case, the uncer

tainties could be reduced, for example, by further experimental work or by a 
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better understanding of the natural conditions. When an assessment using this 

type of information is conducted, it should be described as a stochastic-uncer

tainty analysis rather than as a probabilistic one (see below). The output 

quantities produced may be distributions of fluxes, concentrations or doses and 

need not directly relate to regulatory criteria since the purpose of the analysis 

could also be to understand the system behaviour including the influence of the 

uncertainties in the parameter values. Since 1982, the RATG has developed and 

exemplified this methodology in order to urge the other task groups to look for 

ranges and probability functions of parameters rather thaa "best estimate" va

lues. Remarkable results have been obtained along these lines, but it is fair to 

say that in some cases ranges and probability functions were selected with 

limited information to justify the choice. For this reason, the stochastic metho

dology will be used by the RATG in conjunction with a deterministic one in order 

to put the deterministic results into perspective. 

Note, however, that the uncertainty on the models themselves (inclusion of 

all important phenomena, validity of simplifying assumptions,...) is not inclu

ded in this uncertainty analysis. 

Stochastic sensitivity studies consist in detecting the most important in

put parameters responsible for the output distribution of results. Sensitivity 

studies can be used for a variety of purposes which might include: identifying 

significant parameters to focus research activities, providing information to 

help in a deeper understanding of model behaviour and for designing improved 

models. It must be noted that, in contrast to the deterministic ones, the sto

chastic sensitivity analyses can be performed with results already generated by 

the original stochastic assessment, using a variety of statistical correlation 

techniques. 

Alternatively, sensitivity studies can be done by re-running the stochastic 

assessment with one parameter taking a fixed value and then comparing the resul

ting calculated histogram with the original one, where all parameters vary. Thi9 

can be repeated for different values of the parameter. This approach was not used 

here. 
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1.2.1.3. Probabilistic risk analysis 

The objective of probabilistic risk analysis (PRA) is to calculate a risk 

for a disposal option, which can then be used for regulatory purposes. A risk is 

by definition an estimation of the probability of occurrence of an event multi

plied by the consequences of that event. For waste disposal, it is necessary to 

estimate both the probability of occurrence of a release and of the resulting 

doses. Note that since a dose can be directly converted into a risk of death/ 

health effect by a well established dose-risk factor (see Section 1.3), a proba

bilistic risk analysis provides, in the end, a complete probability function of 

death/health effects for a given disposal option. 

PRA requires knowledge of the probability of occurrence of each possible 

scenario, as well as the exact probability function of each parameter. 

1.2.2. Selected methodology 

The RATG decided to use both the deterministic and the stochastic 

uncertainty approaches but did not feel that the quality of the data available 

was good enough to justify a full probabilistic risk assessment, although this 

method was used for accident risk analyses. The selected methodology is as fol

lows: 

(i) A series of models representing each of the major physical processes 

known to occur were assembled (see Section 1.2.4). 

(ii) A number of scenarios were selected (see Section 1.2.3) representing 

(a) the normal or base case situation where the system evolves as anticipated to 

the best of our present knowledge, (b) a series of abnormal or accidental situa

tions representing both natural low-probability deleterious events and human 

actions, errors or accidents. Because of the absence of relevant information, a 

probability of occurrence is not assigned to each different scenario except 

for the transportation accidents at sea. In the case of transportation accidents, 

the consequences and probabilities can be combined to give estimates of the risk 

which can be compared with risk criteria. Comments on the necessity of possible 

remedial actions or system modifications can thus be made. In the case of the 
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other scenarios, it is not possible to evaluate the probability of occurrence of 

these scenarios and hence the end-point of the assessment will be the consequen

ces. Some comments on the order of magnitude of the probabilities consistent with 

a risk criterion can, however, be made. Note that some scenarios may require the 

use of different models. 

(iii) For each scenario, a deterministic calculation was made over 10 or 

10 years where the parameters of the models are assigned best estimate values. 

The sensitivity to the choice of these parameter values was first estimated by 

running "bracketing studies", where the parameters were successively assigned 

their least and most favourable values. The sensitivity can also be determined by 

directly calculating the sensitivity matrix to each parameter (derivative of the 

dose with respect to each parameter). 

(iv) For the base case scenario, a stochastic calculation was made using the 

code LISA (Long Isolation Safety Assessment) developed at the JRC (Ispra) (Sal-

telli et al., 1984b; Flebus and Stanners, 1987; Flebus and Stanners, 1988) which uses 

Latin Hypercube Sampling (LHS) in order to guarantee that the whole range covered 

by the density functions is correctly sampled within a reasonable number of runs. 

Sensitivity and uncertainty analyses on the output were performed using the code 

SPOP (Statistical Post Processing Unit) also developed at the JRC (Saltelli, 

1987). The same models were used for the deterministic and stochastic analyses. A 

stochastic analysis was also done for one abnormal scenario investigating a 

potential future pathway to man. 

(v) The results are presented scenario by scenario and the "best estimate" 

predictions, the bracketing studies and the probability functions of these pre

dictions, when available, are given. 

(vi) The sensitivity studies are grouped in Chapter 5. 

1.2.3. Scenarios 

1.2.3.1. Normal or base case scenario; The radiological assessment of the 

sub-seabed option is made for the disposal of reprocessed vitrified glass (see 
3 

Appendix B for inventory). The amount of waste considered is 11 000 m of glass 
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corresponding to a production of 3 000 6W(e).a, i.e. 3 333 reactor-years of 

operation of 900 MW(e) reactors, or 10 tons of spent fuel (metric ton of heavy 

metal, MTHM). 

As stated in Section 1.1., the base case corresponds to the successful 

emplacement of the waste package at its prescribed depth (50 m) in the selected 

areas, with a perfect sealing of the trajectory of the waste package between 

final emplacement depth and sea bottom. The selected emplacement method is free-

fall penetrators containing five canisters of vitrified waste (the detailed 

description of the design is given in Appendix B ) . The drilled option was not 

considered due to a lack of information on the sediment properties at emplacement 

depth. The penetrator and canisters gradually corrode and, after breaching, the 

vitrified waste is leached by sediment pore water. The released radionuclides are 

then transported by molecular diffusion through the sediments, with or without 

retention by these sediments, depending on the chemical properties of each radio

nuclide. As shown by the SBTG, there is no pore water velocity in the sediment 

(thus no transport of radionuclides by advection), or more precisely, if such a 
-3 -1 

flow exists, it is below the SBTG detection limit (3x10 m a ), which also 

means that advection is negligible compared to molecular diffusion (see Appendix 

F). 

The sediment thickness is assumed constant, i.e. there is neither sedimen

tation nor erosion. For the "normal" scenario, the phenomenon most likely to 

occur is sedimentation and, in practice, it may very well happen that the rate of 

sedimentation exceeds the rate of transport by diffusion, so that most nuclides 

will, in reality, never be released to the ocean. The RATG decided on the 

conservative assumption of the absence of sedimentation for the following rea

son: 

- The observed rate of sedimentation, as described by the SSTG, is not 

continuous. For tens of thousands of years, little sedimentation may occur and 

then, connected, for instance, to a glaciation, a rather thick layer of sediments 

may be deposiced. Since it is not possible to predict when this will occur in the 

future, we have chosen a more conservative approach by keeping the present 

sediment thickness. 

- When sedimentation occurs, the underlying sediments are compacted by the 
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new overburden, reducing their porosity and expelling water. If this flux of 

water is evenly distributed in the sediment, it has been shown that the vertical 

upward velocity has a net effect on the transport of the non-sorbed radionuclides 

equivalent to an upward movement of a fraction of the thickness of the new layer 

of sediment responsible for the compaction. In other words, the benefit of the 

additional thickness of sediment is partly lost by this upward movement. A zero 

vertical velocity is therefore coherent with a zero sedimentation, and excluding 

both remains conservative. 

However, if the water velocity due to compaction is not evenly distributed 

in the sediments (e.g. travels through faults...), we consider this as an abnor

mal situation, which is studied in another scenario. 

When the radionuclides diffusing through the sediments arrive at the sea 

floor, they first contaminate the bottom boundary layer of the interface sedi

ment-sea water, i.e. the bioturbated zone of the sediments where some marine 

biota live. They are also released into the water column, where they are disper

sed and mixed with the ocean. 

The main pathway to man is then the consumption of seafood or seaweed, 

harvested in shallow waters. Other pathways (e.g. consumption of sea salt, desa

linated waters, e t c . ) are also considered (see Appendix B). As an additional 

sensitivity study a hypothetical pathway from deep-sea animals directly to man is 

also considered through a food chain model developed by the BTG, or through the 

direct consumption of deep-sea fish. This remains hypothetical since the exis

tence of such a food chain has not been proved and since there is at, present, no 

direct consumption of deep-sea fish. 

Through the use of appropriate models, both the individual dose to the 

maximum exposed individuals and the collective dose to the world population are 

calculated. The former is to be compared with the maximum committed dose for 

individuals of the general public, as recommended by ICRP, i.e. 1 mSv a from 

all artificial sources, a small fraction of which is in general allotted to 

disposal operations (see Section 1.3). The latter is used only for optimisation 

purposes, to compare alternative designs or alternative options and rank them 

accordingly with economic factors taken into account. 
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Doses to fauna are calculated by the BTG from the concentration of radio

nuclides in the water above the disposal area. They will be estimated for the 

base case only. 

1.2.3.2. Abnormal or accident scenarios: The methodology followed by the 

RATG was to start by developing a list of processes (or human actions) that could 

have a negative effect on the confinement of the radionuclides. 

These processes were then analysed to determine the resulting effect on the 

waste and its environment. Since several of these events give rise to the same 

consequences, a limited number of consequences, or scenarios, can be identified. 

The events and scenarios considered in the assessment are discussed in detail in 

Chapters 3 and 4, so only a summary is given here. 

The events considered are: 

- poor emplacement of the penetrator, 

- penetrator hitting erratics during emplacement, 

- incomplete hole closure behind penetrator, 

- transportation accidents at sea, 

- sabotage and human errors, 

- degraded quality of canister and/or glass matrix waste (lack of quality 

control), 

- human exploitation of seabed (e.g. mining of sediments) or erosion, 

- glaciation and climatic effects, 

- changes in pore water velocity, 

- changes in sediment properties and distribution coefficients, 

- unexpected chemical processes (e.g. microbial activity), 

- changes of pathways for radionuclides in the biosphere, 

- faulting in sediments. 

A total of 13 scenarios were identified covering a range of burial depths, 

pore water velocities, penetrator and glass life-times, K^ values and pathways to 

man. In addition, the drilled emplacement option is discussed, and the consequen

ces of mining manganese nodules in the vicinity of the repository is analysed. 
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1.2.4. Sites 

Two disposal areas have been considered: Great Meteor East (GME) and South 

Nares Abyssal Plain (SNAP). These two sites are described in detail in the SSTG 

report (Volume 3) which includes the rationale for their selection. A summary of 

their properties is given in Appendix B. 

For the radiological assessment, both sites are considered as boxes 22x22 km 
3 

in areal extent and capable of receiving the same amount of waste, i.e. 11 000 m 

of vitrified reprocessing waste. In both cases the emplacement method is free-

fall penetrators, the distance between the penetrators is in the order of 180 m. 

In reality, the areal form of the sites need not be square, nor a single, 

unbroken unit. 

The two sites differ by their position in the ocean and by the lithology of 

their sediments. 

1.2.5. Models 

A series of interconnected models is needed to describe the behaviour and 

transfer of the radionuclides from the waste form to the biosphere and man. The 

definition of each of these models was the responsibility of the various task 

groups of the SWG; they are therefore described and justified in detail in the TG 

reports. The role of the RATG was then, in principle: 

- to define the type of model needed; 

- to convert the output of one model into the input of the next model; 

- to run the complete set of models for each scenario of the assessment with 

the data provided by the task groups. 

However, the actual development and testing of each model was also done by 

the RATG, under the guidance of the corresponding task group, to insure homoge

neity and compatibility of the models. Therefore all the computer programs used 

by the RATG were developed by its members. 

The detailed descriptions of the models are given in Appendix B. We will 

only review them briefly here. It is, however, necessary to understand first how 
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the actual final assessment of the sub-seabed option was made. Several national 

institutions contributed to the work, as follows: 

- Sandia National Laboratories (SNL), USA ran the assessment of the South 

Nares Abyssal Plain site (SNAP) deterministically, for the base case, the 

bracketing studies and abnormal scenarios 1 to 13, and analysed the trans

portation accidents. 

- Ecole des Mines de Paris (EMP), France, ran the assessment for the Great 

Meteor East site (GME) deterministically, for the base case and the bracket

ing studies. 

Some abnormal scenarios and the SNAP base case were also run for comparison. 

- The Joint Research Centre (JRC) of the Commission of the European Communi

ties, Ispra, Italy, ran the stochastic assessment for both SNAP and GME for 

the base case and one abnormal scenario. 

These three sets of calculations form the bulk of the RATG assessment. In 

addition: 

- Dornier System GmbH, FRG, as contractor to the German Ministry for Research 

and Technology ran a deterministic assessment of the GME site for the base 

case using a slightly different ocean model, inventory and set of waste 

properties from other German assessments. 

- The National Radiological Protection Board (NRPB), UK, did the collective 

129 14 

dose calculations for I and C, using a special set of models. In addi

tion, the NRPB had previously run a preliminary deterministic assessment 

(RATG, 1980) and recently conducted a deterministic and stochastic assess

ment of the GME site, using a different ocean model in the framework of 

another safety assessment program, the PAGIS program of the CEC. These 

results were used for comparison and for some scenarios. 

- Electrowatt Engineering Services Ltd, UK, contracting for the UK Department 

of the Environment, ran a probabilistic assessment of the GME site, using 

slightly different models, data and assumptions. These results were used 

for comparison. 

- In the preliminary phases of the work, the Atomic Energy of Canada Ltd, 

Whiteshell Research Establishment, ran a stochastic generic assessment as 

an initial test of the methodology applied to the seabed option (Wuschke et 

al., 1962; Guvanasen, 1987). 
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In most cases, the various groups used their own codes for each model. These 

codes solved similar equations, but sometimes with different algorithms. 

It was therefore essential to the work of the RATG to do intercomparison 

studies between the various codes from different institutions before running the 

final assessment. These intercomparison studies are described in Appendix E and 

were extremely valuable in the verification of the codes and the methodology. 

We will describe the models starting with the canister corrosion and ending 

with the doses. More details on these models can be found in Appendix B. 

1.2.5.1. Canister corrosion: The waste canisters are contained in a thick 

mild steel penetrator, whose characteristics are described in Appendix B. Corro

sion tests of mild steel in marine sediments conducted by the NFTG have given a 

temperature-dependent corrosion rate. Given the temperature history calculated 

for a penetrator at its prescribed depth in the sediment and the thickness of 

mild steel (75 mm), total corrosion takes place in 9 800 years. However, this 

lifetime is very sensitive to the rate of corrosion: for instance, if this rate 

is increased by 20%, total corrosion will have taken place in 4 600 years. 

The properties of steel and sediments may, however, vary and some penetra-

tors may have undetected defects. For these reasons, the canister lifetime is 

taken as a truncated Gaussian distribution, with the following parameters: 

Mean = 5 000 years. 

Minimum = 300 years. 

Maximum = 10 000 years. 

Standard deviation = 1 500 years. 

This information makes it possible to calculate, in the deterministic base 

case, the number of canisters corroded each year. In the probabilistic base case 

the mean of the Gaussian distribution is a random variable with a uniform distri

bution between 3 000 and 20 000 years, the standard deviation is kept constant, 

and the minimum lifetime is kept at 300 years. 

For abnormal scenarios the canister can be damaged, i.e. non-existent or 

corroded faster according to the temperature-dependent corrosion law and the 
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temperature evolution of the particular scenario. 

1.2.5.2. Waste leaching: The model proposed by the NFTG for the leaching, or 

rather dissolution, of glass is also temperature-dependent. However, since lea

ching starts only after canister failure in the base case, i.e. when the tempera

ture is almost back to normal (40C), the leach rate is kept constant. Some 

experiments have shown that the leach rate decreases with time, i.e. that the 

cumulated release is often smaller than a linear function of time (e.g. a power 

law with exponent 0.33).Conservatively the NFTG has prescribed keeping the leach 
-5 -2 

rate constant at 3.6x10 kg m 

3 
Each glass block of 0.150 m is assumed to be fractured with an increase of 

the surface in contact with water by a factor of 11. To illustrate this effect, 

each glass block is represented by 2 803 spheres of radius 0.0234 m, that initi

ally have the same volume and the same outer surface as the fractured glass 

block. The release rate for one such sphere is then: 

dM/dt = -K 4rr(r - f t ) 2 

o p 

dM/dt = mass of glass dissolved per unit time, 

K = leach rate constant, 

r = initial radius of one sphere, 

p = mass per unit volume of glass, 

t = time. 

The dissolution of glass is ass'imed to be congruent with no solubility 

limits or reprecipitation effects. This conservative assumption is made because: 

- no data are available for solubility limits in the seabed sediment environ

ment; 

- bacterial activity or the presence of organic matter in the sediments could 

possibly generate solubilization of elements in a non-mineral type of che

mistry. 

E.-ich nuclide is thus released proportionally to its concentration in the 

glass. 

The reference glass is the French manufactured glass R7/T7 from AVH. The 
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complete inventory of tho radionuclides present in the glass is given in Appendix 

B. Two differences in the inventory need to be particularly emphasized: 

i) Natural isotopes of uranium 238 and 235, which are present in small 

quantity in the glass, are not included in the inventory. This is because the 

natural amount of these isotopes in the disposal area, in the first 50 m of 

sediments, is in the order of 300 times larger than in the waste. It is therefore 

irrelevant to study their potential migration in the sediment without also consi

dering the potential mobility of natural uranium which, in turn, governs the 

natural radioactivity of the ocean. This study of the background radioactivity is 

not the objective of the assessment. 

ii) Two radionuclides which are not generally presenc in the glass, but 

: in spent fuel, have been added to the inve 

two reasons for including them in the assessment: 

14 129 
exist in spent fuel, have been added to the inventory: C and I. There are 

14 129 
- The first one is that in the reprocessing plant, C and I are (or 

will be) separated and immobilized under separate waste forms. If the sub-seabed 

option is found to be appropriate or excellent for nuclear waste disposal, it is 

hard to imagine that special land-based repositories will be built just for these 

two nuclides. It is more logical to bel'eve that they will also be disposed in 

canisters in the seabed sediments under particular waste forms. Since no informa

tion is yet available on these particular waste forms, it was assumed for the 

assessment that they had the same leach rate as glass. C and I will thus be 

released as if they were incorporated in glass, although it is clear that they 
129 

are not significantly present in the radicnuclide inventory of glass ( I is in 

general present in the glass at 0.1% of the total iodine inventory). 

With this model the total amount of radionuclides in a canister is released 

to the sediment in 5 000 years in the base case. For stochastic analysis or 

sensitivity studies, the leach rate is increased or decreased by a factor of 10, 

with a uniform probability function. For abnormal scenarios, the release can be 

made a function of the temperature of the waste in the scenario or, in extreme 

cases, the release is assumed instantaneous. This last result could be used for 
129 . 

comparison of the base case including I in the waste form with a management 

policy based on its immediate dispersion in the ocean. 
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1.2.5.3. Transport in the sediments: In the base case scenario the radionu

clides are transported in the sediments only by molecular diffusion in the pore 

water. In addition, the radionuclides that interact with the sediments are assu

med to be sorbed with an instantaneous reversible equilibrium and a linear 

isotherm: this is known as the constant distribution coefficient K, approach, 

proposed by the SBTG who also recommended the K, values (see Appendix B). Fi

nally, the transport must also take into account radioactive decay (for fission 

products) and chain decay (for actinides). Thus, the transport equation for an 

individual nuclide is written: 

div (D grad C) = (1 + — PK.xf? + XC) 
m n a 9t 

-(1 + — K' )X'C' n a 

2 -1 
where Dm = isotropic molecular diffusion coefficient in the sediments (m s ) 

_3 
C = concentration of the nuclide in moles m 

C = concentration of precursor of nuclide in the chain (if any) 

X, A1 = decay constant of nuclide and precursor (0.693/half-life) 

n = porosity of sediments. 
-3 

P = mass per unit volume of the sediment particles (kg m ) 
3 -1 

Kj,K.' = sediment distribution coefficient of nuclide and precursor (m kg ) 

div is the d vergence operator 

grad is the gradient operator 

t is the time. 

This model can also be written in terms of activity rather than concentra

tion by the transformation A = XNC. 
-3 

A = activity of radionuclide, Bq m 
23 

N = Avogadro's number, 6.023x10 

This model does not hold for caesium which is found to have a concentration-

dependent K,, However, preliminary calculations were made to determine the range 

of concentration of caesium and a corresponding average but constant K. for 

caesium was used (see Appendix B). 

The diffusion coefficient n
m in the sediment is a function of porosity, 

temperature, pressure and radionuclide. The detailed values are given in Appen

dix B. 
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A table of K values for the most important radionuclides (see Appendix F 

for the selection of these nuclides) was prepared by the SBTG for the sediments 

of each site, GME and SNAP, as well as for two types of layers: a superficial 

oxidized layer and a deep mildly reducing layer. Note that these K.'s are not a 

function of the nature of the successive layers («;'-ts, turbidites, pelagic) at a 

given site, which is the reason why the transport model only has two layers. 

Several codes have been used to solve the transport equations (see Appen

dix B). Some are analytical, others numerical, some in one dimension, others two-

or thred-dimensional, with or without radial symmetry around the waste package. 

All the codes have been compared and verified by intercomparison studies (see 

Appendix E) and in their later versions, they all give similar answers. Diffusion 

takes place vertically upwards and downwards as well as laterally, but only the 

flux and concentration at the sea bottom are evaluated. Since the model is linear 

and since the average distance between penetrators is large enough (180 m) to 

preclude interaction, there is no need to consider interactions between waste 

sources. 

Transport of radionuclides in colloidal form is not considered. Experiments 

performed at the JRC (Saltelli et al., 1984a) have shown that even when such 

colloids are formed by the leaching of glass, they are very efficiently filtered 

by fine-grain sediments over distances of tens of centimeters. They need not be 

considered for distances of the order of tens of meters. However, transport of 

radionuclides as neutral complexes will be analysed as an abnormal scenario, 

assuming zero K,'s for all nuclides. 

For abnormal scenarios with non-zero advective velocity, the left-hand side 

of the transport equation is written: 

div (D grad C - uC) = etc.... 

where D is the anisotropic dispersion tensor, 

u is the pore water velocity vector (see Appendix B). 

This velocity is assumed to be oriented vertically upwards, thus providing 

the shortest transport time and path length. 
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1.2.5.4. Transport in the ocean: Under the guidance of the POTG, a number of 

models for transport in the ocean have been developed and tested by the RATG. 

They are best described in the POTG report (Volume 5) and the final one, Mark-A, 

is only briefly reviewed here. 

For the base case and for the abnormal scenarios in the deep sea, the 

transport model is a box model which, by nature, does not include dynamics. Each 

box represents a geographical portion of the ocean which exchanges matter with 

the adjacent boxes through three physical mechanisms: 

- advection of the water, representing the large scale ocean currents; 

- dispersion, representing turbulent dispersion due to mesoscale eddies; 

- vertical sedimentation of particles. 

The first two mechanisms apply to the radionuclides in solution, the third 

one to the radionuclides sorbed on the particles of the ocean waters. 

Radionuclides enter the ocean at the disposal sites; the fluxes released by 

the sediment model are used directly as input to the corresponding first box of 

the ocean model. Because of the early termination of the seabed research program, 

the definition and sizing of a benthic boundary layer by the POTG could not be 

done. The possible need for such a layer in the assessment was the object of 

several discussions within the SWG, but it was finally decided that the physical 

and biological processes taking place in this benthic boundary layer could be 

approximated by using a sufficiently small first box of the ocean model and a 

sedimentation model including the bioturbated zone (see POTG and BTG reports, 

Volumes 5 and 6). 

The position, shape and volume of the boxes of the ocean model are described 

in Appendix B. Three nested boxes represent the disposal area, the first one is 

12 km x 12 km x 75 m (height) and exchanges matter with the other boxes only by 

dispersion (no advection). This dimension is smaller than the finally adopted 

disposal area (22 km x 22 km) due to a late change in the spacing of the 

penetrators decided by the ESTG (Volume 4); but this discrepancy makes the 

concentration in the disposal box higher, thus on the conservative side. The 

second box is 250 km x 250 km x 75 m, the third one is 2 500 km x 3 500 km x 75 m. 

They both exchange matter by dispersion and advection. Vertically, the ocean is, 
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in general, represented by 3 boxes; horizontally, 4 boxes represent the North 

Atl utic Ocean, 1 the Arctic, 1 the South Atlantic and 1 the remaining oceans of 

the world. 5 boxes representing continental shelf areas were included in the 

deterministic assessment but were left out of the stochastic assessment. 

Radionuclides are thus slowly dispersed and mixed in the ocean waters of the 

entire world. For an impulse release of radionuclides, the models predict a 

mixing time in the Atlantic Ocean of 500 years, and a complete mixing time with 

the rest of the world oceans of around 2 000 years, which is apparently in the 

order of the real mixing time of the oceans. However, due to its coarse discreti

zation, the model does not precisely describe the early pattern of this mixing. 

The model can thus be used for scenarios where the release of radionuclides is 

small and continuous over a long time period and where possible doses to man 

result from a slow build-up of the concentration in the ocean waters. For rapid 

releases, as in some abnormal scenarios, other models will be used. 

Radionuclides can leave the ocean through three physical processes: radio

active decay, sedimentation and transfer to the atmosphere (for volatile ele

ments like I, C). Particulate matter present in the ocean waters is assumed to 

sorb radionuclides and to carry them to the ocean bottom with a given sedimenta

tion rate. In order to avoid confusion, the sorption coefficients of radionucli

des on water column particles are called "partition coefficients", PJ'S, (and not 

distribution coefficients, K.'s, used for the seabed sediments) although they 

represent identical concepts (linear, reversible, instantaneous sorption iso

therm). The reason is that these partition coefficients for the water column 

particulates take values that are different from those of the distribution co

efficients for deep seabed sediments. This is due to the fact that these ocean 

particles are geochemically different, e.g. because of their organic matter con

tent, surface area per unit volume,.... In each of the bottom ocean boxes a 

sediment layer is included. The first 0.10 m is assumed perfectly mixed by 

bioturbation. Some radionuclides are returned to the ocean water, the others 

diffuse in the underlying 1.9 m of sediment. From this layer rtiey can diffuse 

back to the water column (e.g. if the concentration drops in the ocean) or into 

the deeper sediments where they are finally excluded from the model. The K.and P 

values are given in Appendix B. 

It i9 important to realize that, over geologic times, sedimentation is the 
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only mechanism capable of scavenging elements from the biosphere. The ocean model 

has therefore been adapted to include this important effect. For geologic land-

based repositories, the long term release will also end up in the ocean and a 

similar model should be used to assess the long term effect of these releases. 

Another feature of the model is that it does not include transport of radio

nuclides by biological processes, apart from the sedimentation of particles of 

biological origin. This is the result of estimations made by the BTG (see BTG 

report, Volume 6) showing that biological transport mechanisms are insignificant 

compared with physical transport. However, biological processes are essential 

for the dose model (see Section 1.2.5.5). 

All the data necessary to run the Mark-A model are presented in Appendix B. 

The most important ones are the advective fluxes between the boxes. The original 

plans were to derive them from a General Circulation Model of the ocean, but 

owing to an early termination of the present phase of the SWG, these fluxes were 

estimated from measurements of ocean circulation (NEA-OECD, 1985) (see POTG 

Report, Volume 5, and Appendix B). 

This Mark-A model was used the by Ecole des Mines and the Joint Research 

Center. Dornier used a similar model, but with advective fluxes between boxes, 

taken from the German GCM (Bork et al:, 1983). Sandia used a box model with a 

slightly different geometry and fluxes derived from NEA-OECD (1985). The NRPB 

used the special 91-box model developed by MAFF and NRPB in the UK, now called 

COMMA, which was used for the NEA dump site review (NEA-OECD, 1985). Elec"rowatt 

used a simplified model calibrated to the 91-box model. Prior to the assessment, 

intercomparison studies of these models had shown that they provide similar ans

wers (see Appendix E). 

For abnormal scenarios, the following models were used. 

i) For canisters lost in the deep sea, the usual box models were used. 

ii) For canisters lost on the continental shelf, the case of the Middle Atlantic 

Bight off the eastern coast of the US was used as an example. A special box 

model for this zone was developed by SNL (KLETT, 1986a) and is described with 

tha corresponding scenario in Appendix B. 
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iii) No models were available for a continental slope accident. Such an assess

ment will have to be made in a later phase of the program. 

1.2.5.5. Dose model: The general rules and parameters for calculating dojes are 

bcsed on ICRP and IAEA standards. Health efftcts per dose are discussed in 

Section 1.3. 

i) For individual doses the exposure pathways considered are taken from the 

work of the IAEA for the assessment of sea-dumping operations (IAEA, 1984). They 

are: 

- ingestion of seafood (fish, molluscs, seaweed, etc..) 

- ingestion of desalinated sea^ater or sea-salt, 

- inhalation of airborne sediments or marine aerosols, 

- deep-sea mining (e.g. manganese nodules), 

- external irradiation fr.Tn recreation activities (swimming, boating, etc.) 

The methods of calculation and necessary data are assembled in Appendix 6. 

ii) For collective doses two models are ustd. For non-volatile nuclides the 

collective doses are estimated through the ingestion of sea-food and need data on 

the maximum possible aquatic food harvest rate. Thcje data have been assembled by 

the BTG (Appendix B). For volatile nuclides ( I and C), an atmospheric model 

is also needed. It was run by the NRPB and is described in Appendix B. Collective 

doses are calculated with integration times of 10 , 10 , 10 and 10 years. This 

second model was only used for the base case, not for the abnormal or accident 

scenarios, where only the first model was considered. Note that the significance 

of such collective doses for such long time periods has been questioned. 

1.2.6. Data base and models 

The data needed for all the models and scenarios were assembled in a data 

base with referencing of all sources of information inside or outside the SWG. It 

was, of course, essential that this data base did not contain errors or misunder

standings, especially in a large international group such as the SWG. These data 

were obtained regularly during the work of the SWG and were assembled in a draft 
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data base booklet by the RATG in April 1986. They included the proposed expected 

values and distribution functions of the parameters, for the stochastic uncer

tainty analysis, when this information was not available from the other task 

groups. This first draft was distributed to and reviewed by all the SWG members 

and discussed and updated at the SWG-llth meeting in Urbino, Italy, May 19-23, 

1986. It was also reviewed externally by institutions in countries involved in 

the SWG such as the UK Department of the Environment and the Swedish National 

Institute of Radiological Protection, and a second draft was issued in August 

1986 and distributed to SWG task group leaders for approval. A last revision for 

minor changes was made in October 1986 at the SWG coordination bureau meeting, 

before running the assessment. This last version of the data base in which both 

the data and the models are described is included as Appendix B of this report. 

In cases where calculations were made with models or data different from those of 

the data base (particularly sensitivity studies performed at an early stage, see 

Appendix F), this is specified. 

1.3. Standards applicable to waste disposal 

Dose and risk evaluation standards for peak rates to the most exposed group 

of individuals are based on ICRP Radiation Protection Principles for the Disposal 
_3 

of Solid Radioactive Waste (ICRP, 1985). This is one millisievert per year (10 

Sv a ) over the lifetime of the individual and an average annual risk of 10 
-2 

using 10 health effects per Sv. Risk is defined as the probability that a 

serious detrimental health effect will occur to a potentially exposed individual 

or his descendants. For probabilistic situations: 

Risk = (probability that a dose will be received) x (probability that the dose 

received will result in a serious detrimental health effect). 

-3 -1 
Note however that the 10 Sv a dose limit is given for all possible 

artificial sources of radiation (excluding medical sources), and that doses 

resulting from waste management should therefore be kept below a fraction of the 
- 4 - 1 . 

ICRP limit, e.g. 5-10%. A figure of 10 Sv a is often used as a criterion in 
many countries applying the ICRP recommendations. 

The ICRP principles have been used in the US to define an allowable dose 
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increment per individual which, in turn, defines the quantity of waste that can 

be disposed of for a given repository and sea transportation efficiency. 

These dose and risk limits form only part of the ICRP Radiation Protection 

Principles. Another important component of the ICRP principles is the require

ment that doses should be kept as low as reasonably achievable, economic and 

social factors being taken into account (the ALARA principle). 

There are no international standards to regulate time-integrated collective 

doses to the world population. The method used Ty the US EPA for regulation of 

terrestrial repositories for the disposal of radioactive waste (EPA, 1982) was 

adopted for use in the US evaluation (Klett et al., 1987). These regulations 
-6 . -4 

limit exce3s cancer deaths to 10 per MTHM of waste. This is equivalent to 10 

man Sv MTHM per year of integration. This is a risk/benefit regulation allowing 

risk to be proportional to the nuclear power generated. 

Another criterion used for preliminary sensitivity studies is the IAEA 

release rate limits (IAEA, 1978b). It was derived in the IAEA revision of the 

definition of high-level radioactive wastes unsuitable for dumping at sea and is 

based on calculating individual doses to man resulting from the dumping of radio

nuclides in the sea. The release rate limit for each nuclide, given in TBq a in 

Table 1.1 (IAEA, 1986) is calculated for a dumping period of 1 000 years and a 

1 mSv a dose objective. The calculations were done at the NRPB using the 

GESAMP ocean models (GESAMP 1983). Several actual and hypothetical pathways are 

considered: 

- ingestion of fish caught in the upper 1 000 n of the ocean (FISH-M), 

- ingestion of fish caught in deep sea (FISH-D), 

- mining of manganese nodules (MINE), 

- ingestion of molluscs, seaweed, crustaceans (MOLL, WEED, CRUST), 

- ingestion of salt (SALT), 

- boating and beach occupancy (BOAT, BEACH). 

These rate limits were used to scale the importance of sorption on the 

release of radionuclides from the sediments (see Appendix F.4). 

Concerning doses to fauna, there are no standards with which to compare 

doses to individual organisms or to populations of organisms. In the past, the 
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approach has been to compare the individual dose rates with natural background 

rates and with the dose rate at which deleterious effects on populations of the 

organism have been observed. This is discussed in the BTG Report (Volume 6), 

together with the results of the dose to organism calculations. 

1.4. Other assessments of nuclear waste repositories 

1.4.1. Assessments for different host rocks 

Several assessments of repositories for nuclear waste have been undertaken 

recently. We will review them briefly in order to put our present results for the 

Seabed in perspective. Among them are the following: 

i) PAGIS: Performance Assessment Geological Isolation Systems for HLW disposal, 

CEC (PAGIS, 1984, 1987). 

ii) Projekt Gew'ahr: Nuclear waste management in Switzerland; feasibility stu

dies and safety analyses, Switzerland (NAGRA, 1985). 

iii) PSE: Projekt Sicherheitsstudien Entsorgung, Federal Republic of Germany 

(PSE, 1985). 

iv) KBS: Handling of spent fuel and final storage of vitrified high-level repro

cessing waste (KBS, 1978) and SKBF/KBSi final storage of spent nuclear fuel, 

Sweden (SKBF/KBS, 1983) 

v) PAE: Projekt andere Entsorgungstechniken, Federal Republic of Germany (PAE, 

1985). 

The main characteristics of these assessments are summarized in Table 1.2. 

1.4.1.1. PAGIS Project: PAGIS covers the following tasks: 

- sample basic data on waste characteristics, site data and repository design; 

- develop a methodology for performing sensitivity and uncertainty analyses 

as well as assessments of radiation doses to individuals and populations and 

determine the probabilities of these doses being received; 

- model radionuclide releases and migration through the geosphere (near- and 

far-field) and the biosphere by various paths to man; 

- select the most relevant radionuclide release scenarios and their probabi

lity of occurrence. 
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PROJECT 

COUNTRY 

YEAR OF COMPLETION 
OF ASSESSMENT 

TYPE OF ASSESSMENT 

ANALYSED PARTS 
OF FUEL CYCLE 

MAXIMAL FUTURE TIME 
CONSIDERED (a) 

INVENTORY: 
- EL. ENERGY (GWe) 
- EQUIV. FUEL IMTHM) 

WASTE MATRIX 

REPOSITORY HOST ROCK 
- DEPTH (m) 

PEAK INDIVIDUAL DOSE 
. (Sv a-1) 
. AT TIME (a) 
. FOR RADIONUCLIDES 

COLLECTIVE DOSE 
(man.sv) 
INTEGRATION TIME (a) 

Gewahr 

Switzerland 

1985 

deterministic 

repository 

108 

240 

glass 

granite 
1,200 

base case worst case 
6xl0"13 4xl0"8 

2xlC7 2xl03 

135Cs 126Sn 
"Se 

-

PSE 

FRG 

1985 

deterministic 
and probabilistic 

reprocessing plant 
waste shipping 
repository 

105 

2,500 
70,000 

glass 

salt dome 
1.200 

base case 
1x10"* 
9xl03 

99Tc 

-

PAE 

FRG 

1985 

deterministic 

direct disposal of 
spent fuel 

conditioning plant 
repository 

105 

2,500 
70,000 

spent fuel in steel 
canister 

salt dome 
1,200 

base case 
6xl0"5 

2.5xl0A 

237Np 

-

KBS-3 

Sweden 

1983 

deterministic 

direct disposal of 
spent fuel 

sea transport 
intermediate storage 
conditioning plant 

repository 

1010 

7,000 

spent fuel in copper 
canister 

granite 
500 

base case worst case 
2xl0'7 9x10'° 
6x10° 
129i 237Np 

3xl05 

ioio 

PAGIS 

CEC 

1987 

derministic and 
stochastic 

repository 

(A) sub-seabed 
(B) clay 
(C) granite 
(D) salt dome 

106 to 107 

MTHM 
(A) 100,000 
(B) -
(C) 48,000 
(D) 70,000 

glass 

(A) sub-seabed: 30 
(B) clay: 270 
(C) granite:500-1000 
(D) salt dome: 1200 

base case 
(A) 9x10-1° 

2x105 
99Tc 

(C)l not yel 
JzJU available 

(A) 8xlOA 

106 

TABLE 1.2. 

Summary of the main characteristics of five radiological assessments 
for final repository in various formations 



Reference values have been selected for the basic data as well as variants 

covering the different options and considerations in ten different countries of 

the E.C. The following are the four options considered by PAGIS for the reposito

ry rock material: clay, granite, salt and the sub-seabed sediments. The main 

objective of PAGIS is to evaluate the capacity of different kinds of repositories 

to confine vitrified HLW so as to insure adequate protection for mankind. The 

corresponding assessments are being carried out and only the sub-seabed results 

are available. 

1.4.1.2. Gewahr Projekt: Its main task was: 

- based on today's knowledge and technology, the technological feasibility of 

waste repositories in Switzerland has to be proved; 

- by means of safety analyses, the long-term safety has to be demonstrated for 

all categories of nuclear waste; 

The data used in these analyses must be obtained by appropriate investiga

tions or correspond to the present technical and scientific state of knowledge. 

Projekt Gewahr deals with two repository types for HLW (reprocessed glass) 

and certain a-containing ILW, and the remaining ILW and LLW. The matrix mate

rials of these land-based repositories are granite and marl, respectively. The 

deterministic calculations included in the report suggest that nuclear reposito

ries in Switzerland are technically feasible, and that the chosen disposal option 

will provide adequate protection for mankind and the environment under all rea

listically anticipated conditions. 

1.4.1.3. PSE project: PSE does not deal with a specific kind of nuclear 

waste management. Its main objective has been to derive means and tools for the 

safety and risk assessments of nuclear installations, nuclear material transport 

and final disposal such as: 

. intermediate storage of spent fuel elements; 

. transportation of spent fuel elements by truck and railroad; 

. reprocessing facilities; 

. liquid storage, vitrification and cementation of waste; 

. geological repositories in salt formations (reprocessed glass). 

51 



These tools have been used on facilities which are established, partly plan

ned or in the concept stage, so that different safety aspects of the German 

nuclear waste management concept could be discussed and evaluated, especially in 

the form of risk assessments. Of course there is a very big difference between 

methods and models used for determining the individual and collective doses from 

installations above or deep below the surface of the earth. The main differences 

are the long-term aspect of safety and risk analyses concerning the deep geologi

cal repository and the various physical/chemical phenomena which have to be dealt 

with. Results of the PSE calculations, as far as they could be obtained, are 

given for each facility as risk assessments for the surface installations and as 

a conservative deterministic evaluation for the final repository in the salt 

dome. 

1.4.1.4. KBS project; The Swedish studies use the concept of a repository 

for HLW or spent fuel in granite .at a depth of about 500 m. A base case scenario 

and various accident scenarios are assumed with a pessimistic approach to data. 

The performance analyses have used deterministic methods. The results, like 

those of Projekt Gewahr, show good retention possibilities of granite for storing 

nuclear waste using special engineering features, e.g. long-lived copper canis

ters for the speni: fuel, highly compressed bentonite. 

1.4.1.5. PAE Projekt: In the German Projekt Andere Entsorgungstechniken, 

which investigates nuclear waste management without reprocessing, i.e. direct 

disposal of spent fuel, several technical options have been developed. From them, 

a reference concept was chosen. This reference concept was compared to the case 

of waste management with reprocessing, based on the following criteria: radiolo

gical safety, repository protection, economics and long-term supply of uranium. 

These results were obtained with the same methods and tools as in the PSE study 

for assessing the respective repositories. 

1.4.2. Other sub-seabed assessments 

Apart from the PAGIS work already mentioned (PAGIS, 1987), some assessments 

on a national basis are concerned only wl"-h sub-seabed disposal. They are: 
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i) USA: Sub-Seabed Disposal Project, Sandia National Laboratories, Albuquerque 

(Klett, 1986a,b; Klett et al., 1987). 

ii) UK: Department of the Environment, study contracted to Electrowatt Eng. 

System (Kane, 1987) 

iii) FRG: System analysis of che safety aspects of sub-seabed disposal of nuclear 

waste, (Karpf, A.D., Behrendt, V., 1987). 

Much of the work produced in these assessments has influenced the results of 

the SWG and the RATG because it was done simultaneously in the different coun

tries and the results, as far as they were obtainable, were presented at the 

respective meetings. 

These assessments remain, however, completely separate and independent of 

the RATG work with which there are differences in data and models. 

1.4.2.1. The US Sub-Seabed Disposal Project evaluates the scientific, engi

neering and environmental feasibility of high level waste disposal in deep ocean 

sediments. To evaluate the feasibility, the following questions must be answe

red: 

- Is the attenuation by a repository and the ocean sufficient to meet criteria 

established by regulatory agencies? 

- Can a location be found that is compatible with operational and transporta

tion dose criteria? 

- Can equipment be designed to meet safety requirements at an acceptable cost? 

- Can a legal and regulatory framework be established? 

Activities that apply directly to the feasibility assessment include deter

ministic and probabilistic risk studies of transportation systems, emplacement 

and operational repositories at the reference locations. Specific systems tasks 

include: 

. develop systems models of the repository and environment; 

. develop deterministic and probabilistic risk models for transportation and 

emplaced waste; 

. develop working radiological standards and performance assessment techni

ques for sub-seabed disposal; 

. define reference system; 
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. acquire transportation accident data; 

. define low probability detrimental events; 

. conduct cost/benefit analyses; 

. conduct deterministic and probabilistic safety assessments. 

The whole investigation was finished in 1987 (Klett et al., 1987). 

1.4.2.2. The UK DOE assessment comprises a stochastic sensitivity analysis 

of three modes of disposal of HLW at GME, namely by penetrator emplacement, deep 

drilling, or positioning of a concrete block (engineered barrier) on the seabed. 

A probabilistic risk assessment (PRA) methodology was employed which is a variant 

of that developed for use in the assessment of land-based disposal options. A new 

probabilistic risk code was written for the DOE assessment. This code, DEEPSEA, 

consists of two numerical models, one for the sediment barrier (ATLANTIS) and one 

for ocean transport (OCEAN), interfaced and embedded within a stochastic frame

work. Sampling was performed in accordance with the Latin Hypercube Method. 

The DOE assessment was synthetized from separate case studies performed for 

each nuclide chain. Both individual and collective detriments were predicted 

with the results expressed in terms of mean risk. Each case study was preceded by 

a set of deterministic calculations and completed by disaggregation of the sto

chastic data, mainly for quality control purposes and a parameter/risk correla

tion analysis. 

The DOE assessment explored the full range of uncertainty associated ;ith 

the base case scenario as defined by the RATG, but with some differences in the 

data used and processes modelled. It did not explore transportation accidents but 

a range of abnormal conditions were included imp1 icitly within the probabilistic 

risk analysis. 

The DOE assessment was finished in mid-1987 (Kane, 1987). 

1.4.2.3. The German project was established in 1985. Its objective is to 

concentrate national scientific work concerning the long-term safety aspects of 

sub-seabed disposal so t\ at the Federal Government will be able to make a quali-
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fied statement on the results of the SWG. Therefore a system study of the safety 

aspects is being conducted using much of the information and design ideas of the 

SWG work. 

The study has three focal points: 

- release of radionuclides from the canisters into the sediments and the 

ocean, 

- dispersion of radionuclides in the oceans, 

- radioecological consequences to man and other organisms (peak individual 

doses to man). 

The investigation considers only penetrator techniques and does no*: concern 

accident analyses or low-probability events. It consists of sensitivity studies 

as well as deterministic assessments. The study was finished at the end of 1987 

(Karpf and Behrendt, 1987). 

1.4.3. The RATG assessment 

The calculations presented in this report were essentially performed at 

Sandia National Laboratories, USA, at the Joint Research Center of the European 

Communities, Italy, and at the Ecole des Mines de Paris for the Commissariat a 

l'Energie Atomique, France. However, results obtained in PAGIS, in the UK-DOE 

assessment, in the US-SDP program, or in the German project were used for com

parison or as additional cases. This will be mentioned in the course of the 

report. 
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CHAPTER 2: BASE CASE SCENARIO ASSESSMENT RESULTS 

The Base Case Scenario is defined as the situation where the penetrators are 

successfully emplaced at their prescribed depth and the subsequent evolution of 

the system is normal, each barrier behaving as anticipated. The data and models 

describing the base case were presented in Chapter 1 and are fully documented in 

Appendices B, C and D. In this chapter, we will first describe the results 

obtained for the deterministic assessment, both for SNAP and GME, and then for 

the stochastic assessment. Comparisons of these results as well as of other 

assessments will be given. 

The deterministic assessment gives the "best estimate" of the doses. The 

stochastic assessment, on the other hand, provides in a rigorous statistical 

manner an estimate of the range of uncertainty of the doses due to the uncertain

ty in the input parameters and the distribution of the doses within the estimated 

range. The results of the deterministic bracketing study also give some idea of 

the extent of this range. The two methods of assessment are therefore linked and 

in some ways complementary. Note that this is the first time that the two methods 

have been used simultaneously in a nuclear waste safety assessment. 

Only the calculated doses are given here. Their significance for radiologi

cal protection purposes will be discussed in Chapter 6. However, it can be kept 
. . . -3 -1 

in mind that the 1CRP recommended maximum individual dose is 10 Sv a , and 
- 4 - 1 

that several countries consider 10 Sv a as a figure appropriate for waste 

disposal. 

2.1. Deterministic assessment, individual doses 

2.1.1. South Nares Abyssal Plain (SNAP) 

The assessment was done by the Sandia National Laboratories (Klett et al., 
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1987) using the moJels and data as described in Appendices B and C. In particu-
129 14 

lar, the full inventory of I and C contained in the spent fuel was assumed 
-2 -1 -1 

to be present in the wastes (2.993x10 Ci MTHM and 2.12 Ci MTHM , respecti-
129 

vely). For I, however, a special limitation is imposed on the dose received 

through ocean pathways, due to isotopic dilution in the stable iodine naturally 

present in sea water. This follows the recommendations of Leddicotte and Rogers 

(1979) and was applied both to individual and collective doses. The method of 

calculation is descn" 2d in Appendix B. In this section, the maximum individual 

doses for the SNAP site will be presented. 

The Base Case Scenario was calculated three times, assigning three diffe

rent groups of values to the model parameters: 

i) the mean or "best estimate" values, where all parameters are given 

their most probable value; 

ii) the least favourable values, where all parameters are given a "pessi

mistic" value, which maximizes the doses; 

iii) the most favourable values, where all parameters are given an "opti

mistic" value, which minimizes the doses. 

These last two calculations form the deterministic "bracketing study" to 

investigate the influence of the uncertainty of the parameters. The respective 

values taken by the parameters for these three calculations are given in Appen

dix C. 

Results are presented for the disposal of the waste arising from a full 

repository, i.e. 10 MTHM. Due to the nature of the models used, the results can 

easily be scaled up linearly to any other amount of waste. Two forms of presenta

tion are used: 

i) Graphs of the dose versus time, up to 10 years, for each of the three 

calculations. These graphs are presented in two different ways: 

- break-down by ocean compartment of the ocean box model, also indicating 

the dominant pathways and radionuclides, for each compartment and time span 

(Figures 2.1a, 2.2, 2.3). 

- break-down by radionuclides, with the doses summed over each barrier and 

each pathway, for the "best estimate" value of the parameters and for the 

dominant ocean compartment (Figure 2.1b). 
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ii) A table of peak individual dose and time of peak for all three calculations 

as mentioned above including an indication of which compartment of the ocean 

box model gives the peak dose and of the contribution of the nuclides and 

pathways (Table 2.1). 

Analysis of the results: Figure 2.1a shows the individual doses by compartment. 
—1 n —i r 

The peak of 5.2x10 Sv a for the whole repository would occur at 1.5xl0J years 

in the top North American water compartment. Doses from all other surface com

partments are almost as high as from the North American compartment. Doses from 

the deep ocean compartments are more than three orders of magnitude lower. 
99 79 

Principal radionuclides are Tc and Se, which appear in a mixture of molluscs, 

crustaceans, seaweed and fish food pathways. The dose rates from deep ocean and 

sediment compartments are negligible. Figure 2.1b shows the dose rate for all the 

nuclides that make up the top curve in Figure 2.1a. The times at which the doses 

from different radionuclides peak are controlled by the decay rate and sorbtivity 

of the nuclides. The nuclides that contribute to the first and highest peak all 

have zero KJ'S. Figure 2.1b not only shows how the sum of the individual nuclide 

doses makes up the total dose but also how the dominant dose contributing nucli-
99 79 5 135 129 6 

des change with time ( Tc and Se around 10 years; Cs and I around 10 -
7 

10 years). 

Figures 2.2 and 2.3 show the differences in doses, peak times, contributing 

nuclides and pathways with most and least favourable parameters, respectively. 

For the most favourable parameter values, the emplacement depth is 70 m and 
4 , . 

canister failure does not occur until 10 years. A striking feature of the curves 
14 4 

in Figure 2.2 is their bimodal nature: a C peak occurs at about 7x10 years, 
1 00 1 ̂ ^ (\ 

and a I and Cs peak at about 7x10 years. This phenomenon is explained by 
-1 14 -1 

the K. values of these radionuclides: 1 ml g for C, and 100 and 200 ml g , 
129 135 

respectively, for I and Cs. All other radionuclides have K, values which 
are sufficiently large to cause them to decay away before they can escape from 

-13 -1 
the sediment. In Figure 2.2, the peak individual dose of 1.0x10 Sv a for the 

whole repository occurs at 7x10 years in all the surface water compartments. The 
129 135 

principal contributing pathway for I and Cs is ingestion of seaweed. 

Emplacement depth in the scenario using the least favourable parameter 

values is only 30 m, with canister failure occurring at 300 years. The peak 
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Parameter 
Values 

Most 

Favorable 

Best 

Estimate 

Least 

Favorable 

Time of 
Canister 
Failure 
(a) 

10A 

5xl03 

3xl02 

Peak 
Individual 

Dose 
(Sv a"1) 

-13 
1.0x10 

5.2X10"10 

7.3xl0"8 

Time of 
Peak 
Dose (a) 

7.0xl06 

1.5xl05 

7.0xl30A 

Compartment 

Top N. Amer. 

Top N. Amer. 

Top N. Amer. 

Principal 
Nuclides 
and % 

Contribution 

129J (91Z) 

135Cs ( 9%) 

99Tc (717.) 
79Se (29%) 

126Sn (553!) 
QQ 
Tc (40%) 

Principal 
Pathways 
and 7. 

Contribution 

Seaweed (94%) 

Fish (4%) 

Mollusc (29%) 

Crustacean (28%) 

Seaweed (24%) 

Fish (19%) 

Fish (31%) 

Seaweed (30%) 

Crustacean (23%) 

Mollusc (16%) 

TABLE 2.1. 

South Nares Abyssal Plains Total Repository (10 MTHM) 

Individual Dose. Post-Emplacement Release 

(Undamaged canisters, 50-year-old waste) 
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- 8 - 1 . 4 
individual dose of 7.3x10 Sv a for the whole repository occurs at 7x10 years 

in the top North America water compartment (Figure 2.3). Principal radionuclides 
126 99 

are Sn and Tc, which contribute through a variety of dose pathways. A 

greater number of nuclides contribute a significant dose with least favourable 

parameter values than with "best estimate" values because of the lower K, values. 
93 d 

As an example, Zr did not show up with "best estimate" values but is the 

dominant nuclide in the Mesoscale Eddy food chain with least favourable parameter 

values. Peaks are 

estimate" values. 

4 
values. Peaks are not only higher but occur 8x10 years earlier than with "best 

Table 2.1 summarizes all the dose calculations for the three calculations. 

The "least favourable" peak individual dose is almost six orders of magnitude 

higher than the "most favourable" peak dose, and over two orders of magnitude 

higher than the "best estimate" peak dose. 

2.1.2. Great Meteor East 

The assessment was done by Ecole des Mines de Paris (Poulin, 1987) using the 
14 

Mark-A ocean model described in Appendix B. C was not taken into account in 

these calculations. Only part of the iodine was assumed to be present in the 
-5 -1 129 

glass (2.993x10 Ci MTHM or 0.1% of the I present in the spent fuel, which 

is a realistic figure for the glass). Given the small amount of iodine conside

red, isotopic dilution limitations, as used for the SNAP site, were not included 

in these calculations. 

In the figures presented hereafter, only the main radionuclides contribu

ting to doses and the total doses are shown. A central case was studied based on 

best estimate specific GME values defined in the data base (Appendix B). The 

least and most favourable values u*ed in the bracketing study were selected in 

the same way as for the SNAP studies (values given in Appendix C). Calculations 

5 i 

were made for a full repository of 10 MTHM up to 10 years. A different amount of 

waste would give doses that can be scaled linearly.To allow comparison between 

sites, more or less the same type of presentation has been adopted. Two types of 

graphs are used to represent the total individual dose vs. time: one is related 

to radionuclides and the other to pathways, for the three cases, viz.: best 

estimate (set of Figtires 2.4), most and least favourable case (Figures 2.5 and 
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Parameter 
Value 

Most 

favourable 

Best 

Estimate 

Least 

Favourable 

Time of 
Canister 
Failure 
(a) 

io4 

cf. data 

base 

2 
3.10 

Peak 
Individual 

Dose 
(Sv a"1) 

10"15 

-9 
1.5x10 

8.10"8 

Time of 
Peak 
Dose 
(a) 

106 

1.5xl05 

A.5xl04 

Compartment 

Arctic 

Arctic 

Arctic 

Principal 
Nuclides 

12°! 

99Tc 

79Se 

126Sn 

93Zr 

Principal 
Nuclides 

Seaweed 

Fish 

Seaweed 
Fish 

Fish 

Seaweed 

TABLE 2.2. 

GME Peak Individual Dose 



2.6). Peak values and their times of occurrence are also given for all cases in 

Table 2.2. 

Analysis of results; All maximum individual doses, Figures 2.4. to 2.6, are 

related to Arctic surface waters where the maximum concentration always occurs 

for GME. 

99 79 
In Figures 2.4. a-b, for the best estimate case, Tc and Se are the dominant 

nuclides and seaweed is the main pathway. Fish, crustacean and mollusc pathways 

give doses lower by one order of magnitude. One can see that actinides are not 

released from the sediment before 10 years due to adsorption. Tc and Se show up 

due *:o their zero K, values. 

Figures 2.5. a-b are related to the most favourable case. Migration time for 

Se is now long encugh to allow most of it to decay in the 70 m thick sediment 
129 135 99 

layer. Only I, Cs and Tc remain important contributors and the dose has 

not yet peaked after 10 years. The value at that date is of the same order of 

magnitude as that from SNAP. Seaweed is still the main pathway as it has a 

greater concentration factor for iodine and technetium than other pathways. 

Figures 2.6. a-b show the least favourable case defined by smaller adsorp

tion coefficients, a 30 m depth of emplacement, 300 years canister life and a 

higher concentration factor for all pathways. Seven fission products now give 
233 . . . . 

noticeable doses and U is introduced into the ocean but still with low concen

tration. 

1 26 
The main contributor is now Sn because of the high value for the concen-

93 99 79 
tration factor in fish and seaweed. Zr, Tc and Se and, to a lesser degree, 
135 . 5 

Cs are also important contributors. Up to 10 years, fish is the main pathway 
and then, seaweed becomes the predominant one. 

Despite the fact that at GME the actual iodine level in the glass was used 

(i.e. 0.1% of the total inventory) whereas at SNAP the total inventory was 

included, and isotopic dilution considered, the values for the two sites are very 

similar. The peak doses have similar values which differ by a factor of 3 for the 

best estimate case and by less than 15% for the least favourable case. Dates of 
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peak are also similar. 

For the SNAP site, the peak in activity appears in the top North Atlantic 

whereas for GME it appears in the Arctic surface waters- This is consistent with 

water circulation in the ocean. In both cases, the dose variation between surface 

compartments is less rhan one percent. 

The fact that two different institutions using the same data base but 

different models obtain very similar results for the two sites provides (i) some 

confidence in the level of verification of the models and data input procedures, 

and (ii) some indication of the small sensitivity of the option to the location 

of the site. 

2.1.3 Collective dose calculations 

Given the similarities of the results obtained for SNAP and GME, only the 

collective doses for SNAP were presented by Sandia National Laboratories (US). 

They are also more relevant since the calculations made for SNAP include the 

jr. 14 
complete inventory for ""1 and * C, which are major contributors to the collec
tive doses. 

Two calculations were made: 

i) collective doses considering only the marine pathways, 

ii) additional doses received including the atmospheric pathway for the volati-
129 14 

le elements I and C. These pathways were found to be significant for 

these two elements. The model was developed and run by the NRPB, UK, mly. 

Collective doses through the marine pathways; As for the peak individual doses, 

the results are presented as follows: 

i) Graph of the annual collective dose to the world population versus time, 

up to 10 years, for the three levels of calculation (best estimate, most and 

least favourable parameter values). 

For the "best estimate" case, the graph is broken down into ocean compart

ments (Figure 2.7a) and radionuclides (Figure 2.7.b). For the two other cases 

only the break-down into ocean compartments is given. 
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Parameter 
Value 

Most 

Favourable 

Best 

Estimate 

Least 

Favourable 

Best 

Estimate 

w/atmos. 

pathway 

Time of 
Canister 
Failure 
(a) 

10* 

5xl03 

3xl02 

5xl03 

Endpoint 
of Dose 

Integration 
(a) 

!05 

106 

!07 

10* 

105 

!06 

!07 

!03 

10* 

105 

10fc 

107 

10A 

10" 

106 

io7 

Integrated 
Collective 

Dose 
(nan Sv) 

8.4xl0"3 

9.8xl0"3 

l.lxlO1 

6.0X10"4 

2.2xl03 

1.2xl0A 

2.8x10* 

4.3xl0~9 

1.8xl03 

5.3xl05 

2.1xl06 

2.6xl06 

4.2xl0X 

2.8xl03 

1.5xl04 

3.8x10* 

Principal Nuclides 
and Z Contribution 

U C (100Z) 
U C (>99Z) 
135Cs (532). 129I (>46Z) 

99Tc (712). 14C (192), 79Se (102) 
79Se (802), 99Tc (19Z) 
79Se (55Z), 99Tc (38Z). 135Cs (7Z) 
135Cs (56Z). 79Se (242). 99Tc <18Z) 

129I (iOOZ) 
i26Sn (842), 99Tc (11Z), 1AC (32) 
126Sn (907.), 99Tc (7Z), 79Se (2Z) 
126Sn (83Z). 99Tc (HZ). 93Zr (42) 
126Sn (692), 93Zr (102), 99Tc (92) 

135Cs (7Z) 

Principal Pathways 
and Z Contribution 

Fish (942). Crustacean (3Z) 

Fish (942), Crustacean (32) 

Fish (492), Seaweed (47Z) 

Fish (48Z), Crustacean (27Z), Mollusc (20Z) 

Fish (832), Crustacean (92), Mollusc (5Z) 

Fish (72Z), Crustacean (152), Mollusc (82) 

Fish (842), Crustacean (82), Mollusc (4Z) 

Fish predators (>992) 

Fish (842), Crustacean (92), Seaweed (42) 

Fish (882), Crustacean (62), Seaweed (3Z) 

Fish (822), Crustacean (8Z), Mollusc (52) 

Fish (762), Mollusc (102), Crustacean (72) 

Using 1002 of I and C of the waste, 
doses through ocean pathvay and using global atmospheric circulation model 

for 129I and 14C. 

TABLE 2.3 

South Nares Abyssal Plain. Total Repository (10 MTHM) 
Integrated Collective Dose. Base Case Scenario 



it) Table of the integrated collective dose for the three calculations 

("best estimate", most and least favourable parameter values), with cut-off 

dates of 10 to 10 years. The major nuclides and pathways are also given (Table 

2.3). 

79 99 
Analysis of the results; Figures 2.7a and 2.7b show that Se and Tc are the 

principal contributors to the collective dose, as they were for the peak indivi

dual dose. Although the local compartments have higher concentrations of activi

ty and hence higher local dose rates, the world ocean compartment provides the 

greatest contribution to dose because its population usage rates are the highest 

of all compartments. 

126 99 
Figure 2.9 (for the least favourable case) shows that Sn and Tc are the 

principal contributors to the collective dose, just as for the peak individual 

dosa, with the world ocean compartment providing the greatest contribution. As in 

the "best estimate" and most favourable cases, the contribution to both the 

individual and the collective dose from the mesoscale eddy food chain is negli

gible. 

Table 2.3 summarizes integrated collective doses (ICD) values (in units of 

man Sv for the whole repository). These values represent the sum of the areas 

under all the curves in Figures 2.7a (best estimate), 2.8 (most favourable) and 

2.9 (least favourable) integrated from the time of emplacement to the indicated 

3 7 

end points (10 to 10 wears). In all three of these calculations, the contribu

tion to integrated collective dose is significant it all times up to 10 years. 

This is especially true for the most favourable case, in which the most signifi

cant contributions to dose occur between 10 and 10 years. 

Fish pathways provide the major contribution to ICD in all calculations. The 

nuclides which contribute most significantly to ICD depend on the choice of end 

point times of integration. For example, in the "best estimate" case in Table 

is 
,7 

79 99 • 6 135 
2.3, Se and T are dominant for integration timee up to 10 years, but Cs 

provides a significant contribution to ICD when the integration is carried to 10 
135 

years. In fact, Cs is the major contributor to ICD in the most favourable and 
7 

"best estimate" cases wherever the integration is carried out to 10 yejrs, while 
1 96 

Sn is the major contributor to the least favourable ICD for any choice of 
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4 
integration period equal to or greater than 10 years. The least favourable ICD 

at 10 years is slightly more than five orders of magnitude higher than the most 

favourable ICD, and about two orders of magnitude higher than the "best estimate" 

ICD. 

This trend is very similar to that previously observed for peak individual 

dose. 

Collective dose through the atmospheric pathway: Collective doses from global 
129 14 

circulation of I and C were calculated using models described in Smith and 

White (1983) and Bush et al. (1983). The inclusion of atmospheric pathways for 
14 129 

C and I increased their resulting collective doses by at least an order of 

magnitude but had a much smaller effect on the total collective dose from all 

radionuclides. For integration times of 10 years or greater, the inclusion of 

atmospheric pathways increased the total integrated collective dose by about a 

factor of two. The increase at earlier times was much greater but this was due to 
129 

different assumptions made when describing the release of I to the global 
(ocean + atmospheric) model. The results of the calculation are in Table 2.3. 

2.1.4. Do3e to fauna 

Dose to fauna calculations were made using peak concentrations obtained 

with Mark-A within the bottom boxes of the disposal area and its surroundings 

(boxes 20, 18 and 15, see Figure B.3 in Appendix B) for "favourable", "mean" and 

"unfavourable" conditions. The results are given in Table 2.4. The dose equiva

lent rate to fauna are calculated for 1 metric ton of heavy metal (to be 

multiplied by 10 for the total repository). All these values are less than those 

estimated for natural background radiation, except for the local disposal area 

(22x22 km, box 20). 

2.1.5. Relative role of barriers for the base case 

Man-made repositories are devised to take advantage of the retarding ef

fects of various technical and natural barriers. Each of these barriers will 
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delay the release of radionuclides for a limited time only. However, due to the 

natural degradation of the radionuclides by decay, this will be sufficient to 

reduce their detrimental potential so that the effects of the unavoidable escape 

of radionuclides from a repository become harmless. 

Later in this report, the dependence of the release results on certain 

properties of the barriers will be investigated in a sensitivity analysis. Al

though this exact analysis cannot be matched by other methods, one can get a 

preliminary and very intuitive glimpse of the importance of one barrier compared 

with the others by simply keeping track of the whole inventory at each moment in 

time in the whole set of barriers. It is clear that the more effective a barrier 

is, the greater will be the proportion of the total inventory held by it and the 

longer it will be held for. 

An example of such a calculation (performed by Dornier of the F.R.G., using 

the same data as the RATG for the GME site) is displayed in Figures 2.10 and 2.11 
99 

for the most important single radionuclide Tc, and the sum of four more rather 
i-j fl07„. 126„ 129T 135_ * T „. ,. . ,. ... 

important radionuclides ( Pd, Sn, I, Cs). In the first figure, the 
99 

amount of Tc is represented by the topmost curve which is actually an exponen

tial decay curve. However, in the double logarithmic scale of the figure, this 

exponential curve takes the displayed convex shape. This is visually the better 

form because it reveals that a significant decrease only occurs after one half-
99 5 

life of Tc, i.e. 2.1x10 years. Hence, for more than 100 000 years this radio

nuclide remains present at a very high level. This is also one of the reasons why 

it is so important. 

If one looks at this radionuclide at a certain point in time (e.g. 30 000 

years after emplacement), that is, if one draws a static picture of it, its total 

amount is shown to be divided into different parts indicated by different shades. 

Each of these parts represents the particular amount of the radionuclide which is 

confined by a certain barrier, such as the glass matrix, the sediment or the 

ocean. The relative size of the individual parts of this division is already an 

indication of the relative importance of a barrier. However, it should be borne 

in mind that the vertical scale is also logarithmic so that the lower parts are 

essentially negligible and the upper sections are amplified by orders of magni

tude. 

If the curves of Figure 2.10 are interpreted with respect to their time 
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development, one notices that there are barriers which the radionuclides leave 

very early and completely, such as the glass matrix, and others which they 

practically never leave since decay prevents any release. The latter are therefo

re the most important barriers in the long term, as is obvious in the enlarged 

representation of Figure 2.11. 

The amount of radioactivity which finally reaches an individual is dis

played in the last curve and compartment at the bottom of this figure. This is 

the radioactivity which an individual takes in by consuming sea food which is 

caught in a "contaminated" ocean. From this it becomes possible to evaluate the 

individual dose at any given time point of this diagram. 

These individual doses are displayed, e.g. in Figures 2.1. through 2.6. and 

their shapes reflect that of the bottom curve of Figure 2.11. 

2.2. Stochastic uncertainty analysis 

The stochastic uncertainty analysis is aimed at obtaining a better under

standing of the uncertainty in the predicted doses resulting from the uncertainty 

in the model parameters. Rather than just estimating the most likely doses with 

the "best estimate" value cf the parameters and their range of uncertainty with 

the bracketing study, the stochastic analysis produces an empirical distribution 

function (histogram) of the doses. This is done by assuming that each parameter 

can be defined by a range of possible values, together with the probability 

function of taking these values. Such ranges and probability functions for each 

parameter have been estimated as well as possible from the available data, but 

for some parameters, they are still somewhat arbitrary. These data are given in 

Appendix D. It should be stressed that the output histogram of doses only re

flects the uncertainty in the parameter values and not the uncertainty in the 

models or the uncertainty in the scenarios. 

To perform the stochastic uncertainty analysis for the normal evolution 

scenario, the LISA code has been adapted for the sub-seabed option (Flebus and 

Stanners, 1987; Flebus and Stanners, 1988). The near-field, ocean dispersion 

and pathways to man models used are those defined by the RATG. The model for the 
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migration of radionuclides in sediments is an adapted version of the COLUMN code 

(Bo, 1978). 

Individual dose rates are calculated for two separate pathways outlined 

below: in each case the seawater concentration from the most active box at the 

appropriate ocean level is used. 

For pathway 1, the following sub-pathways are considered: 

- the ingestion of seafood (surface fish, crustaceans, molluscs and seaweed); 

desalinated water and sea salt taken from surface water; 

- the inhalation of marine aerosols. 

Pathway 2 is the same as 1 except that mid-depth ocean concentrations are 

used. Ingestion of seafood, desalinated water, sea salt and inhalation of marine 

aerosols are considered. Consumption rate of mid-depth fish is taken. 

1A 129 

In the inventory, no C was included and only 0.1% of the I present in 

the waste, i.e. what is actually found in HI.W glass. Isotopic dilution in the 

stable sea water iodine was not considered. The results are presented for a full 

repository of 10 MTHM. 

Simulations using 500 runs and an integration time of up to 10 years have 

been performed for the GME and SNAP sites. For each si'.e similar results have 

been obtained with the two pathways. Furthermore, the differences found between 

the GME and SNAP site results will not influence the conclusions in this section. 

Consequently, only the results obtained for the GME site with pathway 1 will be 

discussed here. 

In LISA the dosimetry model provides a curve of the individual dose rates 

versus time for each run. Each curve represents the sum of the doses over all the 

radionuclides. From these curves the mean dose rates versus time are computed, 

and in Figure 2.12, the values obtained are represented by a curve which reaches 
-9 -1 5 

a maximum mean value of 2.9x10 Sv a at 1.5x10 years and then decreases 

mainly due to radionuclide decay. It must be borne in mind thdt these mean values 

have been obtained from one sample of 500 runs and that another sample would 

probably produce different empirical mean values. To obtain the true mean 

values, a simulation with an infinite number of runs would be required but 
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impossible to realise in practice. Fortunately, from the empirical mean values it 

is possible to define bounds and state that the true mean values lie within those 

bounds, with a probability 1- a that the statement is correct. The level of 

significance a, is the maximum probability of rejecting the above statement. In 

practice, the confidence bounds on each of the mean values have been estimated 

using Tchebycheff's theorem (Saltelli, 1987) for a significance level a = 0.05. 

The results are represented in Figure 2.12 by the upper (U) and lower (L) curves, 

which thus define the confidence interval for the mean dose rates. From this 

analysis, there is a probability of 0.95 that the maximum value of the true mean 
-9 -1 -9 -1 

dose rate ranges between 2.2x10 Sv a and 3.7x10 Sv a . 

Figures 2.13 and 2.14 represent the dose rate frequency histograms obtained 

at 10 and 10 years, respectively, after vitrification. These frequency his

tograms represent the dose rate distributions around the mean values, calculated 

at different time points and derive from the cross section of Figure 2.12 at 

times 10 and 10 years. The distribution profiles obtained reflect the influence 

of the input parameter uncertainties. Figures 2.13 and 2.14 show essentially that 
—8 -1 

no dose rate values appear above 3.2x10 Sv a and the higher frequency values 

correspond to about 10 Sv a at 10 years and to 10 Sv a at 10 years. 

These frequency histograms are time-dependent and hence do not necessarily 

show the dose rate maxima reached during the simulations. The purpose of Figure 

2.15 is to give the frequency histogram for the maximum dose rate found (irres

pective of the time of occurrence) for each of the 500 curves defined in the 

dosimetry model and for the whole integration time up to 10 years. Froir this 

figure we see that no dose rate value appears above 3.2x10 Sv a . The ten 

highest dose rates are given in Table 2.5 which shows more accurately that the 
-8 -1 

highest dose rate reached over the 500 runs was 2.5x10 Sv a at 110 000 years 
99 

with Tc as the most important contributing radionuclide. The arithmetic mean of 
-9 -1 

the maximum dose lates is 3.0x10 Sv a (equivalent to -8.52 on the log scale 

in Figure 2.15) with confidence bounds of - 7x10 Sv a for a = 0.05. Table 

2.6 gives for each histogram unit represented in Figure 2.15 the contributing 
99 J 26 

radionuclides and shows that Tc followed by Sn are the most important. 

The downward cumulative distribution function computed from the frequency 

histogram shown in Figure 2.15 is given in Figure 2.16 (centre bold line). The 

purpose of this distribution is to estimate the probability of exceeding particu-
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FIGURE 2.12 

Mean dose rates (Sv a ) versus time for GME site, 
base case scenario and pathway 1. Total repository (lO'^MTHM). 

The upper (U) and lower (L) curves define a 95% confidence interval 
of the estimation of the mean dose, due to the limited number 

of runs in the analysis (500), and not the range 
of variation of the dose around the mean, which is given 

in Figures 2.13, 2.14 and 2.15. 
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Run number 

221 
147 
451 
470 
316 
436 
254 
330 
148 
332 

Maximum individual 
dose rate ( 1 0 8 Sv/a) 

2.53 
2.39 
1.84 
1.84 
1.83 
1.81 
1.73 
1.65 
1.51 
1.49 

Radionuclide 

Tc-99 
Tc-99 
Tc-99 
Tc-99 
Tc-99 
Tc-99 
Tc-99 
Tc-99 
Tc-99 
Tc-99 

Time 
(years) 

108701.2 
96656.6 

124760.6 
152864.6 
104686.3 
112716.1 
88626.9 

112716.1 
197028.1 
124760.6 

TABLE 2.5 

The ten highest maximum dose rates for GME sita, 
base case scenario and pathway 1. 

Histogram 
unit 

1 
2 
3 
4 
5 
6 
7 

Contribut 

Tc99 Se79 Zr93 

50 ' 50 
75 
76.9 - 7.7 
72 4 -
58.6 20 7.1 
75.8 0.4 1.8 
86.9 -

ng radionuclides ( % ) 

Pd107 Sn126 C$135 

25 
15.4 
16 8 
14.3 
22 
13.1 

1129 
1 

1 
1 

1 
i 

1 
1 

TABLE 2.6 

Most important contributing nuclides 
in the maximum dose rate frequency histogram (Figure 2.15), 

Percentage of runs in each dose range 
(represented by a histogram unit) 

where the givon radionuclides are the main contributors. 
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GME site, base case scenario. Total repository (10 MTHM). 
Downward cumulative distribution function of the frequency histogram 
of the dose rate represented in Figure 2.15. A 95% confidence band" 

is defined by the dashed zone. 
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lar dose rates. Of particular interest is an estimate of the probability of 

exceeding the highest dose rate obtained in the course of the 500 run simulation, 

since the smaller the size of this value, the greater will be the confidence that 

the extremes of the output distribution have been accurately modelled. This 

fractional probability is obtained frcan the confidence bounds on the downward 

cumulative distribution function, which are drawn on the same basis as those 

calculated for the mean values; viz. in order to estimate the size of the 

uncertainty on the results obtained given the limited number of runs performed 

(i.e. 500). The confidence bands are defined by the region between the upper (U) 

and lower (L) downard cumulative distribution functions in Figure 2.16. These two 

limit distributions were obtained by using Kolmogorov's statistics (Conover, 

1980), with a= 0.05 (95% confidence level). 

Whereas the simple downward cumulative gives an estimate of the probability 

of exceeding particular dose rate values, the upper confidence bound curve (U) 

gives the highest value of such a probability at the given confidence lt-vel. 

These bounds now enable us to estimate the probability of exceeding the dose rate 
—8 — 1 

of 3.2x10 Sv a (the upper limit of the highest bin of the frequency histogram 

in Figure 2,15). This is shown in Figure 2.16 by the upper bound value of 
-8 -1 

probability above 10 Sv a of 0.06. This can be interpreted as follows: with a 
•~ 8 — 1 

confidence level of 95%, the frequency of doses above 10 Sv a (Figure 2.15) 

will not be higher than 6%. 

From this it is not possible to calculate by how much this value might be 

exceeded; however, by increasing the number of runs the distance between the 

simple downward cumulative and the U curve can be reduced (doubling the number of 

runs reduces U by a factor of 1.4). 

The dose rate values have to be compared with the maximum permitted dose 
-3 -1 

rate for individuals which is 10 Sv a . The frequency data np.ght also be used 

in some form to meet a dose limit criterion (Vohra, 1977). In fact, it has 

already been proposed (AECB, 1985) that, for a Monte-Carlo assessment a regulato

ry limit be set on the probability of exceeding a pre-established doue level. 

However, this has not yet been properly formulated into an internationally accep

ted criterion. 
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2.3. Comparison of results 

2.3.1. Comparison between deterministic and stochastic uncertainty assessments 

The stochastic uncertainty assessment is in itself a complete analysis and 

does not, in general, require additional deterministic calculations if the pro

bability functions of the input data are well known. Indeed, it gives directly 

both the mean dose and the uncertainty range associated with parameter uncer

tainty. Despite this, both analyses were conducted for this study. The reasons 

for this are mainly that deterministic calculations are more common and better 

understood than stochastic analyses and that the probability functions of the 

input parameters were not well known, and thus Vtad to be estimated. The deter

ministic analysis should not, however, be regarded as an alternative assessment 

but rather as one case (the "best estimate" case) included in the stochastic 

calculations. Nevertheless, since both calculations were made, the question now 

arises as to their coherence and thus the following comparison has been conduc

ted. It is very important to stress that the calculations were carried out by 

three different institutes using the same data base and similar models but with 

their independently encoded versions, thus providing a large degree of redundan

cy in the calculations. A comparison will therefore serve as an internal check on 

the results. 

It must be noted that the very nature of the stochastic approach does not 

permit an easy comparison with the results of a deterministic calculation. The 

fact that a btochastic approach allows the selection of parameter value combina

tions not allowed by the deterministic method means that the results cannct be 

ej:pec<:ed to correspond exactly. Two types of comparisons have, nevertheless, 

^een attempted. Firstly, the magnitude of the peak dose rate obtained by the 

deterministic analysis has been compared with the mode bin (most frequently 

occurring value range) of the maximum dose rate frequency histogram produced oy 

tne stochastic analysis (e.g. Figure 2.15). This also includes a discussion of 

the major contributing nuclides and a comparison cf the spread of do9e rates 

shown by che frequency histogram, with a range calculated deterministically, 

setting input parameter values to either most or least favourable values (bra

cketing study). Secondly, the dose-rate curve over time, obtained by the determi

nistic analysis using best estimate values, has been compared with a curve of 

mean dose rate versus time that was calculated from the 500 different dose-time 
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curves produced by the stochastic assessment. Only the results from the surface 

water concentrations for the GME site simulation are presented since it has 

already been shown that the differences in the results between the two sites and 

between the two principal cases considered (surface and mid-water depths) are 

small and do not change the interpretations. 

Figure 2.17 shows the frequency histogram for the maximum individual dose 

rates (independent of when they occur in time and summed over nuclides) calcula

ted by the stochastic analysis as in Figure 2.15. Superimposed on this are three 

values which are the peaks of the deterministic dose-rate time curves calculated 

with the three different input data sets representing "best estimate", most and 

least favourable values. Tt can be seen from this figure that the deterministic 

"best estimate" value falls directly on the mode of the frequency histograms, 
—1 10 —9 —; 

i.e. in the dose range -9.5 to -b.5 log (Sv a x) (i.e. 3.2x10 to 3.2x10 Sva A ) ; 
and the least favourable peak value falls just outside the upper end of the 

—1 —8 — 1 

range of the frequency histogram at -7.14 log (Sv a ) (i.e. 7.2x10 Sv a ). 

The peak of the most favourable case was not found before the maximum simulation 

time of one million years*, by which time the dose rate had only readied -15 log 

(Sv a" 1). 

When the radionuclides contributing to the maximum dose rates in determi

nistic and stochastic analyses are compared, some differences become apparent. 
99 

At the largest bin of the peak dose-rate frequency histogram, Tc dominates 

(75.8 %) followed by 1Z6Sn (22.0 %) 93Zr (1.8 %) and 79Se (0.4 X) (see Table 2.6, 
99 histogram unit 6). For the deterministic "best estimate" results, Tc also shows 

79 
up as the dominating nuclide at the dose r3tft peak, but it is followed by Se, 
129 135 

I and Cs in that order. Since no single run of the stochastic assessment 

car. be regarded as a "best estimate", such differences are not unexpected. 

Especially, since the "best estimate" parameter values do not very often corres

pond to the means of the distributions used for these parameters in the stoehas-
126 4 

tic assessment. For exntnple, the "best estimate" K(. value for Sn of 5x10 ml 

g used in the deterministic ^ase is highly skewed to the upper end of the 

distribution used fcr this variable in the stochastic approach, which was log-

normal between C and 5x10 ml g . I n thft stochastic analysis, therefore, the 

majority of runs ^about 80 %) will use V., values 'ior this nuclide which are lower 

than the "best estimate" deterministic v.'.lue. In censequerce, Sn will, on 

average, move faster in the g«osphei-e ftocliastic simulation. This is confirmed by 

the results of the U»ast favourable deterministic calculation which, for this 
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case only, shows Sn to be an important nuclide contributing to the dose 
99 

together with Tc. In other words, only when the least favourable parameter 
1 ?6 

values are chosen does Sn show up as an important contributing nuclide. 

Figures 2.18 and 2.19 present results similar to those in the previous 

figure except that, instead of dose rate maxima being shown, dose rates at 

specific points in time (10 and 10 years respectively) are illustrated. Again, 

in both cases the dose rate values using "best estimate" data, calculated deter-

ministically, fall in the mode bin of the dose rate frequency histog ams. Fur

thermore, the deterministic bracketing results at both these times cover very 

well the range of dose rates in the frequency histograms. Only at 10 years does 

the dose rate for the least favourable deterministic case not fall beyond the 

upper bin of the histogram, but inside it. 

The second comparison made between the results of the deterministic atid 

stochastic assessment used the dose over time curves. These curves are a direct 

output from the deterministic assessments. For the stochastic method, the mean 

dose-rate time curve and its confidence bounds have been constructed by ave

raging, at selected times, the dose rates from all the 500 individual runs 

(Figure 2.12). Figure 2.20 shows these results plotted together with the "best 

estimate" deterministic case, for the GME site simulation and summed over nucli

des. The two curves compare very well in terms of shape ind peak location. The 

peak values also compare favourably except that, prior to maximum, beginning at 

about 60 000 years, the mean of the stochastic runs is consistently higher, by 

approximately a factor of 2, than the deterministic case. Although this falls 

outside the range of the 95 % confidence bounds, it should not be regarded as 

very significant since the two curves are obtained in different ways. Among a 

variety of factors causing these differences, the fact that "best estimate" 

values do not always correspond to the means of the distributions used in the 
126 

stochastic assessment, is significant. Since what is true for Sn holds for 

many of the radionuclides which are important contributors to the overall dose, 

it might be expected that the mean stochastic dose would be high compared with 

the deterministic case. The magnitude of any such effect will, of course, depend 

upon the shape of the distribution functions used for each parameter but the 

overall importance of that parameter is not simple to predict. 

In conclusion, the results of the stochastic and deterministic analyses 

compare very favourably in all cases where such a comparison is relevant. In 
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fact, when confidence bands and bracketing results are taken into account, no 

significant differences are found. 

2.3.2. Comparison with other independent post-emplacement radiological assess

ments 

In this section, the results of the RATG assessment of the base case are 

compared with equivalent quantities derived in the PAGIS, UK and FRG programs. 

Both deterministic and stochastic results are compared and attention drawn to the 

main reasons for the differences noted. 

2.3.2.1. Deterministic studies: The results for the deterministic analysis 

of the base case using "best estimate" parameters are given in Table 2.7. The 

values quoted are maximum individual doses for the GME „ite. For comparative 

purposes, doses are expressed in units of Sv a per MTHM. In the case of the UK 

assessment, doses have also been normalized to remove differences in nuclide 

inventory. Dose-time curves for the Train contributing nuclides are given for the 

UK assessment in Figure 2.21. 

There are significant differences in the models and data employed in the 

four assessments but in all cases, transport in the sediments to the marine 

environment was modelled as a diffusion-dominated process. In the UK assessment, 

most of the penetrators were considered to be emplaced between 30-70 m but with 

some at depths shallower than 30 m. Other data items corresponded to the arithme

tic or logarithmic means, as appropriate, of the distributions employed for the 

probabilistic assessment. (In the case of triangular distributions, the most 

probable value was used.) The data employed in the PAGIS and RATG calculations 
# 

correspond to those given in the RATG data base (Appendix B) with the exception 

of the leach times. These are rather longer (up to 200 000 years) in the PAGIS 

and UK assessments. 

An excellent degree of agreement can be observed between the four assess

ments in terms of peak dose and its time of occurrence (Table 2.7, Figure 2.22). 
6 99 79 

In all cases, the major contributing nuclides up to 10 years are Tc and Se 
6 135 

with ingestion pathways predominating (Table 2.8). Beyond 10 years, Cs is 

predicted to become the most important contributor to dose (Figure 2.21). The 
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significance of C and I varies between the assessments depending mostly on 

the assumptions made concerning the extent to which these nuclides may be inclu

ded either in the glass or with other waste forms within the penetrators. How

ever, as both these nuclides have unlimited solubility, the doses may be scaled 

accordingly and on this basis show good agreement. 

The observed variation in the form of the dose history curves reflects 

differences in the modelled systems as defined by the data used, notably the 

distribution of the radionuclide source, the release and sorption data, whether 

or not the solubility limit was considered and the volume/area configurations of 

the sediment barrier models. 

Comparisons of collective dose estimates are given in Tab!>> 2.9. It is 
99 79 135 

apparent that in all cases Tc, Se and Cs are the main contributors to 

radiological detriment.The differences between the assessments, which can reach 

one order of magnitude, are due to different assumptions in the calculations: 

inclusion of penetrators at shallow depth in the UK assessment, inclusion of 100£ 
129 14 

I and C and an atmospheric pathway in the RATG assessment. The exact role 
and importance of the latter pathway need further studies. 

2.3.2.2. Stochastic assessments; A comparison was made between the mean 

dose rate results for the RATG, UK-DOE and PAGIS stochastic assessments. The RATG 

and UK-DOE results compare very favourably. However, different results have been 

obtained in the PAGIS assessment which obtained a peak mean dose about one order 

of magnitude lower, although, at times greater than 10 years, the distributions 

of doses were very similar to the RATG results. The difference in peak mean dose 

arises from a number of factors and reflects the differences of assumptions made 

when selecting the parameters to be included, their ranges and distribution 

functions. An important difference between the RATG and PAGIS calculations is 

that the PAGIS near-field model includes solubility limits for the dissolution of 

the glass matrix whereas the RATG model does not. 

Likewise the UK-DOE and PAGIS studies differ in their distribution functi

ons for K. and pore water velocity. These differences would tend to lead to lower 

doses for the PAGIS assessment. 
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In this context, the differences between the three assessments can be ex

plained and do not raise doubts about the value of the stochastic approach. 

TABLE 2.7. 

Comparison of maximum dose estimates 

ASSESSMENT 
DOSE* 

Sv a-1 MTHM-1 

1.4xlO"14 

1.5xlO"14 

6.1xl0~15 

1.8 0 14 

TIME 

(years) 

170 000 

150 000 

200 000 

400 000 

UK 

RATG xx 

XXX PAGIS 

FRG**** 

x annual individual dose summed over all nuclides and pathways 
129 14 

xx for GME deterministic study, 0.1 % of I and no C 
- j . 14„ , 129T xxx excluding C and I 

xxxx for HLW reprocessed in FRG. 

TABLE 2.8 

Percentage contributions to peak dose by nuclide 

ASSESSMENT 

UK 

RATG 

PAGIS 

FRG 

99-r Tc 

71 

71 

84 

93 

79,, Se 

29 

29 

15 

1 

135Cs 

-

-

4 

6 

2 3V 
-

-

5 

-
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TABLE 2.9 

Comparison of collective dose estimates 

ASSESSMENT 

UK* 

RATG** 

PAGIS 

DOSE 
(man Sv per MTHM) 

104 

5.2xl0~5 

4.2xl0~ 5 

1.9xl0~7 

105 

1.3xl0 _ 1 

2.8x10 

1.4x10 

io6 

3.0 

1.5xl0_ 1 

9.7xl0"2 

x includes contributions from penetrators emplaced at shallow depths, 

xx results for SNAP, including atmospheric pathway, 
14„ . 129T . . . xxx C and I excluded. 
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CHAPTER 3: ABNORMAL SCENARIOS 

3.1. Processes or events leading to abnormal scenarios 

The RATG methodology, described in Chapter 1, includes the assessment of low 

probability, post disposal events that could have an adverse effect on the 

confinement of radionuclides. In this section, these events are considered and a 

series of possible abnormal scenarios resulting from these events is defined. The 

consequences of these scenarios are then assessed on the basis that the event 

occurs. No consideration is given to the probability of the scenarios occurring 

since, at present, the data on which this would be based are very limited. 

The events or processes that could affect the confinement of the radionu

clides are discussed below. This list was established through numerous discussi

ons within the RATG and the SWG. 

1. Poor emplacement of penetrator; The results of a large number of tests of 

free-fall penetrators in the sediments at the selected sites are building confi

dence in this emplacement method (Engineering Task Group Report). However, it can 

be argued that some penetrators may not behave exactly as anticipated. 

2. Presence of erratics hit by penetrator: It is known that floating icebergs, 

far away from the continents, can carry large pieces of rock that are later 

deposited on the seafloor. The areas selected for disposal by the SATG are beyond 

the reach of the icebergs and therefore free from glacial erratics (see Volume 

3). However, since it is impossible to prove that no single glacial erratic is 

present on the seafloor, or partly buried in the sediment, this process can be 

viewed as a very low probability even^ 

3. Incomplete hole closure behind penetrator; The base case scenario assumes that 

the hole behind the penctrator is completely closed and has the same physical 

properties as the intact sediments. Both theoretical calculations and the HOCUS 

experiment performed by the ESTG tend to support this conclusion (see Volume 4 ) . 

But this information is considered too preliminary to completely exclude the 

assumption that, in some cases, the hole may be either imperfectly closed or have 

perturbed sediment properties. 
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4. Sabotage and human errors: This may lead to damaged waste packages, improper 

emplacement, loss of penetrators at sea, etc... 

5. Degraded quality of canister and/or glass matrix waste (lack of quality 

control): This process is also a test of the sensitivity of the sub-seabed option 

to the quality of the engineered barriers. 

6. Human exploitation of seabed (e.g. mining of sediments) or erosion: Although 

highly unlikely because of the depth and the absence of resources at the selected 

sites, this process could lead to the reduction or disappearance of the sediment 

cover over the waste. So could erosion, although it is not likely to occur in the 

selected areas. 

7. Glaciation and climatic effects: It is believed that glaciations have no 

significant effect on the general circulation pattern of the oceans; there may, 

however, be other climatic changes that do affect these circulations and thus, 

the way in which the radionuclides entering the ocean are mixed and dispersed. 

8. Changes in pore water velocity: As indicated earlier, the base case assumes 

the absence of a vertical flow in the pore water of the sediments. 

Possible causes for the existence of such a flow are: (i) compaction; (ii) 

natural convection cells due to the geothermal gradient in the sediments and 

underlying ocean crust; (iii) convection cells developed by the heat load of the 

waste; (iv) other unidentified causes. 

In Appendix F it is shown that the heat load of the waste has a negligible 

effect on the pore water velocity, essentially because the temperature returns to 

normal in a few hundred years. The consequences of the other causes of advection 

need to be analysed. 

Note that non-vertical water flows (e.g. along the layering of the sedi

ments) were also considered (Appendix F) but were found much less significant 

than vertical ones. 

9. Changes in sediment properties and distribution coefficients: This process is 

meant to test the sensitivity of the sub-seabed option to the retention of 

radionuclides by the sediments. Causes for such changes can be unanticipated 

alterations in the redox conditions, chemical or biochemical reactions leading 

to the formation of non-sorbing complexes, etc... 

10. Unexpected chemical processes (e.g. microbial activity): Such processes 

could increase the corrosion rate of the canisters or the leach rate of the waste 

glass. 

11. Changes of pathways for radionuclides in the biosphere: One can envisage the 

existence of an unexpected, short-circuit pathway from the most contaminated 
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deep biota to man through an undiscovered food chain or through the direct 

consumption of contaminated deep sea animals. 

As far as collective doses are concerned, they could be affected if a 

larger amount of seafood were extracted from the oceans by fisheries harvesting 

one or several steps lower down in the food chain. 

12. Faulting in sediment: According to the results of the ESOPE cruise, as 

discussed in Volume 3, such faults do not seem ta play an important role in the 

sediments as they do not appear to constitute a significant pathway for the 

migration of pore water or elements. A sensitivity study performed by the RATG 

(Appendix F) has also shown that the hydraulic role of faults is negligible, 

provided that they occur at a horizontal distance from a waste package which ij 

more than twice as large as the depth at which the package is emplaced. Never

theless, this process will be considered as enhancing the transport of radio

nuclides up to the ocean floor. 

Each of the processes listed above may lead to a degraded confinement of the 

waste; however, several of these processes may have the same consequences. For 

instance, if a waste package is lying at half the prescribed depth of emplace

ment, this may be the result of a poor emplacement of the penetrator (process 1) 

or of the erosion of half the thickness of the sediments after proper disposal 

(process 6). Similarly, a damaged waste package lying on the seafloor, which is 

the most severe situation examined, may be caused by human error (process 4) or 

by the penetrator hitting a glacial erratic (process 2). 

Because of this, a limited number of scenarios (12) representing abnormal 

situations in the system have been identified and each one of them is the 

possible result of several processes. In addition, a 13th scenario considers the 

case of waste packages emplaced at 200 to 800 meter depths in the sediment, which 

could be obtained by a drilled emplacement option. This should be considered more 

as a sensitivity study to the depth of emplacement than as a realistic radiologi

cal assessment of the drilled option: too little information and too few studies 

are available within the SWG to carefully assess this option. A 14th scenario 

considers the mining of manganese nodules in an area not too distant from the 

disposal area, which does not itself contain nodules. 

In most of these scenarios the calculations are made for a single penetrator 

and can be scaled to any number of penetrators since all the nuclide-transport 
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and dose models are linear with respect to waste quantity. One peretrator holds 

the waste of 6.94 MTHM. The calculations are made on this basis because many 

scenarios do not concern all the waste to be disposed of, e.g. the scenario 

involving the hitting of a glacial erratic. When considered in this way, the 

results can be used to determine how many penetrators could be involved in an 

abnormal scenario before a prescribed dose limit were exceeded. The results are 

usually given in terms of dose per MTHM of waste involved in the scenario as a 

ratio to the base case; alternatively they are given for the total repository 

(105 MTHM). 

The scenarios and the consequences of the scenarios are described one at a 

time. The analyses were performed by US-SNL using the TRION and MARINRAD-NAP 

models unless otherwise specified. Collective doses ire only calculated for the 

marine pathways (not atmospheric ones) at 10 years, which is found to be the 

most significant cut-off date for collective doses. 

3.2. Analysis of the doses resulting from abnormal scenarios 

For the following scenarios, the calculated doses will be presented as their 

ratios to that of the base case, presented in Chapter 2. The reference for 

comparison is that of the SNAP site, calculated with the "best estimate" values 

of parameters. These figures are: 

- peak individual dose: 5.2x10 Sv a" per MTHM at 1.5x10 years 
5 -2 

- collective dose integrated to 10 years 2.2x10 raanSv per MTHM. 

This ratio can be applied to the dose given by the whole repository (10 

MTHM) if the scenario concerns the total number of penetrators or to a given 

amount of waste, if the scenario can only be applied to a fraction of the 

penetrators. 

The results of the 13 scenarios are summarized in Figure 3.3. 

3.2.1. Case 1: Undamaged penetrator lying on the seabed in deep water immediately 

after emplacement: 
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The processes which could lead to case 1 are: 

1. Poor emplacement of penetrator. 

3. Improper hole closure (which could be represented approximately by assu

ming that the penetrators lie on the sediments). 

4. Sabotage and human errors. 

6. Human exploitation of the seabed, erosion. 

As this case could also arise from a transportation accident, its consequen

ces are described in Chapter 4 on deep ocean shipping accidents, see Section 

4.2.2. 

The peak individual dose is increased by a factor of 3 500 compared to the 

base case, and the collective dose integrated to 10 years by a factor of 250. 

3.2.2. Case 2; Same as Case 1, but damaged canister: 

Leaching of the glass matrix starts directly at the time of emplacement but 

at a faster rate than in Case 1 because of enhanced temperature. Possible pro

cesses leading to Case 2 are: 

Same as Case 1 plus: 

2. Presence of erratics on seabed, hit by penetrator. 

5. Degraded quality of canister. 

Again this scenario could also arise from a deep ocean transportation acci

dent and its consequences are described in Chapter 4, Section 4.2.2. 

4 
The peak individual dose is increased by a factor of 10 compared to the 

base case, and the collective dose integrated to 10 years by a factor of 300. 

3.2.3. Case 3: Partly buried, undamaged penetrator, lying only 10 m deep in the 

sediments, immediately after emplacement: 

Processes possibly leading to Case 3: 

1. Poor emplacement of penetrator. 

3. Improper hole closure behind penetrator (represented by assuming 10 m 
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instead of 50 m of sediments). 

4. Sabotage or human errors. 

6. Human exploitation of the seabed, erosion. 

12. Faulting (which could be represented by a shorter diffusion path in the 

sediments). 

The only difference between this case and the base case is the burial 

depth. The calculations show that the peak individual dose is a 

factor of 70 greater than the base case and occurs earlier. The collective dose 

integrated to 10 years is increased by a factor of 5.1. 

3.2.4. Case 4; Same as Case 3, but with damaged canisters: 

Processes possibly leading to Case 4: same as Case 3, plus: 

2. The presence of erratics within sediments. 

5. Degraded quality of canister. 

In this case, the penetrator is damaged and its lifetime is assumed to be 

zero. Therefore the glass is immediately exposed to the sediment pore water and 

begins to leach while the waste is still hot. In this analysis, it was assumed as 

a worst case that the waste loading in the glass was the maximum considered for 

vitrification, 14%, rather than the base case value of 9%. 

It was predicted that the temperature of the penetrator immediately after 

emplacement would be 200°C. The leaching time for a damaged penetrator was then 

calculated to be approximately 2 years, using the Arrhenius temperature depen

dence of leach rate given in the data base (Appendix B), which is extremely 

conservative. Therefore it was pessimistically assumed that the glass leached 

instantaneously. 

Based on these assumptions, the peak individual dose was calculated to be a 

factor of 136 times greater than in the base case and to occur earlier. The 

collective dose, integrated to 10 years, is a factor of 7.3 higher. Obviously, 

with the standard lower waste loading, the temperature and hence the corrosion 

rates, leach rates and the differences from the base case would all be smaller. 

This is also true for Cases 6 and 8. 
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For penetrators emplaced at 10 m, a comparison between the above results and 

those of Case 3, where the canisters are not damaged, clearly demonstrates the 

importance of the confining effect of both the penetrator and the glass on the 

predicted doses. 

3.2.5. Case 5; Enhanced pore water velocity in sediments: 

The penetrator is assumed to be at its prescribed depth (50 m). The pore 
-3 -2 

water velocity is upward and the values (given as Darcy velocities) of 10 ,10 , 

10 and 1 m a are used. The velocity is assumed constant through time and 

starts at the date of emplacement. 

Processes possibly leading to Case 5: 

8. Change in pore water velocity (e.g. geothermal convective cells, compac

tion after turbidites, deposits, etc..) 

12. Faulting. 

The remaining parameters were kept at their base case values. 

The peak individual dose rate and collective dose increase if vertical pore 
-4 -1 

water velocities exceed 10 m a . The ratios to the base case dose are given in 

Table 3.1. 

With a pore water velocity of 1 m a , the penetrator and glass provide 

99.72 of the attenuation of the integrated flux from the sediments. 

TABLE 3.1. 

Ratio of peak individual dose rates and integrated collective doses 
for Case 5 with base case results 

Pore water_yelocity 
(m.a ) 

lO"3 

io"2 

10"1 

1 

Ratio of 
peak individual 

doses 

6 

230 

430 

2 310 

Ratio of 
collective 

doses at 10 years 

3 

7.2 

10.5 

370 
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3.2.6. Case 6; Same as Case 5, with damaged canisters: 

Processes possibly leading to Case 6: same as Case 5 plus: 

2. Presence of erraf'cs in sediments; 

4. Sabotage or human errors. 

5. Degraded quality of canister 

10. Unexpected chemical processes leading to rapid corrosion of canisters. 

In this case, the penetrator is damaged and therefore the leaching begins 

while the waste is still hot, i.e. 200°C. The penetrator lifetime and glass leach 

time were therefore both assumed to be zero, as discussed in Case 4. 

The peak individual dose rates and collective doses would be increased by 
-4 -1 

pore water velocities greater than 10 m a and the ratios to the base case are 

given in Table 3.2. 

The effects of vertical pore water advection, seen here when the penetrator 

life and leach time are zero, are more pronounced than those seen in Case 5. With 

a pore water velocity of 1 m a , 11.9% of the initial inventory is released from 

the sediments before decaying. 

TABLE 3.2. 

Ratio of peak individual dose rates 
and integrated collective doses for Case 6 

with base case results 

Pore water 
velocity 
(ma ) 

io-3 

10"2 

10"1 

1 

Ratio of 
peak individual 

doses 

7.2 

495 

2.2xl04 

3.5xl06 

Ratio of 
collective doses 

at 10 years 

3.3 

10.8 

17.3 

386 

N.B. As will be seen later, Case 6 with 1 m a pore water velocity provides 
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larger doses than Case 2 (damaged canister lying on the seabed). This is due to 

the assumed instantaneous leaching of the waste in Case 6, given the high initial 

temperature of the waste in the sediments. Inversely, the wastes in Case 2 are 

cooled by the water circulation and do not leach instantaneously. 

3.2.7. Case 7; Enhanced leach rate of glass; 

The penetrators are assumed intact at their prescribed depth and without any 

ent need pore water velocity. But at the time of canister failure, the waste load 

is instantly released to the sediments. 

Processes possibly leading to Case 7: 

5. Degraded quality of glass matrix. 

10. Unexpected chemical processes leading to rapid leaching of waste. 

Other parameters were kept at the base case values. A change to zero in 

leach time does not have a large effect on the predicted doses for waste emplaced 

at 50 m depth. The peak individual dose rate was increased by 21 and the change in 

the collective dose was even smaller. It was also found in the sensitivity 

analyses that increasing the leach time by a factor of 10 decreases the peak 

individual dose rate by only 15Z. 

3.2.8. Case 8: Enhanced corrosion rate: 

The penetrators are emplaced at their prescribed depth, but are assumed to 

be instantly corroded. No enhanced pore water velocity in the sediments. 

Processes possibly leading to Case 8: 

2. Presence of erratics in the sediments. 

5. Degraded quality of penetrators. 

9. Change in sediment properties (e.g. oxidizing conditions). 

10. Unexpected chemical processes increasing the corrosion rates. 

In this case, both the penetrator lifetime and the glass lifetime are 

assumed to be zero since the glass begins to leach while it is still hot (see Case 

4). 

105 



Decreasing the lifetimes of the penetrator and the glass does not have a 

significant effect on the predicted doses for waste emplaced at 50 m depth. The 

peak individual dose rate was increased by 117! and the collective dose integrated 

to 10 years by 9%. 

This may be compared with Cases 3 and 4 which showed that zero penetrator 

and glass lifetimes had a large effect on the doses from waste emplaced at 10 m 

depth. 

3.2.9. Case 9: Change in contamination pathway; 

The hypothetical food chain model developed by IAEA (1984) (as a possible 

short circuit) is used on the results of the base case scenario. Additionally, 

doses are calculated for individuals eating deep sea animals living in the area 

of disposal and for individuals consuming zoo- and phyto-plankton. 

Processes possibly leading to case 9: 

Changes ir pathways. 

135 . 

The evolution of Cs concentration in a food chain was investigated by the 

BTG using a model based on a series of transfer factors (Pentreath, 1983). The 

calculations were made by MAFF. The model was the same as that used in the NEA 

Site Suitability Review (NEA, 1985) in which it is assumed that, at the base of 

the food chain, annelids consume contaminated surface sediment. The other links 

in the food chain are amphipods, squid, tuna and rat-tails and finally sharks. 

Moreover, swordfish are assumed to predate equally on both squid and rat-tails. 

It is assumed that the transfer of a radionuclide from oie link in a food 

chain to another can be represented by a transfer factor (TF) as follows: 

r'f 
TF =7kTXT 

where r' is the fractional feeding rate of the predator at that link (kg kg 

day ), f is the fraction of the nuclide absorbed; k is 0.693/biological half-

life in days and ^ the decay constant (day ). The value of each TF represents 

the transfer of the nuclide from one link in the food chain to the next, at 
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equilibrium, but does not include accumulation from sea water with which the 

organism would not be in equilibrium. The feeding habits of the fish were derived 

from data in Wheeler (1978). Calculations were then made of the dose to man from 

consuming shark, swordfish or tuna at a rate of 219 kg per year (600 g per day). 

Certain assumptions had to be made with regard to the variables used. The 

amounts of food consumed, in terms of per cent body weight day , have been kept 

constant throughout i.e.: annelid, 0.5%; amphipod, 0.5%; squid, 7.5 %; rat-tail, 

5.0%; shark, 5.0%; tuna, 7.5%; swordfish, 3.75% on each of squid and rat-tails. 

Because the best biological data sets available are for the Cs nuclides, only 
135 . . 

Cs was considered in these preliminary calculations. The variables used are 

given in Table 3.3: 

TABLE 3.3. 

Variables used for the food chain 

t Q 5 (days) 

r' 

f 

k (day"1) 

Option 1 

P 

" l 

Option 2 

P 

TF, 

ANNELID 

3 . 6 5 E+2 

5 . 0 0 E-3 

1 . 0 0 E- l 

1 . 9 0 E-3 

1 . 0 0 

2 . 6 3 E - l 

1 . 0 0 

2 . 6 3 E - l 

concerning 

AMPHIPOD 

3 . 6 5 E + 2 

5 . 0 0 E-3 

2 . 0 0 E-l 

1 9 0 E-3 

3 . 0 0 E-l 

1 . 5 8 E-l 

1 . 0 0 E-3 

5 . 2 7 E-4 

SQUID 

5 . 0 0 E + l 

7 . 5 0 E-2 

3 . 0 0 E- l 

1 . 3 9 E-2 

1 . 0 0 E- l 

1 . 6 2 E- l 

3 . 0 0 E-2 

4 . 8 7 E-2 

1 3 5 Cs 

RAT-TAIL 

3 . 0 0 E + 2 

5 . 0 0 E-2 

2 . 0 0 E- l 

2 . 3 1 E-3 

3 . 0 0 E-2 

1 .30 E- l 

3 . 0 0 E - l 

1 . 3 0 

SHARK 

2 . 0 0 E+2 

5 . 0 0 E-2 

3 . 0 0 E- l 

3 . 4 7 E-3 

1 . 0 0 E-3 

4 . 3 3 E-3 

1 . 0 0 E- l 

4 . 3 3 E- l 

SWOnDFISH 

1 . 0 0 E + 2 

3 . 7 5 E-2 

2 . 0 0 E- l 

6 . 9 3 E-3 

1 . 0 0 E-3 

1 . 0 8 E-3 

1 . 0 0 E- l 

1 . 0 8 E- l 

TUNA 

1 . 0 0 E»2 

7 . 5 0 E-2 

2 . 0 0 E- l 

6 . 9 3 E-3 

1 . 0 0 E-3 

2 . 1 7 E-3 

1 . 0 0 E- l 

2 . 1 7 E- l 

The most limiting case for calculations using these value*" would be that in 

which each link in the food chain is assumed to feed entirely on the preceding 

one; in other words, the surface-dwelling fish are maintained on a food chain 

which arises solely from the deep sea fauna. This is clearly impossible. Never

theless, there is a possibility that each link in the food chain could obtain 
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some fraction of its annual food intake from a preceding link which has become 

contaminated. At present it is uncertain where in such a food chain the probabi

lity of this occurring is greatest. Two possibilities were cherefore considered. 

In the first (option 1), it was assumed that there was a probability of 0.3 that 

amphipods would consume contaminated annelids, a probability of 0.1 that squid 

would consume the amphipods, a probability of 0.03 that rat-tails would consume 

the squid, and a probability of 0.001 that the higher links in the food chain 

would consume the rat-tails or the squid, as appropriate to the food chain. This 

essentially implies a logarithmic decrease in probabilities along the food chain 

which may well be the case in view of the greater diversity of available food for 

fish living in surface and mid-waters. Alternatively, a second set of calcula

tions were made (option 2) in which it was assumed that the probability of the 

amphipods consuming the annelids was small (0.001) but if they did become conta

minated and migrated into mid- and surface waters, there was a higher probability 

(0.03) that a particular population of rat-tails and higher predators (probabi

lity of 0.1) would feed on their respective links in the food chain. 

135 
The two options were applied to peak concentration of Cs obtained with 

nark-A for the bottom boxes of the disposal area and its surroundings (boxes 20, 

18 and 15, see Appendix B, Figure B.3), for "favourable", "mean" and "unfavou-
3 - 1 

rable" conditions. A K, of 2x10 ml g was used to calculate the concentrations 
135 

of Cs in the sediment. The results are given in Table 3.4 for 1 MTHM. For the 

"best estimate" values of parameters, the peak individual dose is at most increa

sed by a factor of 107 compared to the base case, for the consumption of tuna in 

option 1. 

For the deep fi3h pathway, it is assumed that the deep sea fish are harves

ted from the box immediately outside the disposal site box and completely sur

rounding it (box 17 in Figure B.3, Appendix B). Members of the critical group are 

assumed to eat 60 g of deep sea fish per day. This gives an upper limit to the 

dose since the area of the site is not large enough to sustain this deep sea fish 

harvest over a long period. An estimate of the area required to sustain this 

harvest could be obtained from deep sea biomass data. In recent assessments, the 

area has been greater than 250 x 250 km, which corresponds to the box being used 

here (see Figure B.3 in Appendix B). 

Using the concentrations in the site box, the resulting doses were calcula

ted by CEC-JRC for the GME site using the LISA code and data described in 
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Box No 

20 

w 
J 2 
PQ O 

F
A
V
O
U
R
 

S
I
T
U
A
T
 

CD
 

15 

20 

M
E
A
N
 

S
I
T
U
A
T
I
O
 

CO
 

15 

20 

« o 
"1 " 

< M 
(K CO 

15 

T o t a l Cone. 

(Bq-1 ) 

1.94 E-7 

1.20 E-11 

2.13 E-13 

4.89 E-5 

3.33 E-9 

1.25 E-10 

2.49 E-4 

1.80 E-8 

7.42 E-10 

I 
I 

Opt ion 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

Annual dose equ iva len t (Sv MTHM ) 
from consumption (219 kg a"1) o f 

SHARK 

6.12 E-16 

6.12 E-16 

3.79 E-2.0 

3.79 E-20 

6.73 E-22 

6.73 E-22 

1.55 E-13 

1.55 E-13 

1.05 E-17 

1.05 E-17 

3.96 E-19 -

3.96 E-19 

7.86 E-13 

7.86 E-13 

5.70 E-17 

5.70 E-17 

2.35 E-18 

2.35 E-18 

SWORDFISH 

1.33 E-15 

2.71 E-16 

8.24 E-20 

1.68 E-20 

1.46 E-21 

2.98 E-22 

3.36 E-13 

6.84 E-14 

2.29 E-17 

4.66 E-18 

8.61 E-19 

1.75 E-19 

1.71 E-12 

3.48 E-13 

1.24 E-16 

2.52 E-17 

5.10 E-18 

1.04 E-18 

TUNA 

2.36 E-15 

2.36 E-16 

1.46 E-19 

1.46 E-20 

2.59 E-21 

2.59 E-22 

5.59 E-13 

5.95 E-14 

4.05 E-17 

4.05 E-18 

1.52 E-18 

1.52 E-19 

3.03 E-12 

3.03 E-13 

2.20 E-16 

2.20 E-17 

9.03 E-18 

9.03 E-19 

TABLE 3.4 

Results of the food chain model 
Annual dose equivalent (Sv MTHM*^) 

from consumption of shark, swordfish and tuna. 
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Appendices B and D. LISA is a stochastic model (see Section 2.2), and therefore a 

range of concentration factors for both deep sea fish and zoo- or phyto-plankton 

were sampled. 

The results for the combined zooplankton and phytoplankton pathways are 

given in Figure 3.1. and Table 3.5. These results are the maximum dose rates 

received for each run, irrespective of the time of occurrence, for the total 

inventory of 10 IITHM. The ten highest dose rates are given in Table 3.6. It can 

be seen from Figure 3.1 that the maximum dose rates range from 3x10 Sv a to 
—10 —1 126 

3x10 Sv a , and from Tables 3.5 and 3.6 that Sn is the dominant contribu-
126 

ting nuclide for the high dose rates. Sn dominates because it is very con-
3 5 

centrated in phytoplankton (the concentration factor varies from 6x10 to 10 

m kg ). 

The results for the deep sea fish pathway are given in Figure 3.2 and Table 

3.7. These results are also the maximum dose rates, irrespective of the time of 

occurrences for the total inventory of 10 MTHM. The ten highest maximum dose 

rates are listed in Table 3.8. It can be seen that the dose rates range from 

3x10 Sv a to 3x10 Sv a , and that Sn is again the dominant contributing 
1 26 

nuclide for the high dose rates. Sn dominates because it is scavenged by the 

particulates in the ocean and therefore does not disperse into the ocean, but 

remains close to the release point. 

These dose rates reach values approximately one order of magnitude higher 

than the base case scenaiio, but with the most frequently occurring values still 
-9 -1 5 

in the order of 10 Sv a for the total repository (10 MTHM). A large safety 
-3 -1 

margin therefore still remains compared to ICRP limits (10 Sv a ). Other 

direct pathways from the deep sea might also exist and would require more complex 

models probably involving food chains. Due, however, to the paucity of data on 

deep sea biota, it is not possible to evaluate them at present. 

3.2.10. Case 10; Change in ocean circulation; 

The advective fluxes in the ocean model are varied for a given circulation 

pattern. 

Processes leading to Case 10: 

7. Glaciation and climatic effects. 

110 



TABLE 3.5. 

Abnormal scenario, case 9 
Combined zoo- and phyto-plankton pathways. 

Major radionuclides contributing to the dose 

Histogram 

Unit 

1 

2 

3 

4 

Contributing Radionuclides 

(%) 

c < 
' Tc 

25 

14 

-

-

79S3 

-

29 

5 

1 

93, Zr 

25 

9 

7 

12 

126Sn 

-

-

12 

56 

TABLE 3.6. 

Abnormal scenarios, case 9. 
Change in contamination pathway 

Ten highest dose rates for the combined zoo- and phyto-plankton pathways 

Total repository (10 MTHM) 

Run 
Number 

91 

308 

44 

432 

275 

253 

232 

404 

296 

429 

Maximum individual 
Dose rate 

(10"10 Sv a"1) 

2.7 

2.3 

1.6 

1.6 

1.5 

1.5 

1.4 

1.4 

1.3 

1.3 

Radionuclides 

I26Sn 
126Sn 
126Sn 
126p Sn 
126„ 

Sn 
1260 

Sn 
126„ 

Sn 
1 2 6« 

Sn 
93, 

Zr 1 26 c Sn 

Time 
(Years) 

96657 

96657 

72567 

76582 

80597 

76582 

88627 

76582 

116731 

92642 
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TABLE 3.7 
Abnormal scenario, case 9 

Change in contamination pathway. 
Major radionuclides contributing to the dose, deep sea fish pathway 

Histogram 
unit 

1 

2 

3 

4 

5 

6 

7 

Contributing radionuclide (Z) 

Tc 

_ 

-

30 

56 

29 

-

-

79* Se 

_ 

-

3 

23 

42 

3 

-

107Pd 

100 

-

-

-

-

-

-

1260 
Sn 

— 

-

7 

9 

28 

96 

100 

!35„ Cs 

_ 

100 

17 

-

-

-

-

TABLE 3.8 

Abnormal scenario, case 9. 
Change in contamination pathway. 

Ten highest dose rates for the deep sea fish pathway. 

Tovai repository (10 MTHM) 

Run number 

416 

232 

481 

472 

446 

25 

454 

31 

409 

249 

Maximum individual 
dose rate 

(10-7 Sv a _ 1 ) 

2.6 

2.1 

2.1 

1.7 

1.7 

1.6 

1.6 

1.5 

1.3 

1.2 

Radionuclide 

126Sn 
126Sn 
I26Sn 
126Sn 
1 26. 

Sn 
126-

Sn 
126Sn 
126Sn 
126Sn 
126Sn 

Time 
(a) 

44463 

56508 

52493 

40449 

52493 

56508 

48478 

60523 

44463 

I 68553 
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FIGURE 3 .1 

Abnormal scenario. Case 9; change in contamination pathway 
GME, total repository (1Q5 MTHM). Maximum individual dose rate 

irrespective of time of occurrence for combined 
zoo- and phyto-plankton pathways. 
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FIGURE 3 .2 

Abnormal scenario, Case 9, GME, total repository (10 MTHM). 
Maximum individual dose rate irrespective of time of occurrence 

for deep sea fish pathway (box 34 or Mark-A model). 
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This case has not been studied in detail since a limited amount of informa

tion on the effect of circulation changes can be extracted from existing publica

tions. From these studies, performed by US-SNL, it can be inferred that if 

advection. diffusion and sedimentation fluxes are decreased by one order of 

magnitude, then the regional box concentrations (basin, gyre, eddy and benthic) 

increase by less than one order of magnitude and the world ocean box concentra

tions changes by less than 20%. 

3.2.11. Case 11; Zero K,: 

As a test of the importance of sorption, a study of a properly emplaced 

penetrator, with a normal canister and leach rate and no pore water advection in 

the sediments was made assuming that all Kj's were zero, either for the 

sediments or for the water column particles, or for both. 

Processes possibly leading to Case 11: 

9. Changes in sediment properties and distribution coefficients. 

The peak individual dose rate is sensitive to the assumption of zero K, 

values in the sediment but not to zero P. values for the water column particles. 

The ratios of the dose rates to the base case dose rates are given in Table 3.9. 

for the three combinations. The integrated collective dose behaves in a similar 

manner to the peak individual dose rate and the ratios are shown in Table 3.9. It 

can be seen that zero P. values for the water column particles has a small effect 

if the seabed sediments also have zero K. values 

TABLE 3.9 

Ratio of doses from Case 11 to base case results 

Kd 

ref 

0 

0 

Pd 

0 

ref 

0 

Ratio of peak 
individual 

dose 

1.0 

170 

177 

Ratio of collective 
dose integrated 
to 10 years 

1.0 

82 

82 
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3.2.12. Case 12: Changes in K,: 

As an extension of Case 11, the sensitivity of the total dose, summed over 

radionuclides, to changes in th- K, value of three specific nuclides was studied. 
99 . . 

The first one was Tc since it is one of the dominant nuclides, and there is some 
99 

uncertainty in its K. value. The calculations showed that K, values for Tc less 
-2 -1 d d 

than 10 ml g gave the same total doses as zero K,, and that K, values greater 
-1 99 

than 10 ml g reduced the Tc dose so that it was no longer the dominant 
99 

nuclide; the total dose was thus unaffected by further increases in the Tc K,. 
Between these two values, the peak individual doses change by a factor of 1.3 and 

the collective doses by a factor of 4.4. 

231 227 
The other two nuclides studied were Pa and Ac which were not assigned 

K. values in the data base. In the base case, it was assumed that their K, values 

were 10 ml g . It was found that decreasing these values to zero did not change 

the doses over the first 10 years and hence did not affect the peak individual 

dose rate or the collective dose integrated to 10 year?. The collective dose is 

however, increased by a factor of 4 at 10 years. 

3.2.13. Case 13: Canister emplaced by the drilled option instead of the penetrator 

option: 

The drilled option is discussed here as an abnormal scenario although it is 

obviously not strictly relevant since it will not occur as a result of a low 

probability event. However, it is an alternative emplacement option that is being 

investigated and therefore the doses arising from this option are assessed. 

In view of the small amount of data relating to subseabed sediments at the 

burial depths of interest, 200 to 800 m, a simple approach was taken. It was 

assumed that the canisters of waste were sealed into a drill string and emplaced 

in the hole at depths from 200 to 800 m. The hole was perfectly backfilled and the 

sediments were assumed to be mildly reducing. 

These assumptions are consistent with a recent study on subseabed disposal 

within PAGIS in which both penetrator and drilled options are assessed. There

fore, the calculations were not repeated and are reported here with the per-
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mission of the NRPB who carried them out. The results show that the ratio of the 
-4 -3 

doses from the two options are 6x10 for peak individual dose rate and 10 for 

collective dose integrated to 10 years respectively. Although there are slight 

differences in the data bases between the PAGIS and RATG analyses, they are not 
expected to influence these ratios, and therefore we can use the same numbers to 
give a first comparison of the drilled option with the RATG base case scenario. 

3.2.14. Case 14; Mining of manganese nodules 

Since there are no manganese nodules in the selected study area, this 

scenario considers the exploitation of nodules in other parts of the ocean, where 

these nodules may have accumulated some of the radioactivity released in the 

ocean water. The exploitation is assumed to take place at 1.5x10 years after 

disposal, when the accumulation is potentially at a maximum, and for a repository 

of 10 MTHM. 

Manganese nodules are present over most of the floor of the deep oceans, but 

it is only in a few areas that they contain enough manganese, copper, nickel and 

cobalt to be of economic interest. The doses arising from the mining of these 

nodules were calculated by the NRPB within the PAGIS project using the model 

described in IAEA (1978b) and developed for calculating the radiological impact 

of sea dumping of low-level waste. This model calculates the external irradiation 

of workers standing close to a conveyor belt carrying the nodules. Since the 

nodules grow very slowly, their concentrations of radionuclides were corrected 

for radioactive decay over their age, 3x10 years. The details of the calcula

tions and the results are given in the PAGIS (1987) report and are summarized 

here. 

-15 -1 229 
The predicted peak individual dose rate is 7.4x10 Sv a from Th for 

-14 -1 229 
mining in the Atlantic Ocean and 1.4x10 Sv a from Th for mining in the 

Pacific Ocean. Other radionuclides give peak individual dose rates of less than 

10~ Sv a" . The doses from mining in the Pacific are generally higher for most 

radionuclides than from mining in the Atlantic, since the sedimentation rate is 

lower in the Pacific and consequently, the water concentrations of sorbed radio

nuclides are higher. 

The predicted peak dose rates are very low and thus, even with a probability 
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of occurrence of one, the risks from this scenario are very small. 

3.3. Summary 

The consequences of a number of abnormal scenarios have been assessed for 

SNAP and compared with the results of the base case on a MTHM basis. A summary of 

these comparisons with the base case is shown graphically in Fig. 3.3. for peak 

individual doses. The case of penetrators lying on the sea floor in the deep 

ocean or in coastal waters (Cases la and 2a) is analysed in Chapter 4. 

In all but one case, the peak individual doses are so low that the entire 
-3 -1 

inventory could be affected and the dose rates would still be below 10 Sv a 

for the total repository (10 MTHM). The exception is the case with extremely 

high pore water velocities (1 m a ) and a damaged penetrator (Case 6). In this 

case, subjecting 55% of the inventory to this abnormal condition would result in 

the dose rate limit being reached. 

Expressing this in terms of probability, a comparison with the risk limit of 

10 a (ICRP, 1985) can be made. Assuming that the whole repository is exposed 
-3 -1 

to this abnormal scenario, a dose of 1.82x10 Sv a would be obtained, excee-
-3 -1 -5 -1 

ding the 1x10 Sv a dose limit. This is equivalent to a risk of 1.82x10 a , 
assuming a probability of 1 for this event and a risk/dose conversion factor of 
-2 -1 

10 Sv (ICRP, 1985). Alternatively, one can calculate the probability of 

occurrence of this event in such a way that the total risk is 10 a : a value of 

1/1.85 = 0.55 is obtained. In other words, if the probability of this scenario 

occurring is 0.55 or less, then the risk from this scenario is below the 10 a 

risk limit. 

Since all available measurements fail to show any observable high pore water 

velocities in the sediments, the probability of this scenario occurring is likely 

to be much lower than 0.55. Consequently, it is unlikely that the ICRP risk limit 

would be exceeded. 

The application of probabilities to all the abnormal scenarios in this 

section would be a more appropriate way of assessing their consequences since 

these scenarios are not certain to occur. However, as it is extremely difficult 
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Ca.s&s 

FIGURE 3.3 

Comparison of several abnormal scenarios and the drilled option 
with the base case. 

The scale on the vertical axis is the ratio of the peak individual dose 
to the peak for the base case, for one MTHM. 
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to determine probabilities for these events, this was not done. 

Note that the US integrated collective dose standard is not exceeded by any 

of the abnormal scenarios. 
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CHAPTER 4: TRANSPORTATION ACCIDENTS 

4.1. Introduction 

This chapter covers sea transportation accident probabilities, consequences 

of the accidents, recovery probabilities, dose prediction given that the acci

dent happens, and probabilistic doses from all accidents. Deterministic dose 

predictions used in the sea transportation accident analysis are also applicable 

to the analysis of some other low probability or abnormal events. The consequence 

analyses of damaged and undamaged canisters on the sediment surface, on a conti

nental shelf or in deep oceans can be used for the following events: 

Case la; Undamaged canister lying on the seabed in deep water at time of 

emplacement; 

The processes which could lead to case la are: 

. Poor emplacement of penetrator.1 

. Improper hole closure (which could be represented approximately by assuming 

that the penetrators lie on tho sediments). 

. Transportation accident at sea. 

. Sabotage and human errors. 

. Human exploitation of the seabed, -rosion. 

Case 2a; same as Case la, but damaged canisters: 

The leaching of the glass matrix starts directly at the time of emplacement, 

but at a faster rate than in Case la because of enhanced temperature. Possible 

processes leading to Case 2a are: same as Case la plus: 

. Presence of erratics on seabed, hit by penetrator. 

. Degraded quality of canister. 
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Cases lb and 2b: same as Cases la and 2a, but in shallow waters; 

Possible processes leading to Case lb: 

. Transportation accident at sea (in coastal areas). 

. Sabotage or human errors. 

Possible processes leading to Case 2b: same as Case lb plus: 

. Degraded quality of canister. 

Accident probabilities are predicted for ports and approaches, continental 

shelves, continental slopes and deep ocean locations. The accident categories 

include collisions, rammings, groundings, fire and explosions, foundering and a 

miscellaneous group including equipment and material failure and hostile action. 

Conditional probability of waste canister loss or submergence is then predicted 

for each accident category and location. Condition and containment of the canis

ters is also predicted. Probabilities and methods of recovery are given for the 

lost canisters. Coastal and deep ocean physical and biological oceanographic and 

pathway models were used to compute peak individual and time-integrated world 

collective doses to humans and peak dose to biota for each lost canister location 

and conditions. The results are given in dose per MTHM. Remember that one pe-

netrator represents 6.94 MTHM (see Appendix B). The probabilistic accident data 

are then combined with the consequence predictions to produce probabilistic dose 

predictions. Details of the computations leading to the results summarized in 

this chapter can be found in Hutchinson (1987) and Klett et al. (1987). The 

calculations were done at the US-SNL. 

4.2. Consequence analyses 

This section covers the predicted doses from damaged and undamaged canis

ters containing 50-year-old waste which are lying on the sediment surface on the 

continental shelf (Mid Atlantic Bight) and in the deep ocean (SNAP). "Best esti

mate", "most favourable" and "least favourable" parameter values were used to 
2 7 

predict peak individual doses, collective doses integrated over 10 to 10 years, 

and peak biota doses. Atmospheric doses were not computed for sea transportation 
14 129 

accidents because the doses from C and I were smaller percentages of the 

total dose than in the case of emplaced waste. This is illustrated by comparing 

Figures 2.7b and 4.10 for C and noting tMt in Figure 4.10, the peak I 
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collective dose rate is so small, (4.7xl0~ man Sv a" MTHM~ ) that it is not 

shown. Principal nuclides, pathways and compartments are identified. The results 

are presented in tabular and graphical forms. Only representative figures are 

presented in this report. The remainder can be found in Klett et al. (1987). All 

these consequence results are based on the assumption that an accident or abnor

mal event has happened. Accident probabilities are not included in this section. 

4.2.1. Coastal water accidents (Cases lb and 2b) 

Numerous transport processes exist in coascal waters and there is conside

rable variation with time and location. An attempt was made to average these 

variations in the simplified six-compartment shelf model used in this risk assess

ment. This model certainly cannot accurately predict all nuclide transport on the 

shelf, and dose predictions for shelf accidents are probably approximations. 

Fortunately, the shelf accident risk is only a very small part of the total risk 

so the model accuracy in this area is not as critical as in other areas. The 

predicted risk from shelf accidents is less than 10 of the risk from emplaced 

waste for peak individual doses and less than 10" for collective doses. How

ever, improvement in shelf models should be made to improve confidence in the 

risk assessments. 

Releases in the coastal scenario occur in waters containing harvestable 

biota so no food chain appears in these results. Only dose plots with "best 

estimated" parameters will be presented for coastal water accidents because the 

primary difference between the results using the three different data levels is 

the magnitude of the dose rates rather than differences in pathways and dominant 

nuclides. 

Shelf accidents were analysed using the US Southern Atlantic Bight model 

with MARINRAD (see Appendix B) and the Bristol Channel compartment of the Regio

nal Marine Model with NOCEAN (Clark et al., 1980). These existing models were 

used because no model developed by the POTG was available for coastal areas, as 

emphasized in Volume 5. Deep ocean accidents were analysed using the MARINRAD-NAP 

and MARK-A models. Except where noted, leach rates for contained waste were based 

on 10°C temperature on the shelf and 4°C in deep ocean. Leach rates for damaged 

canisters were computed using degradation rate values of 3.6x10 , 8.5x10 and 
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2.0x10 4 kg m~2d-1 for most favourable, "best estimate" and least favourable data 

levels. These values account for the temperature range of possible accident 

configurations. All other data levels are the same as those given in the data 

base (see Appendix B). 

Figures 4.1 and 4.2 show individual and collective dose rates vs. time for 

the "best estimate" data, coastal-water accident scenario with initially undama

ged canisters. In Figure 4.1, the peak individual dose of 9.0x10 Sv a per 
3 

MTHM is seen to occur 5.25x10 years after vitrification in the Bottom Plume 1 
240 239 243 

water compartment. Principal radionuclides are Pu, Pu and Am, which 

appear mainly in molluscs and seaweed. Note that Am and Sn are the princi

pal contributors to collective dose. The Bottom Plume 2 sediment provides the 

greatest contribution to collective dose because its population usage rates for 

external exposure are the highest of any compartment. These Bottom Plume 1 and 2 

boxes of the coastal model represent along-shore and cross-shore bottom currents 

in the coastal waters. The first one is very close to the release point, the 

second farther away (see Appendix B, Figure B.5). 

Figures 4.3 to 4.5 show the doses from damaged canisters. Peak doses occur 

within 10 years of the loss of the canister indicating the importance of early 
241 244 

retrieval of a damaged canister. Principal radionuclides are Am, Cm and 
137 . . . 

Cs, and principal pathways are molluscs and seaweed. The peak individual dose 
of 6.5x10 Sv a occurs in the Bottom Plume 1 compartment. Principal radio-

i-j 241« 244. . 137„ ,, 
nuclides are Am, Cm and Cs, with molluscs and seaweed serving as the 
principal pathways in Bottom Plume 1. 

137 241 90 
Figure 4.5 shows that Cs, Am and Sr are the principal contributors 

to collective dose. The Bottom Plume 2 water compartment provides the greatest 

contribution to collective dose because of its larger population usage rates. 
137 90 

This allows greater contributions from Cs and Sr, which contribute more to 

dose by ingestion pathways than by external exposure. 

Figure 4.6. shows biota dose rates vs. time in the Bottom Plume 1 compart

ment. Peak dose to molluscs is 6.6x10 Gy a" MTHM" at 60 years from ingestion 

of 241Am and 244Cm, peak dose to fish is 2.9x10 Gy a MTHM~ at 55 years from 

ingestion of Cs, and peak dose to crustaceans is 3.1x10 Gy a"* MTHM"* at 300 

241 243 
years, primarily from external exposure to Am and Am in the underlying 

123 



s z 

^- WUX POM: 
1.0 x XT' tv /yr /MTHM 
AT L S > W* yr IN THI 
•OTTOM K U M I 1 COMFT. 
(Ant-M. P»Mt. F V Z M 
IMOUUSC. UAWISDI 

•OTTOM PIUMI 2 

•OTTOM PLUMtZ 
MOIMKNT 

COAITAL 
ZONI 

• • ' • ' " ' • • • I " " " ' • • ' 

10* 10» » « Vf * » ' •» ' 
YEARS 'AFTER VITRIFICATION 

FIGURE 4.1 
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sediments. These biota doses are much higher than those in the benthic mixed 

layer and mesoscale in the ocean deep model. This is explained by the relatively 

slow flushing rate of the Bottom Plume 1 compartment relative to that of the 

benthic mixed layer and mesoscale compartments. 

Tables A.l to 4.3 summarize dose calculations for all coastal water accident 

scenarios. In Table 4.1, extremes in peak individual dose range from a low of 
—8 —1 —1 

5.1x10 Sv a MTHM for the accident scenario with most favourable data and 

-3 -1 -1 

initially undamaged canisters, to a high of 1.1x10 Sv a MTHM for the acci

dent scenario with least favourable data and initially damaged canisters. This 

represents a variation of over five orders of magnitude. Mollusc and seaweed 

ingestion provides the major pathway to man in all coastal-waters individual dose 

scenarios, except for initially damaged canisters in the most favourable case, 
137 . 243 241 240 239 244 

for which shore exposure to Cs dominates. Am, Am, Pu, Pu, Cm 
137 

and Cs are the principal nuclides which contribute to individual dose in all 

scenarios. By way of comparison, low and high peak individual dose values for the 
—13 —8 —1 

deep ocean accident scenarios in Section 4.2.2 are 9.1x10 and 1.2x10 Sv a 
MTHM respectively. The higher coastal water doses result from the much higher 

radionuclide concentrations in the Bottom Plume 1 compartment vs. those in the 

top North American compartment. 

Table 4.2 summarizes integrated collective dose (ICD) values for all coas

tal-water accident scenarios. These values represent the sum over all compart

ments of the areas under the collective dose vs. time curves for each scenario, 

with the lower limit of integration set to the time of canister failure, and the 

upper limit set to the various endpoints of dose integration. In all scenarios, 

the contribution of radionuclides to ICD is significant only to 10 years because 

of the sharp drop-off in coastal water nuclide concentrations after that time due 
4 

to flushing and decay. ICD values integrated to 10 years range from a low of 

9.2x10 man Sv MTHM for the accident scenario with most favourable data and 
3 -1 

initially undamaged canisters, to a high of 4.0x10 man Sv MTHM for the scena

rio with least favourable data with initially damaged canisters. This variation 

of over two orders of magnitude is somewhat less than the high/low ratio for 

coastal water peak individual dose. The corresponding low and high integrated 
collective dose values for deep-ocean accident scenarios in Section 4.2.2 are 

-1 2 -1 
5.3x10 and 3.3x10 man Sv MTHM , respectively, and considerably lower than 

the coastal water results. The principal radionuclides contributing to ICD in the 
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CANISTER 
CONDITION 

Undamaged 

Initially 
damaged 

Undamaged 

Initially 
damaged 

Undamaged 

Initially 
damaged 

TIME OF 
CANISTER 
FAILURE 
(a) 

io4 

50 

5xl03 

50 

3xl02 

50 

PEAK 
INDIVIDUAL 

DOSE 
(Sv a-1 MTHM-1) 

5.1X10"8 

3.7xl0-6 

9.0xlO~7 

6.5xl0~5 

1.7xl0~4 

l.lxlO"3 

TIME OF 
PEAK 
DOSE 
(a) 

1.02xl04 

70 

5.25xl03 

60 

3.5xl02 

53 

COMPARTMENT 

Bottom 

Plume 1 

Bottom 

Plume 2 

Sediment 

Bottom 

Plume 1 

Bottom 

Plume 1 

Bottom 

Plume 1 

Bottom 

Plume 1 

PRINCIPAL NUCLIDES 
AND % CONTRIBUTION 

243 
Am (37%) 

239 

Pu (35%) 
240Pu (21%) 
237NP 

137 
Cs (>99%) 

243Am(71%) 24°Pu(14%) 
239 J*Pu (11%) 

241 244 
Am(77%) Cm(14%) 

137Cs (5%) 

241 
^ xAm (95%) 
243K Am 
241 

Am (82%) 
244 

Cm (13%) 
243Am (2%) 

PRINCIPAL PATHWAYS 
AND % CONTRIBUTION 

Mollusc (41%) 

Seaweed (40%) 

Water Inh. (9%) 

Crustacean (6%) 

Shore Epx. (>99%) 

Mollusc (65%) 

Seaweed (29%) 

Mollusc (67%) 

Seaweed (26%) 

Mollusc (81%) 

Seaweed (16%) 

Mollusc (79%) 

Seaweed (16%) 

Fish (2%) 

TABLE 4.1. 

Peak individual dose. Coastal-waters accident scenarios per MTHM 
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!03 

JO4 
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INTEGRATED 
POPULATION 

DOSE 
(•an-av HTHM" 1) 
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2.4X101 

7.SxlO1 

9.0X101 

f 
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I 
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2.1X102 
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4.0 

KlO2 
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«103 
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PRINCIPAL NUCLIDES 
AND % CONTRIBUTION 

l26Sn(47»).243An.(31*).23,Pu<ll»> 

\ 
137Ca(>99*) 
137C«(81*).2*1A«(13%),243AJI1(3*). 
l37C«{67*).241A»(16\).243Al«(9%). 

1 i 

243A»(S7*).240Pu(lS\),239Pu(13») 

l37Ca(7S»).241Ai«(19\),90Sr(2») 
241Am(64%).137Cs(22\).243Alti(7%) 
241Aln(62%).137Cs(17\).243Al«(15») 

1 

2 4 1AB(92%), 2 4 3ABI(7*) 

241A»(87»).243Am<ll%) 

J 
24lAB(75\).l37C«(16»),244Cm(S») 
24lAn(90%).137CB<4%).24JAl»(4*) 
241Am(90\).137CB(4\).243Ani(4%) 

. 2 4 0 M ( « > 

1 2 6
S n (2%) 

126
S„<S»> 

.126Sn<13*> 

PRINCIPAL PATHWAYS 
AND % CONTRIBUTION 

Shora axp.(7S\),Sad inh.(19«) 

\ 
Shora axp.(94%).Fiah(St) 

Shora axp.(ee%).Sad inh.(8») 

Shora axp.<84t).Sad inh.(lH) 

r 
Shora axp.(46t),Molluac(29%),Sad inh.OOt 

Fiah(68*),Molluac(2U),Shora axp.|9\) 

Mollusc!45*>,Fiah<22*).Shora axp.<18t) 

Molluac(41t).Shora axp.(23%),Fiah(18%) 

Holluac<88%),Fiah(7%) 

MoUuac(87«),Fiah<7%) 

1 
Holluic(75%),Fi.ah(22») 

Nolluac<84%>,Fi»h<ll%) 

Mollu«c(84V).FiihUl%> 

f 

) 

TABLE 4.2 

Integrated collective dose. Coastal waters accident scenarios per MTHM 

(The arrow indicates that the results do not change for larger times of dose integration) 



DATA 
LEVEL 

Most 
favorable 

Best 
estimate 

Least 
favorable 

CANISTER 
CONDITION 

Undamaged 

Initially 
damaged 

Undamaged 

Initially 
damaged 

Undamaged 

Initially 
damaged 

TIME OF 
CANISTER 
FAILURE 

(a) 

104 

50 

5xl03 

50 

3xl02 

50 

RESULTS FOR 
BOTTOM PLUME 1 
COMPARTMENT 

PEAK BIOTA 

-P°SE* -1) 
(Gy a MTHM ' 

2.9xl0~7 (F) 

3.0xl0~7 (C) 

3.1xl0~7 (M) 

3.6xl0"6 (F,C) 

4.7xl0~6 (M) 

3.6xl0-7 (F) 

3.8xl0*7 (C) 

I.OXIO"6 (M) 

2.9xl0-6 (F) 

3.1xl0~6 (C) 

6.6xl0-5 (M) 

7.9xl0-7 (F) 

3.9xl0-6 (C) 

1.7xl0-4 (M) 

2.4xl0~5 (F) 

3.2xl0"5 (C) 

1.3xl0~3 (M) 

TIME OF 
PEAK DOSE** 
(a) 

1.05X104 (S) 

70 (S) 

5.75 xlO3 (S) 

5.75xl03 (S) 

5.5xl03 (W) 

55 (W) 

3xl02 (S) 

60 <W) 

4.1xl02 (W) 

3.15xl02 (W) 

3.15X102 (W) 

52 (W) 

53 (W) 

53 (W) 

* F = Fish; C = Crustaceans; M = Molluscs 

** Dominant compartmant: S = sediment; W = water 

TABLE 4.3. 

Peak biota dose. 
Coastal waters accident scenarios per MTHM 
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126 
scenario with most favourable data and initially undamaged canisters are Sn, 
243 239 240 

Am, Pu and Pu. External exposure to shore sediments (Bottom Plume 2) at 

the rate of 2 000 hrs per year per individual, is the principal contributing ICD 

pathway to man, due to the high P, and K, sorption coefficients assumed for the 

water column particles and shore sediments, respectively. For the scenario with 

most favourable data level and initially damaged canisters, ICD is due chiefly to 
i .. 1 3 7 P 241. 243. , 126_ 137. .. . 

external exposure to Cs, Am, Am and Sn. Cs provides a larger 
component of dose in this case because of the earlier canister failure times. For 

243 239 
the scenario with "best estimate data and undamaged canisters, Am, Pu, 

Pu and Sn provide the bulk of ICD, again through external exposure. How

ever, when initially damaged canisters are considered, the chief component of ICD 

shifts to aquatic pathways such as fish and mollusc ingestion. Principal nuclides 
137 241 243 

for these cases are Cs, Am and Am. For least favourable data levels, 
aquatic pathways (molluscs and fish) dominate for the two scenarios due to the 

low P.'s and K.'s and the high concentration factors. Am and Am are the 
7 . 241 

principal sources of exposure for the undamaged canister scenario, while Am, 
Cs and either Cm or Am dominate for the damaged canister scenario. 

Table 4.3 summarizes dose rates to biota in coastal waters. The dose to the 

biota exposed to accidental release is computed in the Bottom Plume 1 compart

ment, in units of Gy a MTHM . Biota dose ranges from a low of 2.9x10 Gy a 

MTHM to fish (for the scenario with the most favourable data and undamaged 
-3 -1 -1 

canister), to a high of 1.3x10 Gy a MTHM to molluscs (for the scenario with 

least favourable data and initially damaged canisters). Dose to biota with the 

most favourable data levels is again dominated by the Bottom Plume 1 sediment 

exposure pathway. This occurs mainly because the high P. and K.values assumed in 

the scenario with most favourable data cause excessive retention of highly-

sorbed nuclides in the sediments. For the "best estimate" case with undamaged 

canisters, the dose to biota is also dominated by external exposure, but most 

doses for "best estimate" data and damaged canister, as well as for all the least 

favourable cases, are dominated by aquatic pathways. A comparison of the coastal 

water biota doses with those for deep ocean accidents shows the former to be some 

three orders of magnitude larger than the latter. This is explained by the 

relatively slow flushing rate of the Bottom Plume 1 compartment as compared to 

the flushing rate of the benthic mixed layer compartment. 
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4.2.2. Peep ocean accidents 

Doses from deep ocean accidents were computed using the SNAP model with zero 

burial depth and a slightly smaller compartment at the release site. 

Figures 4.7 to 4.10 describe the release from undamaged canisters, which is 

the most likely configuration following an accident. Individual and collective 

doses are shown by compartment and by nuclide. In Figure 4.7, the peak individual 
-11 -1 3 

dose of 1.8x10 Sv a occurs at 6.5x10 years after vitrification in the top 
240 239 

North American water compartment. Principal radionuclides are Pu, Pu and 
243 

Am, which appear mainly in molluscs and seaweed. Figure 4.8 shows these 
237 135 

radionuclides as well as contributions from nuclides such as Np, Cs and 
129 

I, which are released later. 

239 240 
Figures 4.9 and 4.10 show that Pu and Pu are also the principal 

237 

contributors to the collective dose, with the Np "tail" providing some contri

bution to the integrated population dose. The world ocean compartments provide 

the greatest contribution to doses because its collective usage rates are the 

highest of any compartment. In both the individual and population dose plots the 

contribution from the mesoscale eddy food chain is negligible as in the case of 

post emplacement releases. 

Figures 4.11 and 4.12 show the doses from damaged canisters. In Figure 4.11, 

the peak individual dose of 5.3x10" Sv a~ MTHM~ of accidentally released HLW 

occurs 700 years after vitrification in the top North American compartment. 

Principal radionuclides are Am, p u and Pu, with molluscs and seaweed as 

the principal pathways. 

240 239 
Figure 4.12 shows that Pu and Pu are also the principal contributors 

to the collective dose. As before, the world ocean compartment provides the 

greatest contribution to dose because of its larger collective usage rates. Food 
237 79 135 chain contributions are again small. Np, Se and Cs provide a significant 

4 
component of the integrated collective dose for times greater than 10 years. 

Figure 4.13 for most favourable data and an intact canister shows the lowest 

dose curves for deep ocean accidents. Canister failure is assumed at 10 years. 

The peak individual dose is 9.1x10 Sv a MTHM . It occurs at 1.2x10 years 
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FIGURE 4.7 

Individual dose vs. time per MTHM. by compartment. 
Deep ocean accident. Best estimate data, undamaged canister. 

with release at 5 000 years. 

> afMr vitrification 

FIGURE 4.8 

Individual dose vs. time per MTHM in top N. American compartment 
by nuclide. Deep ocean accident. Best estimate data. 
Undamaged canister, with release at 5 000 years. 
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FIGURE A.11 

Individual dose vs. time per MTHM, by compartment. 
Deep ocean accident. Best estimate data. 
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FIGURE 4.12 

Collective dose vs. time per MTHM, by compartment. 
Deep ocean accident. Best estimate data. 
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FIGURE 4.13 

Individual dose vs. time per MTHM, by compartment. 
Deep ocean accident. Most favourable data. 

Undamaged canister, with release at 10" years. 
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FIGURE 4.U 

Individual dose vs. time per MTHM, by compartment. 
Deep ocean accident. Least favourable data. 

Damaged canister. 
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in the top Guiana compartment. The shape of the dose vs. time curves, contri-

buting radionuclides ( Pu, Pu) and pathways are very similar to those for 
237 

the "best estimate" case. Np contributes about 14Z of the peak individual dose 

in this scenario and a much larger proportion of the long-term dose than in the 

"best estimate case". Again, tho contribution from the mesoscale eddy food chain 

is negligible. 

Figure 4.14 for the least favourable data and a damaged canister shows the 
—8 -1 -1 

peak individual dose of 1.2x10 Sv a MTHM occurring 300 years after vitrifi
cation in the top North American compartment. The principal radionuclides are 
241 243 

Am and Am, with molluscs and seaweed as the principal pathways. The relati-
241 243 

vely large contributions by Am and Am occur in part because the P.'s of 

these nuclides are reduced by a factor of 10 while their concentration factors in 

the biota are significantly increased. 

Figures 4.15 and 4.16 show the dose rates to various biota which reside in 

the benthic mixed layer (BML) and mesoscale compartments, respectively. In Fi

gure 4.15, the peak dose to molluscs in the BML exposed to accidental release is 

1.4x10 Gy a MTHM . This dose occurs 51 years after vitrification (or one 
241 244 

year after release) and results chiefly from ingestion of Am and Cm via 
-3 -1 -1 

water pathways. Peak doses to crustaceans and fish are 4.1x10 Gy a MTHM and 
-3 -1 -1 

3.0x10 Gy a MTHM , respectively, and occur at 300 years in the BML. Princi
pal nuclides are Am and Am, and exposure in this case is primarily from 
irradiation of the biota by nuclides in the underlying sediment (in close proxi

mity to which the biota are assumed to reside). Dose rates fall off sharply after 
3 

10 years, as the mi 

nuclides decay away 

3 
10 years, as the mesoscale compartment flushes into the ocean and the principal 

Figure 4.16 shows biota dose rates vs. time in the mesoscale compartment. 
-8 -1 -1 

The peak dose to molluscs is 1.1x10 Gy a MTHM 60 years after vitrification 
241 244 -10 -1 -1 

from ingestion of Am and Cm, peak dose to fish is 9.6x10 Gy a MTHM 
at 70 years from ingestion of Cs, and peak dose to crustaceans is 8.1x10 Gy 
-1 -1 241 243 

a MTHM at 700 years, primarily from external exposure to Am and Am in 
the underlying sediments. Because the magnitudes of biota doses in the mesoscale 

237 
are much lower than those from the BML, the ingrowth of Np and its decay 

4 
daughters can be seen at times beyond 10 years. There is a difference of more 
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FIGURE 4.16 

Biota dose vs. time per MTHM in the mesoscale water 
and sediment compartments. Deep ocean accident. 

Best estimate data. Damaged canister. 
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than four ordersof magnitude between the highest and the lowest dose predic

tions. 

The results of all deep ocean accident calculations are given in Tables 4.4 

to 4.6. Table 4.4 shows that for peak individual doses, mollusc and seaweed 
239 240 241 

ingestion provides the major pathway to man in all scenarios. Pu, Pu, Am 
243 

and Am are the principal nuclides contributing to the peak individual dose via 

these pathways. Peak doses come from the top Guiana and top North American 

compartments. 

Table 4.5 summarizes the integrated collective dose (ICD) values for all 

deep ocean accident scenarios. The values shown are the time-integrated sum of 

the collective dose vs. time curves for all compartments. In all scenarios, the 

ICD continues to increase with integration time to at least 10 years. There is 

less than 3 orders of magnitude variation in ICD's between scenarios with the 

same integration time, which is less than for individual doses. 

For the scenarios with most favourable data, in which the P.'s and K.'s 
237 

assume their maximum value, the lightly sorbed actinide Np dominates the ICD 
14 99 239 240 

calculation together with C and Tc. Here, Pu and Pu are rapidly swept 

out of the water column by sorption on suspended sediments. Fish and crustacean 

consumption is the principal pathway to man. In the scenarios with "best estima-
239 240 237 

te" data, Pu, Pu and Np provide the major contribution to ICD with 

plankton, fish and mollusc pathways dominating. In the scenarios with least 
241 . . 239 240 

favourable data, Am dominates together with Pu and Pu, mainly due to the 

reauced effects of scavenging and the increase in concentration factors for biota 

(especially plankton). Plankton, fish and molluscs are the major pathways to man 

for scenarios with least favourable data. 

Table 4.6 summarizes dose rates to biota for all accident scenarios in the 

deep ocean. The dose to biota exposed to accidental release is computed in both 

the benthic mixed layer (BML) and the mesoscale compartments in units of Gy a 
-1 4 -1 -1 

MTHM . Dose in the BML ranges from a low of 2.1x10 Gy a MTHM to fish (for 
_3 

the "best estimate" data, undamaged canister scenario), to a high of 7.3x10 Gy 

a MTHM to molluscs. Dose in the mesoscale compartment ranges from a low of 

7.9xl0~ Gy a" MTHM" for fish (for the most favourable data, undamaged canis

ter scenario), to a high of 3.7x10 Gy a MTHM for molluscs (for the scenario 
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with least favourable data and initially damaged canisters). The dose to biota 

with the most favourable data is dominated by the sediment exposure pathway in 

both the BML and the mesoscale compartments. This is mainly because the high P, 

and K, values assumed in the scenarios with the most favourable data cause 

extensive retention of highly sorbed elements such as Pu and Am in the sediments. 

For certain scenarios, this results in the dose to biota in the BML with the most 

favourable data actually being higher than the dose with the "best estimate" 

data. For instance, in scenarios involving initially undamaged canisters, the 
-3 —1 -1 

dose to fish in the BML (1.5x10 Gy a MTHM ) with the most favourable data 

exceeds the dose (2.1xl0~ Gy a~ K.TM~ ) with the "best estimate" data. Thus, 

conditions which limit the dose to humans (e.g. high K.'s and P.'s) may actually 

increase the dose to some biota. 

A.2.3. Comparison with previous assessments 

Comparisons for shelf accidents can be made using the results from the RATG 

(1982) with a canister lifetime of 500 years and a leach time of 2 500 years 
—8 -1 —1 

(Case lb). The peak individual dose was predicted to be 1.4x10 Sv a MTHM 

from an accident in the Bristol Channel off the southwest coast of England. This 

is a factor of 40 lower than the current prediction for the Middle Atlantic 

Bight. For a damaged canister (Case 2b), the predicted dose was 4.2x10 Sv a 

MTHM , a factor of 900 lower than the current analysis. These differences were 

caused mainly by the vastly different sites and models representing them and the 

different leach rates. 

Deep ocean accident comparisons can be made with the PAGIS (1987) assess-
4 3 

ment. For Case la, the canister life was 3x10 years and the leach time was 5x10 

years. The peak predicted individual dose was 4.3x10 Sv a MTHM at 3.5x10 

years, a factor of 4.0 lower than this study. For Case 2a, the leach time was 
3 . -11 -1 -1 3 

4.4x10 years and the predicted dose was 1.0x10 Sv a MTHM at 5.0x10 

years, a factor 5.3 lower. These much smaller differences are the result of 

different canister lives and leach times. The prediction for collective dose 

integrated to 10 years for Case 1, was 3.4 man Sv MTHM which is in good 

agreement with the 5.4 predicted by this study. The integrated dose with a 

damaged canister (Case 2) was 5.2 man Sv MTHM~ compared to 6.4 for this study. 

The effects of the leach rate and canister life are much less for time-integrated 
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doses from canisters on the surface than they are for peak dose rates. One of the 

effects of long leach time is to spread out the pulse which reduces the peak but 

has little effect on the integrated pulse. 

4.2.4. Summary 

This consequence analysis has shown that penetrators lost on the sea floor 

in the deep ocean generate peak individual doses, with the "best estimate" data, 
3 4 

which are 3.5x10 to 1x10 greater than for the base case scenario for the same 

amount of waste and for an undamaged or damaged penetrator respectively. This 

means, for instance, that 4 penetrators with damaged canisters lost on the sea 

floor would generate as large a dose as the full repository of 10 MTHM. However, 

since the doses in the base case are so low, even if all the penetrators were lost 

in the deep sea with damaged canisters, the resulting doses for the "best estima

te" data would still be approximately 200 times below the ICRP limit. 

For coastal accidents, the same comparison shows that for the same amount of 
O 1 A 

waste,the peak individual doses are 1.7x10 to 1.2x10 times greater than for 

the base case for an undamaged or damaged penetrator respectively with "best 

estimate" data. Two damaged penetrators lost in coastal waters would therefore be 

enough to generate peak individual doses close to the ICRP limit. 

This shows that coastal transportation accidents are therefore unaccep

table. In the next section, it will be shown, however, that it is possible to 

design a transportation system and to plan recovery actions in case of an accid

ent, so that the probability of occurrence of these doses and the resulting risk 

can be made extremely small. 

4.3. Estimation of transportation accident probabilities 

4.3.1.Emplacement ship reference designs 

During the previous US transportation risk assessments (Sandia, 1983), many 

design weaknesses were noted in the reference emplacement ship concept. Since 

then, designs have been completed for two types of emplacement ships 
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that were used as bases for transportation accident analyses. One is a fairly 

typical freighter, designed by Ove Arup & Partners (1985), rigged to load, store 

and emplace the PAGIS penetrators. The other, by the Glosten Associates (Hutchin

son, 1987; Klett, 1986b), is designed specifically to avoid accidents, survive if 

there is an accident and facilitate recovery if there is loss of cargo. The 

accident analyses of these two ships show that some of the risks of subseabed 

nuclear waste disposal can be greatly reduced by using input from preliminary 

risk and sensitivity analyses in engineering the system. The following is a brief 

description of each ship: 

4.3.1.1. Ove Arup and Partners' concept; As part of a study of the enginee

ring aspects of penetrator emplacement (Ove Arup and Partners, 1985), a number of 

options for transport operations and ship designs were considered. In all cases 

it was concluded that the vessels would be required to have special features, 

such as wing tanks and double bottoms to provide damage protection and extra 

floatation. Other general features would include protected holds, shielded from 

engine and accomodation areas, and moon-pools. To limit the length of shaft in 

the shielded holds, stem located engine rooms would be preferable. A high degree 

of backup would be required for all equipment in case of power failure, and bow 

and stem thrushers could be used in conjunction with variable-pitch propellers 

for safety and manoeuvrability. Sophisticated satellite navigation systems would 

certainly be necessary for accurate penetrator emplacement. Penetrator storage 

using transverse, longitudinal and vertical orientations has been considered 

and, in general, the onboard handling equipment used to load and store the 

penetrators would also be used in reverse to release them. 

The ship design recommended in the study is illustrated in Figure 4.17. The 

penetrators are carried and stored horizontally in individual, shielded, trans

port flasks, thus allowing them to be loaded into conventional holds by dock 

cranes. The ship is generally conventional in design but must also have an 

onboard high capacity travelling portal crane, a launching frame and moon-pools. 

The design should offer great flexibility, which could be expensive and difficult 

to achieve in the other designs considered, because of their use of remote 

handling equipment within shielded holds. 

In this design, the penetrator would be released by lifting the flask from 

the hold and transferring it by the travelling crane to the moon-pool 
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launching frame, where it would be invested and lowered into the moon-pool. The 

lid would then be opened hydraulically and the internal clamps would release the 

penetrator tail first. 

4.3.1.2. Glosten: The design of the potential US emplacement ship carried 

out by the Glosten Associates is shown in Figure 4.18. The length is 160 m, the 

beam 32 m, and the draft 8 m. The ship is designed to withstand collisions, 

rammings, groundings, fire and adverse weather conditions. The structural pro-
-2 

tection system consists of a 74 mm thick high-yield steel (28.97 kN cm ) hull 
-3 -2 

over 6.83 m of 128 kg m urethane foam with a crushing stress of 1210 kN m on 
-3 

the sides and 3.5 m of 32 kg m urethane foam on the bottom. This is backed up by 

double longitudinal cargo hold bulkheads. Both are 38 mm thick high-yield steel 

-2 
(55.18 kN cm ). This part of the structure is shown in Figure 4.19. The colli
sion energy absorption capacity is 3.16x10 kN m, peak lateral force limit is 

673,190 kN, membrane force is 494,330 kN, and peak lateral acceleration is 16.25 
_2 

m s . This prevents penetration into the cargo hold by any vessel with a speed 

less than 24 knots regardless of mass or bow construction. 

Protection from sinking is provided by the urethane foam. Total submerged 

buoyancy with all compartments flooded is 33,344 MT. ""he loaded ship weight is 

29,595 MT for a 12.7% buoyancy margin. The distribution of the foam is such that 

there is no point at which a cutting in two of the ship would result in the 

sinking of a portion containing HLW cargo. The only credible mechanism for loss 

of penetrators following a collision is through a hole made in one or two cargo 

holds. 

Insulation from a three-day 982°C fire is provided by 22.9 cm of 1430°C 

Fiberfrax ceramic fiber insulation and the urethane foam. 

A package concept is being used to facilitate loading and recovery. The 

shielded packages (SP-6's) hold six penetrators each (Figure 4.20). The self-

shielding SP-6's are loaded at the port or transported fully loaded tc the port 

by rail. The SP-6's are transferred onto the ship with the ship's heavy lift 

cargo cranes. Inside the cargo hold the PV-6's are moved to the cargo hold by a 

high capacity overhead gantry and stored vertically in individual slots. They are 

further restrained with chains to reduce loss during a collision. There are seven 
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cargo holds which contain 75 SP-6's (450 penetrators). During emplacement, the 

covers of the SP-6's are removed and the penetrators transported to small moon-

pools with smaller overhead gantries and shielded transfer casks. Details of the 

emplacement ship design and operation can be found in Hutchinson (1987) and Klett 

(1986b). 

The reference repository contains 10 MTHM of waste in penetrators that 

are buried at a depth of 50 m and nominally spaced 180 m apart in a square 

array. This spacing is a conservative estimate to ensure penetrator separation of 

at least 10 ra to keep canister temperatures below 200°C. The following table 

summarizes the capacities of the reference US design which is slightly different 

from the SWG design, since the US canisters contain about 2.7 times more waste: 

3.763 MTHM/canister 6 Canisters/SP-6 75 SP-6/ship 

22.58 MTHM/SP-6 450 Canisters/ship 4 429 SP-6/repository 

1693.0 MTHM/ship 26 575 Canisters/repository 59 Shipments/repos. 

10 MTHM/repository. 

4.3.2. Accident probabilities 

Two analyses are presented here to illustrate the reduction in the probabi

lities of accidents which can be achieved by good engineering design and a 

functional analysis based on the results of a risk assessment. The first analysis 

is a very simple assessment of the accident probabilities for the Ove Arup and 

Partners' concept, which is based on an essentially conventional ship with a 

minimum of modifications. In the second analysis a presentation is made of a much 

more thorough assessment of the Glosten ship, which has been designed using the 

results of the risk assessment presented in the 1983 Status Report (Sandia, 

1983), specifically to reduce the risks from transportation accidents. 

4.3.2.1. Accident probabilities for Ove Arup and Partners' ship: A fault 

tree analysis, based on the design of the ship illustrated in Figure 4.17 (Ove 

Arup and Partners, 1985), has been carried out (Sharshar, 1986) to assess the 

probability of release of radioactivity to the environment resulting from dispo

sal operations using the penetrator emplacement method. The analysis considered 

both transportation accidents and other events which may result in the loss of 

penetrators, such as damage to fins and accidental release of penetrators outside 
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the disposal area. For comparison with the more detailed analysis presented in 

the next section concerning the Glosten ship, only transportation accident pro

babilities are discussed here. 

The probabilities of a ship sinking in the harbour or near the shore have 

-3 -3 

been estimated to be 1.5x10 and 3x10 per year, respectively, based on statis

tics provided by Lloyd's Register. The use of these statistics is not unreaso

nable given the essentially conventional design of this ship. Similar informati

on provided by Lloyd's Register on the statistics of cargo fleet losses in the 

open sea has been used to derive the probability of a ship sinking in the open 
-3 

sea. A value of 1.5x10 per year has been obtained, although this figure is 

likely to be highly conservative, since a large proportion of the crafts lost are 

fishing vessels and small crafts, with neglected maintenance as a major contribu

tory factor, whereas the transport ship will be designed, built and maintained to 

high standards. 

Recovery from the harbour water of lost flasks or penetrators is considered 
-3 

to be highly probable and a probability of failure to recover of 10 has been 

assumed. For loss in near-shore shallow waters, a probability of 0.02 that 

recovery is not possible has been derived. It is anticipated that penetrators 

will incorporate a feature helping to locate them under water. It should therefo

re be possible to ascertain their position in deep water, even if one has broken 

away from a sunken ship. The probability of failure to recover all penetrators 

sunk with a transport ship in deep water is a function of failure to locate and 

failure to recover before penetrators are breached by corrosion. The probabili

ties have been assumed to be 0.5 for failure to locate a penetrator and 0.5 for 

failure to racover every penetrator after location. Therefore, the probability 

of failure to locate or recover is 0.75. This was thought to be a somewhat 

optimistic value for deep water conditions, and a pessimistic value of 0.999 has 

also been considered. 

The overall probability that penetrators may be lost at sea because of transpor-
-3 -3 -1 

tation accidents can then be estimated to be between 1.2x10 and 1.6x10 a 
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4.3.2.2. Accident probabilities for the Glosten ship 

Collision; Two methods were used to predict collision accident probabilities and 

the most conservative result (highest accident probability) was selected for 

each location. Probabilities for collision in harbours and their approaches are 

based on the analysis of the US Coast Guard Commercial Vessel Casualty Data 

adjusted for 97.5% occurrence of accidents near the coast (Locke, 1979). The 

collision rate for the HLW ship operating in harbours and their surrounding 

environments is based on the sample collision rate for freight and passenger 

vessels with lengths between 152 and 183 meters operating from Mid-Atlantic ports 

excluding the Norfolk port group. Offshore collision probabilities are based on 

vessel encounter predictions obtained by using the theory of Van der Tak and 

Spaans (1977), and the probability of one collision per 100 000 encounters is 

determined by Fujii and Shiobara (1971). The distribution of collision probabi

lities over continental shelf, continental slope, and deep ocean regions is based 

on the proportion of time spent over each of these regions including emplacement 

time at the disposal site, and on the traffic density obtained from data for each 

region supplied by the US Navy Operational Intelligence Center. The total colli

sion probability is distributed equally between cases where the HLW ship is 

struck and those where the HLW ship is the striking ship. 

TABLE 4.7 

HLW ship collision probabilities 

per outbound transit including the HLW ship 

as the striking and struck ship 

Environment 

Port & Approaches 

Continental shelf 

Continental slope 

Deep ocean 

Total 

Total collision probability 

per outbound transit 

1.90xl0~4 

1.82xl0~6 

3.63xl0-6 

4.13xl0"5 

2.37xl0-4 
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These collision rates are not limited to severe collisions but include many 

minor collision incidents. They do not take into account the presumably very 

cautious navigation practices for the HLW ship. The HLW ship will probably 

operate from a port facility which is a designated safety zone and have a 

regulated navigation area established around it when loaded. Once the loaded HLW 

ship is clear of the port and approaches, it will pursue an active routing 

strategy to avoid other traffic, particularly large ships and naval vessels. 

Presumably, the best available information from the US Navy, satellites and the 

Automated Mutual-Assistance Vessel Rescue System (AMVER), would be available to 

assist it in avoiding other traffic. Additionally, the HLW ship could rely on 

radar and radio reports from ships and cooperating aircraft. The sailings of the 

HLW ship could also be published in the Notice to Mariners and ships could be 

asked to avoid the HLW ship and particularly asked to steer clear of a HLW ship 

operating over the disposal site. 

The HLW ship will also be provided with modern collision avoidance radar 

exceeding the requirements of the International Maritime Organization (IMO) for 

passenger ships and tankers. These radars use advanced automatic radar plotting 

aid (ARPA) technology to track target vessels, predict closest point of approach 

(CPA), sound alarms when any CPA violates limits and assist in the evaluation of 

trail manoeuvers to increase CPA values. 

For all the above reasons, the collision accident rates of Table 4.7. are 

believed to be very conservative. 

Other ship accidents: Accident rates for marine accidents other than collisions 

are based on the analysis of the USCG Commercial Vessel Casualty Database for 

freight and passenger ships with a length of between 152 and 183 meters operating 

from Mid-Atlantic ports excluding the Norfolk port group. This population of 

ships is therefore not representative, but rather a biased sample representing 

ships M.'iat are large or fast, or both. The definitions of ramming and grounding 

accidents suggest that such accidents occur only in harbours, approaches and near 

coastal zones. Fire and explosion can occur anywhere as can foundering accidents. 

Foundering is almost entirely restricted to vessels smaller than the HLW ship. No 

foundering accidents occurred in the USCG Commercial Vessel Casualty Database 

for ships over 91 meters in length sailing from the Mid-Atlantic ports during the 

years 1975-1980. Given the specialized design features of the HLW ship, in 
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particular the extraordinary structural strength and the quantity of fixed floa

tation foam providing permanent buoyancy in excess of the vessel's loaded weight, 

it is believed that foundering accidents may be regarded as impossible for the 

HLW ship. Based on data in Locke (1979), 97.5Z of the fire and explosion acci

dents occur in the harbours and approaches and the remainder is a function of the 

time spent over each offshore depth. The final distributed accident rates per 

transit are presented in Table 4.8: 

TABLE 4.8 

HLW ship accident rates 

(accidents per transit, Mid-Atlantic port (excluding Norfolk) 

to a disposal site) 

Environment 

Port and Approaches 

Continental shelf 

Continental slope 

Deep ocean 

Ramming 

4.87xl0"4 

Grounding 

7.79xl0"4 

Fire and 
explosion 

1.90xl0_4 

2.70xl0"8 

5.40xl0~8 

4.79xl0-6 

Foundering 

i 
i 

i 
i 

i 
i 

i 
i 

Consequences of a collision; The most severe collision accident would be the HLW 

ship being struck mid-ship at a right angle by another ship. A failure of the 

energy absorbing structure of the HLW ship that could result in the loss of waste 

canisters is dafined as the breaching of both the hull and the double inner wing 

walls. Figure 4.21. shows the critical speeds vs. striking ship displacement 

necessary to breach the cargo hold of a HLW ship with varying amounts of damages 

to the bow of the striking ship. Any combined striking ship speed and displace

ment above the bow damage curves could penetrate a cargo hold. Also shown is the 

asymptotic critical speed of 24 knot . At speeds less than 24 knots, the hold 

cannot be penetrated regardles' of displacement or bow structure. The data points 

on the figure represent 73 ships that fall into one or more of the following 

categories: 

1. Large displacement (e.g. VLCC and ULCC tankers). 

2. High speed (e.g. naval combatants and transoceanic passenger liners). 

3. Representative of a particular vessel type of interest (e.g. LNG tankers 

and ice breakers). 
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The SL-7 class of container ships was, at 33 knots, the fastest class of 

cargo liners when they were in commercial service. They have now been removed 

from commercial service and replaced by more energy efficient ships that operate 

in the 23 to 26 knot speed range. 

The SL-7 is one of the thirteen ships in Figure 4.21 that has sufficient 

speed and mass to potentially achieve the limit state in a collision with the HLW 

ship. Sufficient description of the structural arrangement of the SL-7 bow was 

available in the literature to permit modelling and simulation of a collision 

between an SL-7 and the HLW ship. Furthermore, the bow construction of the SL-7 

is thought to be representative of modern bows on other fast cargo ships, passen

ger liners and naval vessels. 

The bow structure of the 51 800 MT SL-7 and the side structure of the 25 800 

MT emplacement ship design were modeled to represent their respective plastic 

forces versus deformation properties. A simulation was performed using these 

models to observe and evaluate the progressive deformation, force and energy 

absorption processes on both the SL-7 and the HLW ship. The speed of the SL-7 is 

assumed to be 33 knots. The deepest penetration into the first iteration design 

of the HLW ship is 2.7 m. Figure 4.22 shows the evolution and the conclusion of 

the simulated collision. Ninety percent of the total energy absorption would 

occur on the SL-7 bow. It is clear from this simulation that most of the total 

collision energy would be absorbed by the striking bow leaving only moderate 

damage to the HLW ship side shell. This result carries with it the desirable 

additional consequences that the peak force and acceleration are less than those 

associated with the limit state. This, in turn, means that the actual loads 

imposed on the critical inner wing wall structure will be less than assumed when 

analyzing the limit state. Although the probability of canister loss would be 

greatly reduced if bow damage to the striking ship were included in the risk 

assessment, this was not Jone because the bow structure of naval ships is not 

available. The accident analysis included random striking points along the length 

of the HLW ship. There is only one location where two cargo holds could be 

breached. Since there are at most 12 SP-6's per cargo hold, there is a larger 

probability of loss of 1 to 12 SP-6's than of 13 to 24. Given a cargo hold is 

breached, there are 6 possible consequences for the cargo: 

1. SP-6's intact and on the ship. 
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2. Damaged SP-6's on the ship, all penetrators on the ship. 

3. Damaged SP-6's, some or all penetrators on the sea bottom. 

4. Intact SP-6's on the sea bottom. 

5. Damaged full SP-6's on the sea bottom. 

6. Damaged SP-6's on sea the bottom, some or all of the penetrators 

out of the SP-6. 

The probability of cargo loss due to collisions in ports and approaches is 

zero because ship speeds are below 24 knots. We do not have a slope oceanographic 

model at this time to enable us to as jess doses from a slope accident, so half of 

the slope accident probabilities were added to shelf accidents and half to deep 

ocean accidents. Table 4.9 lists the probabilities of submerged SP-6's and pe

netrators per shipment. The probabilities are grouped for ranges of the number 

lost. As an example, the probability of submergences of 1, 2, 3, 4, 5 or 6 

penetrators on the shelf is 2.80x10 each. It is not the sum of the probabili

ties of submerging 1 to 6 penetrators. 

Fire; Two fire scenarios were studied, the first being an external fire such as 

might occur following a collision in which the HLW ship strikes a petroleum 

tanker, and the second an internal (engine room) fire. Since there is no large 

quantity of combustible material in the cargo hold, there is no cause for concern 

about fire in the cargo space itself. 

The concerns associated with fire are the levels of temperature reached by 

the HLW penetrators in the cargo hold and the possibility that high temperatures 

might destroy the permanent foam buoyancy and expose the ship to the possibility 

of sinking. 

Modelling of the external fire assumed that the HLW ship would strike a 

petroleum products carrier and rupture one or more tanks. It is necessary to 

assume that the HLW ship (the striking ship) would be disabled or entangled with 

the struck ship in such a way that it could not extricate itself and flee the 

scene of the accident. This assumption is contrary to experience and therefore 

conservative. The historical record indicates that collision partners can always 

be separated, if desired, and that the striking ship is almost never completely 

disabled. 
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Probabilities for loss of cargo Tiue to collisions 
per shipment 

a) Probability groups for SP-6's on the sea bottom per shipment: 

Number of 

1-12 

13-24 

>24 

SP--6's Shelf 

-12 
3.36x10 

4 .63x l0" 1 3 

0 

Deep ocean 

3.99xlO"U 

-12 5.48x10 

0 

b) Probability groups for pene:rators on the sea bottom per shipment: 

Number of penetrators 

1-6 

7-12 

13-18 

19-24 

25-30 

31-36 

37-42 

43-48 

49-54 

55-60 

61-66 

67-72 

>72 

Shelf 

2 .80xl0" 1 5 

1.96xl0~ 1 5 

1.51xl0"1 5 

1.20xl0"1 5 

9.71xl0~ 1 6 

7.82xl0" 1 6 

6 . 2 4 x l 0 - 1 6 

4.80xl0~ 1 6 

3.69xl0~ 1 6 

2.63xl0" 1 6 

1.67xl0"1 6 

8.01xl0~ 1 7 

0 

Deep ocean 

3 .31xl0~ 1 4 

2 .32xl0~ 1 4 

1.79xl0~1 4 

1.43x!0~1 4 

-14 
1.15x10 

9 .29x10"° 

7 . 4 1 x l 0 - 1 5 

5.79xl0~ 1 5 

4.37xl0~ 1 5 

3 . 1 2 x l 0 - 1 5 

1 .98x l0 - 1 5 

9.50xl0" 1 6 

0 

The external fire is assumed to be a pool of hydrocarbons on the water 

surface engulfing the HLW ship and burning at 982°C for 72 hours. This is 1.5 

times as long as the longest recorded fire. Thermal analyses were conducted 

assuming normal 8 m draft and intentional flooding of the cargo hold to reduce 

heating of the buoyant foam and to keep the SP-6's at or below 100°C. Predicted 

temperatures of the hull, foam and inner wing wall are shown in Figure 4.23. 

These temperatures result in the foam losses shown in Figure 4.24 for the two 

drafts. In neither caae does the cargo hold reach a hazardous temperature or is 

enough foam lost to cause sinking even with all compartments flooded. Therefore, 

an external fire should not result in any loss of cargo. 
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SALVAGE SCENARIO 

A) Capsized afloat ship 
with cargo intact 

B) Grounded ship with 
cargo intact 

C) Sunken ship (or 
portion of ship) 
with cargo intact 

D) Intact cask, sepa
rated from ship 

E) Intact penetrator 
separated from ship 

F) Contents of ruptured 
penetrator 

GEOGRAPHIC ZONE 

PORTS & HARBORS 

P P P 
L rRl R5 

1.00 0.99 1.00 

1.00 1.00 1.00 

1.00 1.00 1.00 

1.00 1.00 1.00 

1.00 1.00 1.00 

0.99 0.99 0.99 

COAST/CON. SHELF 

P P P rL rRl rR5 

1.00 0.99 1.00 

1.00 1.00 1.00 

1.00 0.50 0.95 

1.00 0.99 1.00 

1.00 0.99 1.00 

0.50 0.90 0.90 

CON. SLOPE 

P P P 
L rRl rR5 

1.00 0.99 1.00 

N/A N/A N/A 

1.00 0.50 0.95 

1.00 0.99 0.99 

1.00 0.99 0.99 

0.50 0.90 0.90 

DEEP OCEAN 

P P P rL Rl rR5 

1.00 0.99 1.00 

N/A N/A N/A 

1.00 0.50 0.90 

1.00 0.99 0.99 

1.00 0.90 0.99 

0.50 0.90 0.90 

Notes/. P = Probability that all cargo is located given that an accident scenario has occurred. 

PR1 = Probability that cargo located is recovered within one year. 

Pp,- = Probability that all cargo located is recovered within five years. 

N/A = Not applicable. 

TABLE 4.10 

Ship - Recovery analysis - US desiRn. 



The primary combustible material on board the HLW ship is its own fuel 

supplies. Halon flooding is available to completely fill the engine room and 

snuff the fire. All fuel is aft of the fire barrier transverse bulkhead located 

between the engine room and the cargo holds except a small quantity which is 

located forward of a similar fire barrier transverse bulkhead. 

In the case of an engine room fire only a small portion of the fixed 

buoyancy is exposed to high temperatures. Loss of permanent buoyancy margin is 

therefore not a concern. Temperature on the forward face of the fire barrier 

would only increase to 50°C following 24 hours of exposure to a 982°C fire. 

An engine room fire, if not controlled, could gut the engine room and the 

accomodation spaces in the superstructure, but the HLW cargo should be unharmed 

and the HLW ship in no danger of sinking. 

The cargo in the HLW ship cannot shift to enhance the probability of capsi

zing and even if the ship did capsize, it would not sink, nor the cargo break up, 

or come loose. The ship would be towed to port unless it became grounded. 

The long-term consequences of a grounding accident are very diverse and 

depend on the bottom slope and composition, waves, tides, currents and accessibi

lity. Under the best conditions, i.e. sandy, steep beach with little water 

action, the ship could be floated off with little or no damage and the cargo 

might not have to be removed. Under the worst condition, i.e. a rocky coastline 

with limited shore access and heavy water action, the ship could eventually 

become a total less but only after several yeprs. There would be enough time to 

unload the SP-6's while the ship was still intact. 

Recovery probabilities; Recovery predictions were made for six accident catego

ries in four geographic zones. The results include the probabilities of locating 

the object, recovery in 1 year, and recovery in 5 years. Actuarial analyses of 

success rates in marine salvage do not provide a true measure of recovery capabi

lities or probabilities. Except for very rare cases, motivated by national inte

rest, salvage success rates are governed more by economics than by technical 

feasibility. Examples of salvages that are controlled by technical feasibility 

are removal of wrecks that constitute a hazard to navigation, tanker pollution 

control, military salvage, and recovery of aborted space craft, some of which 
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carry nuclear power supplies. These examples are used as input to develop salvage 

probabilities for the 1ILW ship. 

Active locating devices include transponders, pingers and beacons in the 

penetrators, the SP-6's and the ship as well as anchored devices released from 

the ship at an accident site. Other locating devices include side scan sonar, 

sub-bottom profilers and magnetometers. 

The probability that all lost HLW cargo is located following a HLW ship 

accident is labelled as ̂  in Table 4.10. Location times were selected to allow 

different standards for the different scenarios. For example, if more than one 

day were needed to locate the cargo of a grounded ship, this may be termed 

excessive, whereas a year or more needed to locate a lost penetrator in deep 

ocean may be totally reasonable. P, time assumptions also vary from zone to zone 

for a given salvage scenario. As in the previous example, what is a reasonable 

length of time spent in locating a penetrator lost in the deep ocean is excessive 

when it is lost inside a harbour environment. P* makes use of present technology 

but with the provision that any equipment development remains within that techno

logy base. Indeed, development of specialized equipment to search and locate lost 

cargo would probably be necessary considering the infinite number of variables in 

salvage situations. 

P . and P , have been designated as the probabilities of recovering lost HLW 

cargo within one year and five years respectively, once the location has been 

established. P_. is limited to the technology available at the time including 

whatever equipment can be developed within the time constraint. The five year 

recovery probability is not limited to current technology. It is reasonable to 

assume that with five years in which to recover HLW objects significant technolo

gical advances in ocean salvage hardware would be made given the political and 

environmental importance of this salvage. Table 4.10 summarizes the recovery 

probabilities. Although a sunk ship and ruptured penetrators are not considered 

to be realistic consequences, they are included in the table but not discussed in 

detail. 

The capsized ship scenario included a partially or completely capsized 

vessel, afloat with the cargo intact, but otherwise severely damaged. By defini

tion, the problem of locating the cargo does not exist since the location of the 
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vessel is known. P is therefore equal to 1.00 for all four geographic zones. 

Because the vessel is afloat (this condition is ensured by the excess 

buoyancy of the intact foam within the hull), the ship could be towed to a 

protected location prior to recovery operations. But, even with the superstruc

ture removed (through underwater cutting or explosives), it is not certain that 

any East Coast port could accommodate the HLW vessel because of its excessive 

draft. Towing the vessel to the Gulf of Mexico could be a possibility and would 

offer the advantages of sheltered waters and adequate depth. Since sea actions 

and flooding would not jeopardize the cargo recovery, operations could be conduc

ted offshore in moderate water depth and in periods of favourable weather. 

Equipment employed would include the standard array of heavy offshore salvage 

resources - large tugs, mooring and anchor handling gear, heavy-lift crane ships 

and derrick barges, together with a variety of underwater diving equipment and 

tools. 

Given that the damaged vessel is afloat and the cargo recovery can be 

planned and undertaken methodically, and that existing resources can deal with 

any visualized circumstance, the probability of recovery is assumed a virtual 

certainty (P05 = 1.00). Recovery within one year is also highly probable with the 

only foreseeable drawback being the mobilization of equipment and manpower ne

cessary to undertake an engineering project of this magnitude (P_. = 0.99). 

Ship groundings are most likely to occur in harbours, fairways or approa

ches. Such casualties would not usually pose a serious threat to the integrity of 

the vessel, let alone the cargo. A more threathening form of grounding is that 

which occurs on an exposed rocky coastline, in an area of severe weather patterns. 

Steep topography, inaccessibility from lard and large tidal variations that 

would cause daily changes in structural loads also contribute to the severity of 

groundings. The limited route considered in this investigation is free of many of 

these attributes. 

The grounded ship could either be unloaded at the accident site or refloated 

and returned to port for unloading. Neither situation presents any major obstacle 

fcr cargo recovery. Stabilization of the vessel may be required if it is unloaded 

at the grounding site. In addition, the use of other vessels, crane barges, land-

based cranes and/or equipment may require site preparation such as dredging, road 
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building, site access, etc. Again, this is fairly straightforward, making use of 

existing equipment, available ships and present technology. What little specia

lized equipment might be required could be fabricated at the nearest port or at 

the recovery site. Completion of the recovery process within one year is highly 

feasible, longer times would probably be the result of economic decisions. Reco

very probabilities P„. and P„_ have both been estimated at 1.00 regardless of the 

two geographic zones considered. 

As in the capsized vessel scenario, the problem of locating the cargo is 

considered insignificant, and therefore P. = 1.00. 

Intact SP-6 and intact penetrator salvage scenarios are very similar and 

will be discussed jointly. The similarity begins with the methods and tools used 

to locate the objects, such as magnetometers, side scan sonar or homing-in on the 

pingers attached to each one. Excluding for the moment the issue of embedment, the 

two searches would be identical. In the deeper water, both might make use of tow 

bodies incorporating one or more of the techniques mentioned. The excellent 

magnetic anomaly of each object, coupled with acoustic imagery, should make 

locating the objects relatively straigthforward. Recovery is similar for both 

the penetrator and the SP-6 cask. Their weights are different which would influ

ence the size of individual components and perhaps the scope of the recovery 

project, but heavier objects have been salvaged before. Offshore operations 

become more complex the deeper the water which is why the recovery probabilities 

are slightly lower for the two outer zones than for harbours and coast/continen

tal shelf. 

Where the two salvage operations would differ Is in !:he area of embedment. 

It is assumed that in the deeper water even a damaged penetiator (e.g. with 

missing or damaged tail fins) could experience significant embedment. Calcula

tions on the embedment possibilities of the SP-6 indicated a maximum embedment 

of 5 meters. This difference in embedment conditions would probably not affect 

the methods of recovery (use of remote-controlled excavation equipment), but 

would increase the time required for successful recovery. 
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4.3.3. Probabilistic accident doses for the US-Glosten ship 

The results of the accident and recovery probability analyses and the acci

dent consequence analyses are combined in this section to produce probabilistic 

doses for sea transportation accidents. Collisions are the only type of sea 

transportation accidents that would result in any significant loss of cargo. 

Tables 4.7 and 4.10 summarize the collision accident and recovery probabilistic 

data. Table 4.11 is a summary of the consequences from Tables 4.1 to 4.6 that 

are associated with collision accidents. These computations were made for peak 

individual dose, collective doses integrated 10 years, and peak fish, crusta

cean and mollusc doses. The analysis is made for the Glosten ship design, since 

this ship provides the greatest degree of safety. 

TABLE 4.11 

Summary Consequence Dose per MTHM 

involved in an accident 

Recipient 

Peak individual 
(Sv a"1) 

10 a integrated 
collective 
(man Sv) 

Fish (Gy a"1^ 

Crustaceans 
(Gy a"1) 

Molluscs 
(Gy a"1) 

Data level 

most favourable 

best estimate 

least favourable 

most favourable 

best estimate 

least favourable 

most favourable 

best estimate 

least favourable 

most favourable 

best estimate 

least favourable 

most favourable 

best estimate 

least favourable 

Shelf 

5.1xl0"8 

9.0xl0-7 

1.7xl0~4 

9.2 

2.7xl0+1 

+3 
1.8x10 J 

2.9xl0~7 

3.6xl0"7 

7.9xlO"7 

3.0xl0"7 

3.8xl0"7 

3.9xl0-6 

3.1xlO-7 

l.OxlO-6 

1.7xl0~4 

Deep ocean 

-13 
9.1x10 

1.8xl0-11 

2.2xl0"9 

2.9xl0_1 

5.4 
+2 

1.9x10 

1.6xl0~3 

2.1xl0"4 

3.0xl0"4 

1.6xl0"3 

2.2xl0~4 

1.4xl0~3 

1.6xl0-3 

8.7xl0"4 

6.3xl0-2 
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The probabilistic doses were then calculated by computing the doses for each 

probability grouping and summing the results for each category, accident loca

tion and data level. The probabilistic dose PD for each accident probability 

group is: 

PD = (n/2) (a+b)(Pa)(l-Pr)(MTHM)(dose) 

where: 

(n/2) (a+b) = The sum of an arithmetic progression with n terms (units), a 

being the first term and b the last term (number of units). 

Pa = Probability of the loss of a to b units. 

Pr = Probability of recovering a lost unit. 

MTHM = Amount of waste in a unit. 

Dose = Dose from unrecovered waste per MTHM. 

The individual PD's were summed for the data combinations from Tables 4.7 

and 4.11 and divided by the MTHM per shipment to produce the results in Table 

4.12 for the three data levels. Shelf accidents would be dominant using peak 

individual dose standards, the shelf and deep ocean &• jidents would produce 

nearly equal inputs to the integrated collective dose, and deep ocean accidents 

would produce the highest biota doses. More important than the dominant location 

is the low magnitude of the total probabilistic doses even with least favourable 

data. Based on transportation dose alone and 10 health effects per Sv, risk 

with least favorable data would be only 8.2x10 for the whole repository of 10 

MTHM. With an allowable 10 year integrated collective dose of 10 man Sv per 

MTHM, the safety factor for the sea transportation part of the dose using least 
o 

favorable data would be 5x10 . This large reduction in potential accident risk 

compared to the results from the 1983 risk assessment (Sandia, 1983) is due 

primarily to the following factors: 

1. The new emplacement ship design greatly reduces the consequences because of 

passive floatation, energy absorbtion, strength and thermal barriers. 

2. More and longer protection from the packaging (canister, penetrator, and 

SP-6). 

3. More verified data were available for the analyses so fewer ultra-conserva

tive assumptions had to be used. 
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There are still many conservative assumptions in the data and models so the 

results from this analysis are still probably conservative. 

TABLE 4.12 

Probabilistic doses for sea transportation accidents 

based on the US-Glosten conceptual design 

for the total repository of 10 MTHM 

Data 
Level 

Peak Indiv 
dose (Sv a ) 

l(r Integrated 
collective 

dose (man Sv) 

Fish. 
(Gy a"1) 

Crustaceans 
(Gy a 1 ) 

Molluscs 
(Gy a"1) 

Shelf 

most fav 

best est 

least fav 

2.5x10 

4.4x10' 

8.3x10' 

•16 

-15 

•13 

4.5x10 

1.3x10" 

8.8xl0~ 

- 8 
1.4x10 

1.8x10' 

3.8x10 

-15 

•15 

-15 

1.5x10 

1.9x10 

1.9x10 

-15 

•15 

•14 

1.5x10 

4.9x10' 

8.3x10 

•20 

•15 

-13 

Deep ocean 

most fav 

best e s t 

l eas t fav 

5.3x10 

1.0x10 

1.3x10' 

-20 

-18 

•16 

1.7x10 

3.1x10 

1.1x10* 

- 8 

- 7 
9.2x10 

1.2x10 

1.7x10 

-11 

-11 

-11 

9.2x10 

1.3x10 

8.1x10 

•11 

-11 

•11 

9.2x10 

5.0x10' 

-11 

3.6x10 

•11 

-9 

Sea transportation total 

most fav 

best est 

least fav 

2.5x10 

4.4x10' 

8.3x10' 

-16 

-15 

-13 

6.2x10 

4.4x10 

2.0x10" 

- 8 

- 7 
9.2x10 

1.2x10 

1.7x10 

•11 

-11 

-11 

9.2x10 

1.3x10 

8.1x10 

-11 

•11 

•11 

9.2x10 

5.0x10' 

-11 

3.6x10 

•11 

-9 

The probabilistic dose is defined as the product of the potential dose in case 

of an accident by the probability that the accident happens. Here the probability 

of occurrence of all transportation accidents during the operation of the whole 

repository is considered. 
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CHAPTER 5: SENSITIVITY ANALYSIS 

5.1. Methodology 

The results of the base case and abnormal or accident scenarios have been 

presented in the previous chapters. Using a deterministic methodology for the 

first case, we obtained doses for "best estimate" values of the parameters and 

for both upper and lower bounds of the parameter ranges (least and most favou

rable values). This bracketing analysis can also be considered as part of the 

sensitivity studies. 

The stochastic uncertainty analysis gave the frequency distribution of the

se doses around the "best estimate" values due to this uncertainty in the parame

ters. 

For abnormal scenarios, the analysis was, with one exception, limited to 

deterministic analyses using the "best estimate" values of the parameters. The 

exception was the analysis of the deep sea pathway. For accident scenarios, the 

analysis was done for the "best estimate", least and most favourable values of 

the parameters.Therefore, little or no information is available on the dependen

ce of these results on the selected values of the parameters. 

In this chapter, we wish to determine which parameters have a dominant 

influence both on the magnitude of the doses and on their uncertainty. In other 

words, some parameters may be very uncertain, but if their influence on the 

calculation of the doses is small, they may contribute very little to the safety 

of the option and/or to the uncertainty of the results and are thus unimportant. 

The use of such a sensitivity study is therefore twofold: 

i) It can help focus further research and reduce the uncertainty in the 

assessment by providing better lists of sensitive parameters. It can also 

point out the governing processes and thus those components of the disposal 

system which are most important. 

ii) It can indicate which design or environmental parameters effectively 
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reduce the doses (e.g. emplacement depth, canister design, nature of sedi

ments, etc.. 

It must be emphasized, however, that the sensitivity studies concentrate on 

the base case and only include one of the accident scenarios due to time const

raints, and this limits the scope of the interpretation. In the base case, for 

instance, it can only tell us how to reduce uncertainty and/or doses for a 

properly emplaced canister in a seabed environment behaving as expected. For an 

abnormal scenario, the sensitive parameters may be quite different. Final deci

sions on what are important parameters and important design criteria must there

fore consider all scenarios, due consideration being given to the likelihood of 

their occurrence. Note that some of the abnormal scenarios presented in Chapter 

3, e.g. scenarios 5 and 6, where a penetrator is buried only 10 m deep in the 

sediments, can also be considered as a sensitivity study to a parameter, in this 

case the depth of emplacement. The preliminary sensitivity studies (Appendix F) 

performed earlier in the program, with slightly different data, can be used here, 

e.g. the sensitivity to the depth of emplacement, Section F.5. 

5.1.1. Deterministic sensitivity studies 

Several methods can be used to perform a sensitivity study. In the determi

nistic model, the most obvious approach is to re-run the assessment varying one 

parameter at ?. time. This method ha? been used e.g. Appendix F. A more elaborate 

procedure was also used for an accident, the adjoint method, which employs a 

mathematical algorithm for calculating directly, in one run, the sensitivity of a 

performance assessment model to the model parameters. It gives directly as output 

the first derivative of the response of the assessment model (here a dose at a 

selected time) with respect to each of the model parameters. Since the derivative 

is evaluated at a particular value of each parameter, it is by definition the 

sensitivity coefficient of the dose to small variations in each parameter around 

their assigned value. Explicitly, the sensitivity coefficient is defined as the 

relative variation jrjr t where D is a dose at a given time and I is a given 

parameter. If the input value of I is zero, the sensitivity coefficient is simply 

defined by 3D/3I. Both expressions can be used to determine the change in the 

dose 6D for a change in the parameter value 61, provided that 3 I remains "suffi

ciently small" compared to I. In practice, since many models in the assessment 
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are linear, it is possible to estimate changes AD even for larpe variations Al. 

Note that it is always possible to re-run an adjoint analysis for a different set 

of input values of the parameters and thus investigate the changes in the sensi

tivity coefficients with these parameter values. If the sensitivity coefficient 

is positive, the dose increases when the given parameter increases, and vice-

versa, if the coefficient is negative. 

Sensitivity coefficients have been calculated for peak individual doses and 

for collective doses. For the former, the time selected is that of occurrence of 

the peak; in other words, it is itself a function of the input parameters. For 

the latter, it is the prescribed time at which the collective doses have been 

integrated. 

The adjoint sensitivity technique was applied by the US-SNL to the coastal 

accident scenario for all parameters of interest set at their "best estimate" 

values. The results are presented in Section 5.3.; the derivations of the adjoint 

equations can be found in Ensminger et al. (1987) aid detailed results in Klett 

et al. (1987b). 

5.1.2. Stochastic sensitivity study 

In the stochastic approach, the system performance is analysed by running 

the model with different combinations of input parameters. The values of the 

input are sampled from pre-defined distributions and the output of the analysis 

consists of frequency histograms of the output under consideration (i.e. indivi

dual dose rate) at different points in time. In this context, the objective of 

the sensitivity studies is to analyse the impact of each parameter, and its 

distribution, on the distribution of the output computing - for example - the 

correlation coefficient between the input and the output. Since the relationship 

between the input variables and the output is not necessarily linear, the corre

lation coefficients are computed from the rank values instead of the raw data so 

that a more accurate indication of the strength of the input-output relationship 

can be obtained. 

The rank transformation consists of firstly arranging in increasing order 

(smallest to largest) the NRUNS (number of runs) values of each input variable. 

Afterwards, an integer number between 1 and NRUNS is assigned to each of these 
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values respectively so that the rank value k is assigned to the k-th smallest 

value. The same is done for the output vector. If a monotonic but non-linear 

relationship exists between an input variable and the output, the rank transfor

mation will linearize this relationship and thus a higher correlation will be 

found. If raw values were used, the value of the correlation coefficient might be 

easily influenced by outliers of the two distributions (input and output), thus 

confusing the results of the analysis. Furthermore, since the model output is a 

time-dependent function of input, an input variable which is important at one 

time may be insignificant at another and therefore, to detect such changes it is 

necessary to examine the correlations as a function of time. 

All these studies were performed using the SPOP code (Saltelli, 1987) which 

applies four different non-parametric statistical techniques to the sample mat

rix (the k-th column of this matrix gives the sample values of the input variable 

k for each run) and to the output matrix produced by the LISA code (the k-th 

column gives the individual dose rates computed for each run at the k-th time 

point). The techniques are: 

. Spearman Rank Correlation Coefficient (SPEA) 

. Partial Rank Correlation Coefficient (PRCC) 

. Standardized Rank Regression Coefficient (SRRC) 

. Smirnov Test Statistic (SMIR). 

It is necessary to point out that a single estimator is not always suffi

cient to decide whether or not an input variable is important. In SPOP, the above 

estimators have been selected from Saltelli and Marivoet (1986) in order to form 

a comprehensive assembly of techniques for the sensitivity analyses and to help 

point out different characteristics of the sample. 

SPEA is the correlation coefficient computed on the ranks of the input and 

output vectors, as described above, and is a number between -1 and +1, directly 

proportional to the covariance between the two vectors. The numerical value of 

SPEA (Conover, 1980) can be used for hypothesis testing to quantify the confiden

ce in the correlator itself. In other words, if the SPEA value falls outside a 

certain range defined from a pre-established significant level a (i.e. 0.05), 

then there is a probability of 1-a (i.e. 0.95) that the input variable and the 

output considered are correlated. The output values can be considered as the 

result of the combined effect of each input variable and therefore the effect of 
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one individual variable is obscured. 

Whereas SPEA looks at the global correlation between input and output, the 

purpose of the PRCC technique (Iman et al., 1981) is to look at the true degree of 

correlation between an individual input variable and the output, removing the 

effects due to the possible correlation of the variable under consideration with 

the other variables. 

The SRCC technique (Iman et al., 1981) approximates the output by using a 

linear combination of the input variables, providing a linear regression model 

which links the ranks of the input variables to the ranks of the output. The 

higher the value (in absolute terms) of the SRRC coefficient, the more important 

is the corresponding variable. Obviously, the validity of this technique as a 

measure of sensitivity is conditional on the degree to which the regression model 

fits the output. A measure of this may be computed such that the closer it is to 

unity, the better the model performance. Unlike the SPEA statistic, PRCC and SRRC 

are not used directly for hypothesis testing. 

The last non-parametric statistical technique used by SPOP can be briefly 

described as follows. From the empirical cumulative distribution of the output 

(more accurately, one particular column of the output matrix), two sub-samples 

are constructed. The partition is obtained by taking in the first sample all the 

variable values which correspond to outputs below, for exanple, the 90th percen

tile of the output distribution, and the remaining values of the same variable in 

the second sample. For each input variable, the two empirical cumulative distri

butions computed on the two sub-samples are then compared. Intuitively, if a 

given variable has no influence on the output, then the two samples will give a 

similar distribution; in other words, they will represent two different estima

tes of the same true underlying distribution (i.e. the input distribution for the 

variables in this case). If the two distributions are different, it can be said 

that the input variable influences the output, and that high outputs are prefe

rentially associated with high, or low, variable values. To decide whether or not 

the empirical cumulative distributions of the two sub-samples are different,we 

use the Stnirnov statistic (Conover, 1980). This statistic compares the maximum 

vertical distance SMIR between the two distributions with a pre-defined value W, 

which depends on the significance level and the size of the two sub-samples. If 

SMIR is greater than W, then the hypothesis that the two distributions are not 
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significantly different is rejected and the probability of having made an error 

in respecting the hypothesis is a. In this case, the Smirnov test statistic will 

consider the input variables as important. 

It has to be noted that as required by the non-parametric Smirnov test for 

comparing empirical distribution functions, the two sub-samples have to be two 

independent random samples. In our case, the random assumption is not satisfied 

since they are based on the Latin Hypercube Sampling (LHS) method. However, in 

practice, simulation tests using the pure random sampling technique lead to 

results similar to those obtained with the LHS technique. 

For each selected time point therefore, SPOP provides for each input vari

able the correlation coefficients obtained from each sensitivity estimator. The

se values are also ranked so that the priorities computed by these different 

techniques can be easily compared. Furthermore, the maximum individual dose 

rates found for each run are used by SPOP to construct a particular output vector 

to which the non-parametric statistical techniques are also supplied. 

It must be borne in mind that the stochastic sensitivity results combine the 

effects of the value of each parameter and the distribution used to describe it. 

In other words, a variable parameter, identified by the stochastic analysis as 

sensitive, significantly influences the output, either because small parameter 

variations result in a large variation of the output (high local sensitivity), or 

because its distribution is very wide (high global sensitivity). The two effect? 

are often combined. Consequently differences may be found between deterministic 

and stochastic sensitivity results, especially when a parameter distribution has 

a significant effect on the output. 

5.2. Base case scenario 

5.2.1. Results of stochastic sensitivity analysis 

To perform the stochastic sensitivity analysis (SA) for the normal evolution 

scenario with the LISA code, the basic data files for both sites were simplified. 

Decay chains beginning with the following radionuclides were omitted since they 

176 



have already been shown not to contribute significantly to the results: Cm, 
245„ 243A . 240„ „ tl . 

Cm, Am and Fu. Consequently, the number of variable parameters were 

reduced to 46 and 54 for the GME and SNAP sites, respectively. This facilitated 

the interpretation of the sensitivity results and enabled a greater number of 

runs to be performed, improving the quality of the analysis. The sensitivity 

analysis was finally performed with 1 000 runs which is double that made for the 

comprehensive base case analysis presented in Chapter 2. 

These simplifications and the increased number of runs are the cause of the 

:;mall differences that can be noticed between the stochastic dose rate results 

obtained in Chapter 2 and those presented here. The new data fall within the 95 X 

confidence limits of the previous results, and consequently the two sets of 

predictions can be considered equivalent. 

The SA considered the base case scenario and pathway 1 (i.e. ingestion of 

sea-foods, desalinated water, sea salt taken from the most active surface ocean 

box, and inhalation of marine aerosols) for the GME and SNAP sites. The input 

sample parameter values and the output results (i.e. individual dose rates versus 

time) for each run were then used to run the SPOP code (see Section 5.1.2). The 

input variables for both sites were: 

. the canister depth or total sediment column symbolized by DEPTH for the SNAP 

site and XPATH for the GME site; 

. the canister mean life time (CMLT); 

. leach rate for the glass (RLEACH); 

. fracturation factor for the glass block (FRFRACT); 

. porosity (POR) and distribution coefficients (KD's) in the mildly reducing 

sediment zone; 

. the thickness of the oxidized zone (TOZ) (only for the SNAP site); 

. for the SNAP site only, the porosity (POROZ) and distribution coefficients 

(DCO's) in the oxidizing sediment zone; (POROZ is also used in both sites for 

the bioturbated layer of the biogeochemical component in the Mark-A model); 

. diffusion coefficient in interstitial water (DIFI) used to model the exchan

ges between the bioturbated layer (10 cm thick) and sediment diffusive layer 

(1.9 m thick); 

concentrations of small (CS) and large (CL) suspended particles in the water 

column; 

. settling velocities of small (SS) and large (SL) suspended particles in the 
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water column; 

. concentration factors for fish (CFl's), Crustacea (CF2's), molluscs (CF3's) 

and macro-algae (CF4's). 

5.2.1.1. GME site results; The results from the SA studies for the GME site 

have enabled the most important variables to be divided roughly into three 

groups: i) those important over the whole simulation time span; ii) those impor

tant only over the initial transient phase; and iii) those parameters whose 

influence increases with time. 

99 
The first group includes almost all the Tc related variables, such as: 

. the distribution coefficient KD(Tc) in the mildly reducing sediment zone; 

. the concentration factors for Crustacea CF2(Tc), molluscs CF3(Tc) and 

macro-algae CF4(Tc). 

99 
These results are in agreement with the fact that for pathway 1, Tc was 

found to be the most important radionuclide over almost all of the simulation 

time (10 years), i.e. it is the main dose contributor. 

99 
The concentrati -n factor for fish CFl(Tc) is the only Tc related variable 

which does not appear important, because for this radionuclide, the size and 
3 1 

range associated with the variable CF1 (20-200 m E ) are smaller than for CF2 

(5xl02 - 5xl04 m3 E 1 ) , CF3 (102 - 104 m3 E1) and CF4 (5xl02 - 105 m3 E 1 ) , and this 

is only partly compensated for by the larger fish consumption rate which is three 

times higher than for Crustacea, molluscs and macro-algae. 

Figures 5.1. to 5.4 show one possible representation of the SA results for 

the variables KD(Tc), CF2(Tc), RLEACH and POR. In these figures, the .ank values 

versus time are plotted for each estimator considered for the SA studies. The 

upper horizontal dashed line represents the maximum rank value (i.e. the number 

of input variables) while the lower one represents an estimated threshold for the 

identification of influential parameters. 

For each time point considered in SA, the significance of each input vari

able is assessed with the Spearman or Smirnov estimator. The procedure applied in 

SA is illustrated in Figure 5.5., which gives the Spearman rank correlation 
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coefficient versus time for KD(Tc). The two dashed lines are quantiles of the 

test statistic corresponding to the significant level a = 0.05. Spearman corre

lation coefficients falling outside the dashed band are thus identified as influ

ential at the significance level a. In this way, a certain number of significant 

parameters can be ranked. The average number of ranked parameters is used as the 

threshold value in the rank-time plots (e.g. Figures 5.1 to 5.4). In other words, 

if, at a given time, the rank values, provided by each estimator considered, are 

lower than the threshold value, then at this time point, the variable will be 

identified as unimportant. An input variable will be considered important if for 

each estimator (or most of them), the rank value falls above the threshold value. 

This kind of representation is very useful to help interpret SA results. 

Returning to th? discussion of the first group of important parameters, 

Figure 5.3. shows that RLEACH also belongs to this group, being significant over 

almost all the simulation time. Generally RLEACH has no influence whenever the 

radionuclide migration time through the sediment column is long enough to spread 

the input pulse to such an extent that the shape of the peak leaving the near-

field (governed by RLEACH) is lost. In sub-seabed scenarios however, the canister 

depth (ranging between 30 and 70 m) is small compared with the migration length. 

The shape of the nuclide pulse leaving the sediment column is particularly 

important since the maximum nuclide concentration in the ocoan is governed by the 

competing actions of the release from the sediment and the scavenging in the 

ocean. This latter process is slow compared with the time needed to disperse the 

activity in the various boxes, so that a much higher concentration in the ocean 

is obtained when the release rate from the sediment is fast. If, on the contrary 

the radionuclides are released at the sediment-ocean interface at a slower rate, 

the scavenging effect succeeds in keeping the concentration in the ocean at lower 

levels. 

The last variable which can also be considered in the first group is the 

porosity of the mildly reducing sediment zone (POR). Thii variable is influential 

over most of the simulation time (10 years), but its importance decreases slowly 

after about 7x10 years (figure 5.4). In the base case scenario, the advective 

velocity in the sediment column has been assumed equal to zero. Therefore, only 

the diffusion process which is governed by the variable POR can move the radio

nuclides retained in the sediment column to the sediment-ocean interface. Ob-
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FIGURE 5.1 

Non parametric sensitivity analyses (1000 runs/46 variables) 
RANK VALUES VERSUS TIME FOR THE VARIABLE KD(Tc) 

GME site, base case scenario, pathway 1. 
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FIGURE 5.2 

Non parametric sensitivity analyses (1000 runs/46 variables). 
RANK VALUES VERSUS TIME FOR THE VARIABLE CF2(Tc) 

GME site, base case scenario, pathway 1. 
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Non parametric sensitivity analyses (1000 runs/46 variables), 
RANK VALUES VERSUS TIME FOR THE VARIABLE RLEACH. 

GME site, base case scenario, pathway 1. 

Max. value - 46 

200000 400000 600000 
Time (years) 

Estimators: 

SPEA 
PRCC 

• • • • S R R C 
SMIR 

800000 1000000 

FIGURE 5.4 

Non parametric sensitivity analyses (1000 runs/46 variables). 
RANK VALUES VERSUS TIME FOR THE VARIABLE POR. 

GME site, base case scenario, pathway 1, 
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Non parametric sensitivity analyses (1000 n.is/46 variables). 
CORRELATION COEFFICIENTS VERSUS TIME FOR THE VARIABLE KD(Tc). 

GME site, base case scenario, pathway 1. 
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FIGURE 5.6 

Non parametric sensitivity analyses (1000 runs/46 variables). 
RANK VALUES VERSUS TIME FOR THE VARIABLE KD(Sn). 

GME site, base case scenario, pathway 1. 
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FIGURE 5.7 

Non parametric sensitivity analyses (1000 runs/A6 variables). 
RANK VALUES VERSUS TIME FOR THE VARIABLE CFl(Sn). 

GME site, base case scenario, pathway 1. 
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Non parametric sensitivity analyses (1000 runs/A6 variables), 
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GME site, base case scenario, pathway 1. 
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Non parametric sensitivity analyses (1000 runs/46 variables). 
RANK VALUES VERSUS TIME FOR THE VARIABLE XPATH. 

GME site, base case scenario, pathway 1. 
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Non parametric sensitivity analyses (1000 runs/46 variables). 
RANK VALUES VERSUS TIME FOR THE VARIABLE SL. 

GME site, base case scenario, pathway 1, 
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FIGURE 5.11 

Non parametric sensitivity analyses (1000 runs/46 variables). 
RANK VALUES VERSUS TIME FOR THE VARIABLE TOZ. 
SNAP site, base case scenario, pathway 1. 
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Non parametric sensitivity analyses (1000 runs/46 variables). 
RANK VALUES VERSUS TIME FOR THE VARIABLE DEPTH. 

SNAP site, base case scenario, pathway 1. 
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viously, if after a certain period of tine all the radionuclides were released 

into the ocean, the porosity would no longer be important and the curves repre

sented in Figure 5.4 would decrease rapidly. In the present case, 

however, Figi e 5.3 suggests that some radionuclides are still in the sediment 

column after 10 years. 

The influence of POR decreases slightly after about 7x10 years which ap

pears to be related to that of KD(Tc) which also decreases slightly after about 

the same time period. This shows that the influence of the porosity on the output 

is mainly conditioned by the presence in the sediment column of the most impor-
99 

tant dose contributor (i.e. Tc). 

For the variables considered in the first group, only the most important 

parameter, KO(Tc) is negatively correlated with the output, as shown by the sign 

of the correlation coefficients plotted in Figure 5.5. 

The second group of parameters, those which are only important for the 
126 

initial transient phase, includes variables related to the nuclide Sn, such as 

the distribution coefficient KD(Sn) in the mildly reducing sediment zone and the 

concentration factor for fish CFl(Sn). The sensitivity plots of these parameters 
126 

are illustrated in Figures 5.6 and 5.7, respectively. Sn can only contribute 
126 

to the output results at short times because the scavenging effect for Sn is 
99 

more pronounced than for Tc (the sediment partition coefficient or distribu-
126 . N 

tion coefficient in the water column for Sn is five hundred times greater). 
99 

Unlike Tc, the probability function associated with the variable CFl(Sn) pro-
3 3 - 1 5 3 - 1 

vides sample values ranging from 10 m t to 10 m t and all the sample 

values corresponding to the input variables CF2(Sn), CF3(Sn) and CF4(Sn) are 
5 3 - 1 3 3 - 1 

smaller than or equal to 10 m t » but always higher than 10 in t . There

fore, in this case, the contribution to output doses from fish consumption can be 

more important (because of a higher fish consumption rate value) than the contri

bution corresponding to the consumption of Crustacea, molluscs and macro-algae. 

The significance of CFl(Sn) is further enhanced by the greater range of variation 

allowed this parameter compared with the other concentration factors. 

The canister mean life time, CMLT, also falls into the second group; it is 

significant initially but, as would be expected, its importance is very 

short-lived (Figure 5.8). With the gaussian density function defined in the data 
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base for CMLT, the maximum canister life time is 4x10 years. Since the maximum 
4 life time of the glass block in the canister is about 7x10 years, all the 

radionuclides will be released into the sediment after a maximum time of about 

10 years and, consequently, after this, CMLT cannot have any further influence. 

As shown in Figure 5.9, the sediment column length XPATH also decreases in 

influence with time. The relationship between the radionuclide migration time 

through the mildly reducing zone and the input variables XPATH and POR shows that 

for the dominant radionuclides having KD values close to zero, the variable XPATH 

is very important in determining the migration time values. Furthermore, in this 

case, the shape of the pulse leaving the sediment column depends only on the 

XPATH value. The shorter the sediment column length, the higher and narrower will 

be the pulse at the sediment-ocean interface, and thus the higher will be the 

output doses. Therefore, once the bulk of the dominant radionuclides is released 

into the ocean, the input variable XPATH becomes unimportant. This effect occurs 

after about 2x10 years. 

When KD values are significantly greater than zero, the influence of the 

variable XPATH on the output is cancelled by the variable POR (Figure 5.4). This 

result can be explained by the combined effect of the type of probability function 

associated with the input variables (XPATH and POR) and the influenca of POR on the 

migration time. In fact, when the chosen KD value changes from close to zero to a 

value significantly greater than zero, the importance of the variable POR on the 

migration time increases. Furthermore, because of the normal density function 

used for XPATH, its sample value will uot be much different from the mean value 

(i.e. corresponding to the maximum of the normal density function), while the 

uniform probability function used for the variable POR allows more important 

variations of its value. Consequently, the shape of the output pulse will also 

depend on the POR values. It is important to note that if a uniform probability 

function, instead of a normal density function had been used for XPATH, the 

associated rank values of this variable would not have decreased with time. In 

this case, the significance of POR would have been greatly reduced. 

The last group of variables are those whose iufluence increases v/ith time. 

Since scavenging is a slow process, it might be expected that its influence would 

become evident only after very long times. Consequently, it would be expected 

that concentrations (CS and CL) and settling velocities (3S and SL) of small and 
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large particles would only become influential parameters at large simulation 

times. In fact this is only observed for the settling velocity of large suspended 

particles, SL (Figure 5.10) which is clearly always negatively correlated. The 

reason why SL is the most important of the scavenging parameters relates to the 

size of the ranges used for their parameter distributions. The sedimentation flux 

of small or large suspended particles in the water column depends on the product 

CS x SS x CL x SL. The values of these products are comparable, but the range of 

the SL values is the most important. Consequently, this variable appears as the 

most influential. 

Other parameters which fall into the last category of important variables 

include CFl(Cs), CF2(Cs) and CF2(I). The fact that they only become important 
129 135 

after long time periods is linked to the long half-life of I and "Cs, 

compared with the other important contributors (about 100 and 10 times greater 
99 126 

than Tc or Sn, respectively). 

5.2.1.2. SNAP site results; The main features of the SA results which 

emerged from the discussion for the GME site are reproduced for the SNAP site. 

Since the geographical location of the site does not influence the output dose 

values very much, the main differences observed in the SA results between the GNiE 

and SNAP sites are due to the existence of a second sediment layer, representing 

the surface oxidized zone, which has been considered for the SNAP site. In this 

second layer, new input variables such as the thickness (TOZ) and distribution 

coefficients (DCO's) were introduced. 

The probability functions associated with the distribution coefficients are 

generally the same in the mildly reducing and oxidized zones. This is true except 

for the radionuclides U, Ra and Tc for which the corresponding probability 

functions generally provide distribution coefficients which are smaller in the 

oxidized zone. Porosity values are generally equal or higher in the oxidized 

zone. 

As a consequence of these differences, the sorption capacity, or barrier 

effect, of this second upper layer is generally weaker than that of the lower 
99 . 

mildly reducing zone. This is particularly true for Tc, which is the radio
nuclide with the strongest influence on the dose. The variable TOZ (thickness of 
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the oxidized layer) is, therefore, positively correlated with the output doses 

(for a given total sediment column length, the increase of TOZ reduces the 

thickness of the first layer and, therefore, the total barrier effect of the 

sediment column is reduced). 

Figure 5.11 shows that TOZ is influential over all the simulation time, 

while the porosity of the oxidized zone (POROZ) was not found to be an important 

variable. The results can be interpreted as follows: since the value of TOZ and 

POROZ range uniformly from 1 to 13 m and from 0.56 to 0.78, respectively, 

whatever distribution coefficients are considered for the oxidized zone, the 

influence of TOZ on the radionuclide migration time through this second layer (or 

the influence on the shape of the pulse leaving this second layer) will always be 

more important than POROZ. This influence of TOZ reaches such a le e1 that the 

significance of POROZ becomes negligible. This confirms the interpret tion made 

above for the GME site, concerning the relative significance of the variables 

XPATH and POR, which underlined the importance of the choice of probability 

functions for these parameters. 

Figure 5.12 also shows that the total sediment column DEPTH is always an 

important variable. This is a result of the existing relationship between DEPTH 

and TOZ (i.e. DEPTH = XPATH + TOZ, where XPATH is the thickness of the first 

layer). Obviously, the variable DEPTH is negatively correlated with the output 

doses since increasing the DEPTH value increases the total barrier effect and 

hence reduces the output dose rates. 

The presence of the second layer in the SNAP site brings into significance 

two additional distribution coefficients: that of Sn in the oxidized layer 
93 

after short time periods and that of Zr over all of the simulation time. 

5.2.1.3. Conclusions: Sensitivity analysis applied to the maximum indivi

dual dose rates of the stochastic results show that the most influential parame

ters detected (in order of importance) are as follows: 

For GME: 
99 

i) KD(Tc), the distribution coefficient of Tc; 
99 

ii) CF4(Tc), the concentration factor of Tc in macro-algae; 
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99 
iii) CF2(Tc), the concentration factor of Tc in crustaceans; 

126 
iv) KD(Sn), the distribution coefficient of Sn; 

v) POR, the porosity of the mildly reducing sediments; 

vi) XPATH, the sediment column length, i.e. the depth of emplacement; 

vii) RLEACH, the leach rate for the glass. 

For SNAP: 
99 

i) KD(Tc), the distribution coefficient of Tc; 
99 ii) CF4(Tc), the concentration factor of Tc in macro-algae; 
99 iii) CF2(Tc), the concentration factor of Tc in crustaceans; 

iv) TOZ, the thickness of the surface oxidized layer; 

v) DEPTH, the depth of emplacement; 

vi) POR, the porosity of the deep mildly reducing layer; 

DCO(Zr 

layer; 

DCO(ST 

layer. 

93 vii) DCO(Zr), the distribution coefficient of Zr in the surface oxidized 

viii) DCO(Sn), the distribution coefficient of Sn in the surface oxidized 

Figure 5.13 compares the mean individual dose rates over time for the two 

sites. It was argued above that the presence of the surface oxidized layer in the 

SNAP site would in general lower the retarding capacity of the sediments leading 

to higher dose rates. In fact when the mean dose rate versus time curves are 

compared in Figure 5.13, dose rates for the GME simulation are found to be 

marginally higher. Since this difference lies within the 95% confidence limits of 

both assessments, it cannot be regarded as highly significant; a different random 

simulation might easily produce a contrary result. Moreover, the extra number of 

variable parameters required for the surface oxidized layer at the SNAP site 

results in different sampling regimes during the simulation of each site. For 

this reason alone, small differences would be expected between the results of the 

two sites. 

It can thus be concluded that since the results of the GME and SNAP site 

simulations are equivalent, the presence of the surface oxidized layer at the 

SNAP site does not in itself appreciably affect the results. 
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5.3. Accident scenarios 

Only the coastal accident scenario was analysed for sensitivity. This work 

was done deterministically using the adjoint method, as explained in Section 

5.1.1, by the US-SNL. 

Included in the adjoint sensitivity study using the shelf model and mean 

data were source-term parameters such as leach rate and canister life and ocean 

parameters such as the near-shore sedimentation rate, partition coefficients 

(Pj's), distribution coefficients (K.'s), surface-sediment parameters such as 

sediment depth, diffusivity, porosity, and density, and ocean-compartment para

meters such as inter-compartmental transfer rates and compartmental dimensions. 

Sensitivity of both individual dose and integrated population dose was eva

luated. 

Table 5.1 summarizes the adjoint coefficients of the most sensitive parame

ters for each of two mean-risk, coastal-water accident scenarios. These scena

rios include the cases where all canisters are initially undamaged but fail at 

5 000 years (Case lb), and where canisters containing 50-year-old waste are dama

ged (Case 2b). 

With respect to peak individual dose, the waste-form leach rate is seen to 

be the most sensitive parameter in all cases, with values of +0.90 and +0.99. The 

flush rate of the Bottom Plume 1 compartment is also relatively sensitive, with 

coefficient values of -0.40, and -0.24 in Cases lb and 2b. Canister lifetime is a 

sensitive parameter in Cases lb and 2b (with values of -0.47 and -0.66, respecti

vely). Because high P. nuclides such as Am and Am tend to dominate peak 

individual dose in coastal waters accident scenarios, their PJ'S are relatively 

sensitive parameters in all cases (-0.36 and -0.49) with respect to integrated 

population dose. Leach rate is a less sensitive parameter for other than immedi

ate releases. This is illustrated by the relatively small sensitivity coeffi

cient observed for the 5 000-year release scenario (Case lb, +0.053) and the 

moderate value observed for damaged canisters containing 50-year-old waste (Case 

2b, +0.36). The coefficient for the flush rate of Bottom Plume 1 is also sensitive 

in Cases lb and 2b, but with a positive sign (+0.39 and +0.43, respectively) in 

contrast to a negative sign observed for the peak individual dose coefficients. 

This is due to the fact that faster flushing of the Bottom Plume 1 compartment 
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TABLE 5.1 

Summary of ad jo in t s e n s i t i v i t y c o e f f i c i e n t s . 
Coasta l waters acc iden t s c e n a r i o , bes t e s t ima te parameter va lues . 

PARAMETER 

Source-term Darameters 

Leach rate (K) 

Canister lifetime 

Surface-sediment parameters 

Near-shore sedimentation rate 

Partition coefficients (Pd's) 

Distribution coefficients (K.'s) 

Sediment depth (DSED) 

Sediment diffusivity (D) 

Sediment porosity 

Sediment density 

Ocean-comDartment transfer rates 

Bottom Plume 1/Bottom Plume 2 (AL12) 

Bottom Plume 2/Coastal zone (AL23) 

Bottom Plume 1/Coastal zone (AL13) 

Ocean-comoartment dimensions 

Height of Bottom Plume 1 

Height of Bottom Plume 2 

Height of Coastal zone 

COASTAL-HATERS ACCIDENT SENSITIVITY COEFFICIENTS* 

CASE lb 

HIW, UNDAMAGED CANISTER 

FAILURE AT 5000 YEARS 

PEAK 

INDIVIDUAL 

DOSE 

+0.90 

-0.47 

-0.35 

-0.36 
^43 

(for Am, 
239Pu 

and 2 W P u ) 

-0.18 

(for 243Am, 
239Pu 

and 240Pu) 

-1.6xl0~2 

0 

0 

-0.48 

-0.40 

0 

-7.4xK)"2 

+0.49 

0 

0 

INTEGRATED 

POPULATION 

DOSE 

+5.3X10"2 

-0.90 

-0.95 

-0.23 

(for 126Sn, 
2"3Am, 2 3 9Pu 

and 2WDPu) 

-0.14 

(for 126Sn, 
2«Am, 239Pu 

and 240Pu) 

+0.47 

0 

0 

-0.41 

+0.39 

-0.28 

-8.3xlO_Z 

+0.34 

+6.0xl0"2 

+7.5xlO"3 

CASE 2b 

DAMAGED CANISTER 

FAILURE AT 50 YEARS 

PEAK 

INDIVIDUAL 

DOSE 

+0.99 

-0.66 

-0.41 

-0.49 

(for 241Am 
137Cs, 

and 2if/*Cm) 

-0.23 

(for 2U1Am, 
137Cs 

and 2W*Cm) 

+0.20 

0 

0 

-0.66 

-0.24 

0 

-4.4xl0"2 

+0.69 

0 

0 

INTEGRATED 

POPULATION 

DOSE 

+0.36 

-0.58 

-0.94 

-0.40 

(for 241Am, 
137Cs 

and 2i,3Am) 

-0.24 

(for 241Am 
137Cs 

and 2I*3Am) 

+0.23 

0 

0 

-0.67 

+0.43 

+0.23 

+4.5xl0"2 

+0.47 

+0.23 

+1.9X10"2 

* Fractional change in dose (D) per fractional change in parameter value (a ), i.e. 3D/D # 

3a /a 
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brings the radionuclides more rapidly into the Bottom Plume 2 water and sediment 

compartments, which dominate the population dose calculation because of their 

higher usage rates. 

5.4. Conclusion of sensitivity analysis 

We will summarize our findings under two headings: (i) parameters that can 

be designed or selected to improve safety; (ii) parameters that could be better 

determined to reduce uncertainty. These will be based not only on the present 

stochastic sensitivity study, but also on previous sensitivity results (see 

Appendix F) and on the outcome of the abnormal scenario and transportation 

accident analyses, which can be seen as part of the sensitivity study. 

5.4.1. Design or selection parameters 

In the base case, i.e. for a penetrator properly emplaced at a depth of 30 

to 70 m in the sediments, with no vertical advection of the pore water nor 

incomplete hole closure, the peak individual dose and the collective doses are 

very insensitive to any design parameter. In that r&nge of depth, increasing 

penetration depth will decrease the doses, but not substantially. For example, an 

additional 10 m of penetration depth will only reduce the peak doses by a factor 
-9 -1 

less than 2, which is insignificant at the level of 10 Sv a for the whole 

repository. It would be necessary to increase the depth to the range 100-200 m to 

obtain a significant dose reduction, but there is very little incentive to do so 

at that dose level. 

Penetrator corrosion time in the range of thousands of years is totally 

unsensitive beyond a lifetime of 100 years, and leach rate - or solubility 

limits - would have to be decreased by more than one order of magnitude to influ

ence the doses. 

In terms of selection parameters (for sites), the sorption capacity of the 

sediment is very sensitive, provided that increased retardation could occur 

simultaneously for the following elements: Tc, Se, Cs. Doses could then be 

decreased by 2 orders of magnitude, but no further decrease could be obtained 
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unless iodine became sorbed, or were excluded from the inventory. 

For transportation accidents the most important design parameter is the 

strength of the penetrator: if a special ship design and ship capacity are 

selected in order to minimize the risk, the chances of recovery will be increased 

and the potential doses decreased, provided that the penetrators have very little 

chance of being breached during an accident. In case penetrator breaching does 

occur, the leach rate is a very sensitive parameter for coastal water accidents. 

The existence of a vertical upward pore water flow is a very sensitive 
- 4 - 1 

selection parameter above 10 m a . In practice, sites with potential advec-

tion above that figure should be excluded. 

5.4.2. Reduction of uncertainty 

The parameter with the greatest influence on the uncertainty of the peak 

individual dose, in the base case, is the range of the distribution coefficient 
99 

K. of Tc. The ranges of the K,'s of Sn, Zr and Cs are also important. 

Scavenging mechanisms in the ocean (flux of particles, partition coeffi

cients PJ' 8» burial or movements and exchanges at the benthic boundary layer) are 

important for decreasing the long-term doses, not the peak ones. 

The distribution functions used for the settling velocity of large suspen-
99 ded particles, the concentration factors of Tc in macro-algae and crustacea and 

126 
the concentration factor of Sn in fish also influence the results. 

Ocean circulation patterns are not very important for slow continuous re

leases (as in the base case), provided that mixing is adequately represented (see 

also conclusions in Chapter 6). However for accident situations, the knowledge of 

circulation and dispersion in the coastal areas and their adequate modeling are 

very important to reduce uncertainty. 
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CHAPTER 6: CONCLUSIONS AND PERSPECTIVES 

To conclude this report on our assessment, we will first summarize our 

findings in terms of the doses to man and fauna that could result from the 

disposal of High Level Waste in ocean seabed sediments. We will then discuss the 

actions that may be taken to minimize both these doses and the uncertainty 

associated with their estimation. 

We will then try to show what amount of confidence may be accorded this 

assessment, given the state of development and the degree of validation of the 

models and the quantity of data collected. Finally we will describe, from a 

radiological assessment viewpoint, the activities that are considered necessary 

for the completion of a feasibility study of the seabed option, and assign 

priorities to them. 

6.1. Summary of the assessment results 

For the base case scenario and "best estimate" set of values of the model 

parameters, the maximum individual dose rate obtained by the deterministic ana

lyses for one repository containing the waste arising from the reprocessing of 
5 - 9 - 1 . 5 

10 metric tons of heavy metal is 2.9x10 Sv a , i.e. 3.4x10 times smaller 
- 3 - 1 5 

than the ICRP limit (10 Sv a ). This peak dose occurs 1.5x10 years after 

emplacement. The mode of the stochastic results corresponds well with this deter

ministic value. The upper end of the uncertainty range of the maximum dose rate 
4 

frequency histogram for the stochastic analyses of the base case is about 3x10 
times smaller than the ICRP limit, which accords with the "least favourable" set 

of values of the parameters in the deterministic assessment. In fact, the highest 
-8 -1 

actual dose rate calculated in the stochastic analysis is 2.5x10 Sv a . For 

the base case definition of parameter values and their distributions no dose 

rates above this level were obtained in the 500 runs performed. 

Collective doses integrated to 10 years for one repository are on the order 
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of 2.8x10 man Sv, i.e. about 10 times smaller than background levels and a 

factor of about 350 below the EPA risk-benefit limit (10 man Sv MTHM at 10 

years). With the least favourable set of input data, the collective doses in

tegrated to 10 years are 10 times smaller than background doses and a factor of 

2 below EPA limits. 

The sea transportation risk assessment was based on an emplacement ship that 

was designed to reduce accident probability and consequences and to facilitate 

recovery in case of accidental loss. Although the consequences of a transportation 

accident, particularly in coastal waters, could be very severe, the probability of 

loss without recovery was shown to be extremely small. Therefore this assessment 

predicted peak individual risks (the dose multiplied by its probability of occur

rence) that were a factor of 10 lower than those from emplaced wastes and 

collective risks that were a factor of 10 lower for both "best estimate" and 

least favourable values of the parameters. 

To draw firm conclusions about the effects of other low-probability scena

rios it would be necessary to define the probability of occurrence of the scena

rios in order to calculate a risk. Since these possibilities could not be reaso

nably assessed, only the consequences of the events were computed. The results 

were compared with the base case to determine which scenarios should be more 

carefully described. 

On the basis of this assessment the most important phenomena emerging from 

the low probability scenario analysis are: pore water velocity within the sedi

ments with or without damaged canisters, zero K.'s for all nuclides, and penetra

tion depth (less than 10 m) with or without damaged canisters. These scenarios can 

be seen as providing criteria for further site selection. 

The dose to biota for the base case is always less than that estimated for 

natural background radiation, except for the organisms living in the sediments in 

the disposal area. 

The comparison of these results with the previous assessment published in 

1983 in the NEA Status Report (NEA, 1983) is given in Appendix G. 

It therefore appears that, globally, according to the present assessment, 
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sub-seabed disposal is radiologically a very safe option, and very insensitive to 

further evolution of the environment thus providing a low degree of uncertainty. 

Compared to land-based options, the predicted doses are lower than those available 

in published radiological assessments, as shown in Section 1.4.1. This is due to 

both the high confining power of the sediment barrier and the great dilution 

capacity of the ocean. It is also important to stress that sub-seabed disposal is 

almost perfectly protected against any conceivable human intrusion scenario which, 

for a land-based repository, can be shown to have potentially severe conse

quences or deleterious effects on the confinement. 

6.2. Implications on safety and uncertainty of the assessment 

This section presents a review of what has been learnt from the assessment 

and of the measures that may be taken to minimize radiological impact and reduce 

the level of uncertainty associated with human and environmental protection. 

6.2.1. Safety 

It is possible to draw certain conclusions concerning some design parameters 

in the system. These parameters are a) depth of emplacement, b) canister life and 

leach rate, c) site properties, and d) transportation systems. 

a) For the base case, it has been established that a variation in depth of 

emplacement between 30-70 m has no significant effect on radiological consequen

ces since burial alone does not greatly reduce the cumulative flux of poorly 

sorbed nuclides into the ocean. It is very desirable, however, that penetrator 

design and robustness be such that there is an extremely high probability that the 

prescribed penetration depth will b(. attained. Only the much larger burial depth 

achievable by the drilled option could have a significant effect on dose reduc

tion. However, this option has not been assessed in any detail here. 

b) Canister life and leach rates also appear to have very little influence on 

peak doses in the case jf successful emplacement. However, these parameters would 

have a dose-limiting role in the unlikely situation where a penetrator failed to 

enter the sediments. These two design aspects are also relevant to accidents in 
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coastal waters before recovery of penetrators lost en route to the disposal site. 

c) In relation to site characteristics, disregarding the question of pore 

water advection in the sediments, not enough is known at present about the 

retention mechanisms of different sediments to influence site selection. A lar

ger measure of radiological protection could only be obtained if retention me-
79 chanisms could sinultaneously reduce the effective diffusion rates of Se, 

99 135 129 
Tc, Cs and I, which does not seem very likely. The issue of pore water 

advection is discussed in the next section. 

d) Finally, it has been clearly shown that an optimal ship design plays a 

major role in reducing the risk associated with transportation. With good engi

neering design the probability of penetrators being lost at sea can be greatly 

reduced. Recovery measures may further reduce the consequences of what has been 

shown to be a most unlikely event. 

6.2.2. Uncertainty 

An extensive sensitivity analysis of the system was made using both a sto

chastic and a deterministic approach. This has shown which parameters in the 

radiological assessment are the most sensitive and consequently have the largest 

impact on the uncertainty of the results. 

A great deal can thus be done to reduce the level of uncertainty in the 

predictions. This work requires a better understanding of transport processes 

and of the bio- and geochemical environments involved. 

In all cases, distributions need to be assigned to ranges that have been 

determined for all parameters, but especially for those that have been shown to 

be sensitive. 

On the basis of the current model capability and understanding of the 

system, the two most important areas are a) pore water velocity and b) retention 

processes. 
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a) Although some recent data indicate that there may be processes in sedi

ments which give rise to pore water advection (see SATG report, Volume 3), there 

is no evidence that sustained and significant uni-directional movement of pore 

water occurs in the studied areas. Nevertheless, the RATG has assessed the effect 

-3 -1 

of pore water velocities greater than 10 m a , and this assessment has indica

ted that such advection velocities could impair the effectiveness of the sediment 

barrier. It would therefore be highly desirable to review and model the mechanisms 

which might conceivably generate long-term uni-directional pore water movements. 

The processes involved inclui'^ geothermal convection, differential compaction, 

faulting and partial hole cloojre in conjunction with various driving mecha

nisms. Additionally, measurement methods and equipment should be developed and 

used to estimate pore water advection in situ. Such studies would substantially 

reduce uncertainty in dose predictions, and possibly generate criteria for site 

selection. 

b) Concerning retention processes, it would be particularly useful if the 

geochemical data were more closely related to the characteristics of a particular 

disposal site, especially with regard to true pore water conditions, redox, 

pressure and temperature regimes and the mineralogical composition of the sedi

ments. A model could then be built to predict changes in retention as a function 

of environmental conditions. Such a model would need to consider speciation and 

may usefully relate retention cc species solubility and hence improve both the 

near- and far-field components of the systems model for the sediment barrier. 

6.3. Discussion 

The result of this radiological assessment seems to show that the disposal 

of high level waste in sub-seabed sediments is radiologically a very safe option. 

This statement holds true as far as the assumptions, models and data used in the 

calculations adequately represent the real system and can be validated. A further 

research program on sub-seabed disposal should therefore aim at achieving such a 

validation. The following areas of concern have been identified. 

i) The chemistry of the near-field and far-field 

It is a difficult subject to understand, and it has not been possible to 
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produce a definitive characterization of this region. However, a number of assump

tions have been made that will lead to overestimates of the release from the 

near-field and therefore any refinement of the near-field model would tend to 

decrease doses. Since the near-field is not a sensitive component of the system 

in the base case, the lack of knowledge of this component does not undermine the 

confidence in the results of this study. Nuclide speciation in the near-field, 

that could later reduce sorption, is, however, of concern. 

The study of micro-organisms in deep-sea sediments and their possible role 

in bio-geochemical processes Is still in its infancy. Work carried out under the 

SWG program has clearly shown that sulphate reducing bacteria do indeed exist in 

these deep sediments. They are normally very locally distributed around highly 

reducing black "spots" in the sediments which are thought to indicate the presen

ce of relict biological material. Their concentration per kilogram of sediment 

is, however, very low compared, for example, with organic-rich near-shore sedi

ments (a factor of approximately 200). 

Expected effects of the activity of these micro-organisms include changes 

in the corrosion processes of the waste canisterr and alterations of the redox 

regime of the sediments at some future date if the heat and the radiation fields 

modify the present behaviour of these micro-organisms. 

Since no precise information is available to show the exact process that 

might be influenced and the magnitude of the changes that may occur, the assess

ment has not directly included these effects, but studies of the sensitivity to 

enhanced corrosion rates and modified redox conditions were carried out. 

ii) Sediments 

It is necessary to make some comments here about the limitations of the 

sediment barrier model used in this study, and hc«r they influence the confidence 

in the results. The present knowledge of the structure of the seabed is extensive 

in some locations and sparse in others. It is therefore possible to describe a 

number of sediment areas in detail and to make general comments on the expected 

structure in others. It is also possible to deduce how this detailed structure 

influences the processes that dominate radionuclide migration in the sediment, 
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i.e. diffusion, advection and retardation. The radiological assessment model 

then only needs to include details affecting these processes on the global scale, 

and not the fine details of every parameter. This philosophy was used in deriving 

the sediment model for the assessment and its simplicity should therefore not be 

taken as a reflection of incomplete knowledge of the sediment properties at the 

site. 

Another area of concern is the precise role of discontinuities which have 

been observed within the sediments. These include faults, silt layers and their 

possible outcropping at some distance on the sea bottom, areas of unstable 

reflections in seismic profiles, etc. Preliminary sensitivity studies of such 

features in relation to pore water advection and partial hole closure behind a 

penetrator have been initiated by the RATG, but should be continued. In parallel, 

experimental studies of the hydraulic role of faults should be made, either on 

the cores collected during the ESOPE cruise or, eventually, by in situ testing. 

Finally, at a potential site selected for disposal, it will be necessary to 

obtain sediment samples down to the depth of emplacement (e.g. 50-70 m). Indeed, 

at GME for instance, the acoustic profiles of the deep sediments are not detailed 

enough to permit a structural, and still less a geochemical interpolation below 

the 30 m which were cored during the ESOPE cruise. 

iii) Ocean modelling 

In this assessment, the ocean is assumed to be an essentially dispersive 

medium in which tracers are mixed end dispersed throughout the water column. As a 

result, models such as box models can be considered appropriate if certain basic 

criteria on time scales and discretization are satisfied. Since the time scales 

for the case in which oenetrators are successfully emplaced in the ocean are 

long, relatively coarse models are adequate. However, a box model cannot cope 

with water masses moving in the ocean without dilution, such as meddles (eddies 

containing Mediterranean water) and rings or currents (Gulf Stream). Such pro

cesses would require other types of models such as eddy resolving models embedded 

in a coarse grid model (see Volume 5). This approach is available but not yet 

validated. 
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In the assessment, the coastal model was developed to represent a particular 

stretch of coast line; it is well known, however, that the dynamics of coastal 

areas are very different from each other. Therefore, in order to improve the 

confidence in the assessment of coastal situations, it would be necessary to 

develop or acquire a series of models covering the range of coastal areas rele

vant to the transportation phase of this disposal option. Many shelf models are 

available in the scientific literature, but no particular one was recommended by 

the POTG due to termination of the program. However, since the study has shown 

that the probability of a coastal accident can be minimized by engineering 

design, it is expected that the basic conclusions of the assessment will not be 

altered. Assessment of transportation accidents on continental slopes was net 

made. Consequences of such an accident could be approximated by the results 

obtained for the deep ocean. Alternatively, existing POTG models could be applied 

on the slope, but the POTG was not able to do this, again due to termination. Such 

studies should be completed. 

iv) Pathways 

The principal pathway to man investigated in the assessment is the consump

tion of seafood harvested from the surface water compartment of the ocean. A 

hypothetical pathway of deep sea fish harvested in a 250 x 250 km area enclosing 

and surrounding the disposal site was also considered, but only gave doses 

similar to those of the surface water pathway. 

However, in the disposal area, the pore water in the sediment is known to 

have a much larger concentration of radionuclides than that of the overlying 

ocean water. It is very difficult to envisage a continuous pathway to man over 

time from such a small area of the ocean floor, which, moreover, has low biologic 

productivity. However, animals feeding in the pelagic sediments are known to 

exist on the ocean floor, and since such animals have been collected high up in 

the water column, it seems necessary to improve the evaluation of such hypotheti

cal transfer pathways either through a food chain or through direct biological 

transport. 
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v) Engineering design 

Transportation accident frequency data are adequate, but other accident 

analyses and assumptions are conservative. Since predicted accident doses are so 

low, little improvement is needed in this area. However, recovery following an 

accident and retrieval of waste from a repository following an abnormal event 

have not been shown to be feasible under all credible conditions. An economically 

feasible design of a satisfactory emplacement ship has been completed using state 

of the art technology. 

Preliminary penetrator tests indicate holo closure in shallow sediments, 

but complete sealing has not been demonstrated at a representative site. 

A more thorough transportation/emplacement/repository design sensiti

vity analysis could improve the safety of the process. 

vi) Site 

Now that several levels of sensitivity analysis, design and risk assess

ments have been completed, new and ordered site criteria should be developed and 

at least one site should be located and thoroughly characterized. This characte

rization should include faulting, pore water advection and any other detrimental 

effects. New instrumentation and data reduction techniques may be needed. 

6.4. Activities required to complete feasibility study 

To establish feasibility it must be shown that the waste can be transported 

to the site and emplaced in a safe manner and that dose attenuation processes in 

the system will reduce doses to humans and the environment to acceptable levels. 

Furthermore, it must be shown that a satisfactory disposal site can be found, 

that equipment for all stages of the emplacement, monitoring and possible recove

ry can be constructed, and that all processes function as expected. 

The present assessment must be seen as a preliminary step towards this goal. 

It has shown that with our present understanding, the option indeed appears 

feasible. However, the models of all major thermal, nuclide transport, biologi-
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cal pathway and radiological effects have been completed and verified but not 

validated. The models produce answers consistent with the input data and equa

tions, but there is no complete assurance that all components are included in the 

equations and that all the input data are complete and accurate. 

To achieve this assurance, a continuing research program should address 

these issues. The SATG has therefore tried to indicate the priorities that should 

be given to the various areas of concern, seen from a radiological assessment 

viewpoint. These are: 

1) Assessing and measuring present or possibly future pore water advection 
-3 -1 . . . . 

above 10 m a in relation to various processes or discontinuities which can 

affect the sediments, e.g. faulting, lateral variation, differential compaction, 

geothermal convection, etc. This should include in situ tests and measurements as 

well as modelling. 

2) Better understanding and quantification of near-field and far-field che

mistry related to radionuclide retention under realistic in situ conditions. 

3) Validation of ocean models, first for base case releases and then, for 

accident situations, based on tracer distribution in the ocean. 

4) Assessment and quantification of potential biological pathways to man 

from deep-sea animals. 

5) Improved assessment of hole closure efficiency under in situ conditions; 

thermal experiments to validate the thermal models should also be made. 

6) Evaluation of the probability of the appearance in the future of erosion 

mechanisms in abyssal plains that could significantly reduce the sediment cover 

over the emplaced waste. This would include coring of sediments in other areas of 

the ocean to establish continuity of deposition in abyssal plains over e.g. 1 

million years rather than using the now available record of about 250 000 years. 

Although it is clear that additional research is required to validate the 

present assessment, we do not expect that such research can drp-tically modify 
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the results presented here. On the contrary, we believe that further research 

will permit a better representation of the true system by removing conservative 

assumptions which have to be introduced at this stage, and thus further reduce 

the predicted radiological impact of sub-seabed disposal. This belief is based on 

the remarkable properties of carefully selected sub-seabed sediments and on the 

very low sensitivity of the whole system to almost all imaginable abnormal 

conditions which may exist, both in the present and in the future. 

Sub-seabed disposal of High Level Waste can thus be considered a realistic 

option. 
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APPENDIX A 

Glossary 

AECL: Atomic Energy of Canada, Ltd. 

AVH : Atelier de vitrification de la Hague (vitrification plant for HLW of la 

Hague, France). 

BML : Benthic mixed layer. 

BTG : Biology Task Group of SWG. 

CEA : Commissariat a l'Energie Atontique (French Atomic Energy Commission). 

CEC : Commission of the European Communities. 

EC : European Community. 

EMP : Ecole des Mines de Paris (Paris School of Mines). 

EPA: Environmental Protection Agency, US. 

ESOPE : 1985 cruise in the Atlantic to obtain long cores at GME and SNAP. 

ESTG : Engineering System Task Group of SWG. 

GESAMP : Group of experts on the scientific aspects of marine pollution, orga

nized jointly by IMO/FAO/UNESOC/WMO/WHO/lAEA/UN/UNEr. 

GME : Great Meteor East, location in North Atlantic Ocean. 

HLW : High level waste. 

HOCUS : 1986 cruise in the Mediterianean Sea to test hole closure behind a 

penetrator, see Volume 4. 

IAEA : International Atomic Energy Agency. 

ICD : Integrated collective dose. 

ICRP : International Commission on Radiological Protection. 

ILW : Intermediate level waste. 

JRC : Joint Research Centre of the CEC, Ispra, Italy. 

LHS : Latin hypercube sampling (Monte Carlo simulations). 

LISA : Computer code of the JRC for probabilistic assessment. 

LLW : Low level wastes. 

MAFF : Ministry of Agriculture, Fisheries and Food, UK. 

MTHM : Metric ton of heavy metal, i.e. of Uranium used in nuclear fuel. 

NAP : Nares Abyssal Plains. 
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NEA : Nuclear Energy Agency of OECD. 

NFTG r Near Field Task Group of SWG. 

NRPB : National Radiological Protection Board, UK. 

PAGIS : Performance assessment of geological isolation systems. A CEC coordi

nated research project. 

PDF : Probability distribution function. 

POTG : Physical Oceanography Task Group of SWG. 

PRA : Probabilistic risk analysis. 

RATG : Radiological Assessment Task Group of SWG. 

SA : Sensitivity analysis. 

SATG : Site Assessment Task Group of SWG. 

SBTG : Sediment Barrier Task Group of SWG. 

SrP : Subseabed disposal program of the US. 

SNAP : South Nares Abyssal Plains, location in North Atlantic Ocean. 

SNL : Sandis National Laboratories, Albuquerque, NM, USA. 

SPOP : Computer code of the JRC for sensitivity studies. 

SWG : International Seabed Working Group of NEA. 

TASC: The Analytical Science Corporation. 

TG : Task group. 

WNRE: Whiteshell Nuclear Research Establishment. 
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APPENDIX B: MODELS ANT DATA BASE 

FOR THE RADIOLOGICAL ASSESSMENT OF THE SUB-SEABED OPTION 

B•1. Foreword 

This appendix brings together in a concise form a complete description of 

the models, hypotheses, data and parameters used by the RATG for the radiological 

assessment of the consequences of burying high level radioactive waste inside the 

seabed sediments of the Atlantic ocean. 

The aim of this document, in its draft version, was to obtain the agreement 

of all the SWG members on the proposed data base, prior to the actual assessment. 

The changes that were considered necessary by the SWG members were agreed upon 

and duly incorporated into this version. 

This data base was discussed at the SWG-llth meeting in Urbino (Italy), May 

19-23, 1986, with the objective of securing a valid data base at the end of this 

meeting or, at the latest, by July 1986, so that a realistic radiological assess

ment could be produced for the 1987 SWG report. The present final revision 

incorporates all the comments received by the end of 1987. 

The data base is divided into four sections: 

(i) waste package description, 

(ii) sediment properties, 

(iii) oceanographic data, 

(iv) scenarios. 

As far as possible, the reference or source of the data included in the base 

is given. 

In many instances, the hypotheses and data selected for the assessment are 

very simplified compared with the available information: it was seen as the duty 

of each SWG member to make sure that these hypotheses and data are indoed 
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acceptable for a radiological assessment, and to justify in their TG reports the 

rationale for the simplifications. 

B.2. Waste Package Description 

B.2.1. Waste invetv ̂ ry and composition 

The high-level waste considered is vitrified reprocessed waste, using the 

same specifications as in the PAGIS program of the Commission of the European 

Community (ref. letter and data provided by Mr. Jacquet-Francillon, CEA, France 

to Mr. Krischer, CCE, Brussels, March, 1983) and of data provided by the JRC and 

the CEA. 

Glass; SON 68 18 17 LI C2 A2 Zl (for AVH vitrification plant), also known as 

R7/T7. 

Reactor type; LWR, i.e. PWR or BWR 

Nominal electric power per reactor: 0.9 GW(e) 

Average specific power; 33 MW(th)/MTHM 

Fuel type; U0 

Initial average enrichment (assembly): 3.5% U-235 

Irradiation time; 1000 days 

Burn up; 33 GW.d(th)/MTHM or 90.4 MW.a(th)/MTHM 

Residence time in reactor; 36 months 

Delay before reprocessing; 3 years 

Delay before HLW vitrification; 1 year 
3 

Volume of reprocessed solution; 0.661 m /MTHM 
3 

Volume of glass; 0.108 m /MTHM 
3 

Density of glass; 2,750 kg/m 

Symbols; e • electric 
th • thermal 

MTHM = metric ton of heavy metal, i.e. ton of initial uranium metal 
a a annum 
d = day 
M = 10° 
G * 109 
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FIGURE B.l 

Thermal output of glass R7/T7 

10" 10" 10v 

Years after vitrification 
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Rate of waste production: 38 kg/MTHM 

Residual heat of glass after vitrification (after 2 years): 

after 30 years: 

after 100 years: 

(see also heat release decay curve, Figure 1) 

Amount of electric energy produced by 1 MTHM: 

11.633 kW/m 

4.333 kW/m3 

1.0 kW/m3 

30 MW(e).a/MT.lM 
3 3 

by 1 m of glass: 278 MW(e).a/m glass 
Amount of waste to be disposed of: 3000 GW(e).a (approximately 3 333 reactor-

years) 
3 

Resulting volume of glass to be disposed of: 11 000 m corresponding to 

105 MTHM. 

Date of disposal: 50 years after vitrification 

B.2.1.1. Composition of glass: The composition of the glass is generally 
3 

given in g/1 of reprocessed solution, assuming 0,661 m of solution per MTHM. It 

is: 

a) Oxides 

TABLE B.l. 

Composition of the glass in % weight of reprocessed solution 

Si02* 

A1203 -

B 20 3 = 

Na20 = 

CaO = 

Fp oxides = 

Act. oxides = 

% 

45.48 

4.91 

14.02 

9.86 

4.04 

11.25 

0.85 

g/i | 

202.83 

21.89 

62.55 

43.96 

18.02 

50.18 

3.81 

Fe2°3= 

NiO -

Cr203 = 

P 2O 5 = 

Zr02 = 

Li20 -

Zno = 

% 

2.91 

0.41 

0.51 

0.28 

1.00 

1.98 

2.50 

g/1 

12.98 

1.85 

2.25 

1.26 

4.46 

8.84 

11.16 

Total = 100.00 446.05 

b) Metal: Dissolution residues give rise to an additional 3.12 g/1 of solution of 

metal which are imprisoned as metal and not as oxides. These are, in g/1 of 

solution: 
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Ru = 1.68 

Tc = 0.38 

Sn = 0.01 

Rh = 0.30 

U = 0.14 

Pd = 0.6 

Pu = 0.01 

Total = 3.12 g/1 

Other residues of dissolution or assembly shearing are oxidized in the 

calcination and therefore included in the previous tables as oxides, in the FP 

oxides: 

Mo03 = 2.36 g/1 and Zr02 = 2.04 g/1 

3 3 
Assuming that 0.108 m /MTHM of glass is produced, i.e. for 0.661 m of 

3 
reprocessed solution, the following composition of the glass is found,in kg/m of 

glass (Table B.2). The calculated density of glass is: 

(446.05+3.12) x ^||| = 2 749 kg/m3 

i.e. close to the reference 2 750 kg/m . 

TABLE B. 2. 

3 
Composition of glass, in kg/m 

sio2 = 

A1203 = 

B 20 3 = 

Na20 

CaO = 

FP oxides = 

Act. oxides = 

1,241.39 

133.97 

382.83 

269.05 

110.29 

307.12 

23.32 

Total = 

Fe2°3 = 

NiO = 

Cr203 = 

P 2 O 5 = 

Zr02 = 

Li20 = 

ZnO = 

Metal = 

2 749 kg/m3 

79.44 

11.32 

13.77 

7.71 

27.30 

54.10 

68.30 

19.10 

The resulting nominal composition of waste in the glass, given in oxides, is 
3 

22.24%, i.e. the sum of FP oxides to metal (611.48 kg/m ). 

The % of FP oxides is 11.17% 

The % of actinide oxides is 0.85%. 
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The composition in fission products and actinides is first given in weight 
3 

of metal per ra of glass while specifying t'.na amount of oxides and metal. The 

weight of oxides is also given in Table B.3. 

TABLE B.3. 

Composition of the glass in fission products and actinides 

Element 

Se as 

Rb as 

Sr as 

Y as 

Zr as 

Nb as 

Mo as 

Mo as 

Tc as 

Tc* as 

Ru as 

Ru as 

Rh as 

Rh* as 

Pd as 

Pd* as 

Ag as 

Cd as 

Se02 

Rb203 

SrO 

Y2°3 
Zr02 

Nb203 

Mo03 

Mo03 

Tc02 

metal 

Ru02 

metal 

Rh203 

metal 

PdO 

metal 

Ag20 

CdO 

Meta3 

kg/m 

0.506 

3.259 

7.696 

4.276 

33.315 

0 

21.263 

9.609 

5.222 

2,326 

9.694 

10.282 

2.683 

1.836 

7.896 

3.672 

0.709 

0.718 

Oxide 
kg/m 

0.713 

3.565 

9.102 

5.426 

45.009 

0 

31.926 

14.444 

6.907 

-

12.833 

-

3.306 

-

9.102 

-

0.759 

0.824 

In 

Sn 

Sn 

Sb 

Te 

Cs 

Ba 

La 

Ce 

Pr 

Nd 

Pm 

Sm 

Eu 

Gd 

Tb 

Dy 

Element 

as 

as 

as 

as 

as 

as 

as 

as 

as 

as 

as 

as 

as 

as 

as 

as 

as 

ln203 

Sn02 

metal 

sb2o3 

Te02 

Cs02 

BaO 

La20
3 

Ce203 

Pr2°3 

Nd2°3 

Pm2°3 
Sm203 

Eu2°3 
Gd203 

Tb2°3 
Dy203 

Metal 
kg/mJ 

0.014 

0.396 

0.061 

0.079 

4.376 

33.231 

14.824 

11.157 

21.648 

10.269 

37.167 

0.611 

7.380 

1.205 

0.711 

0.017 

0.008 

Oxide 
kg/tn 

0.019 

0.500 

-

C.093 

5.472 

35.231 

16.556 

13.083 

25.352 

12.019 

43.370 

0.713 

8.556 

1.398 

0.824 

0.019 

0.009 

from dissolution residues. 

3 
Total oxides = 307.130 kg/m Total FP metals = 18.177 kg/m" 

Element 

U as U02 

U as metal 

Np as NpO-

Pu as Pu02 

Metal kg/m 

12.608 

0.857 

4.039 

0.270 

Oxide kg/m 

14.322 

-

4.529 

0.306 
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Pu as metal 

Am as AraO-

Cm as jtnO« 

0.061 

3.427 

0.216 

3.917 

0.245 

3 3 
Total oxides - 23.319 kg/m Total metal » 0.918 kg/m 

B.2.1.2. Activity (g-y) of the glass related to the fission products, at the 

time of vitrification and afterwards, in Ci/MTHM, for elements of significant 

half-life is shown in Table B.4. 

TABLE B.4. 

Activity (g-y) of the glass related UJ fission products 

^ > > v s v ^ Tl»t/yi»r 

N u e l t d M - v ^ ^ 

"s. 
MSr 
90Y 

»32r 

"Tc 

' M «u 

'MKh 

"»Pd 

" ° " A , 
l 2 6S« 
125Sb 

'""jb 
l 3 *C. 
1 3 S C. 
1 3 'c . 
lVmU 

'**C 

'**Pr 

'* 7 P. 
1 S 1 S . 
1S*I« 
1 S 5Iu 

Totil b<ta-i*MM 
•etlvlcy 

0 

3.28x10'' 

6.68x10* 

6.68x10* 

1.79 

1.38x10' 

4.76x10* 

4.76x10* 

1.03x10'' 

1.3U103 

5.76x10'' 

2.69xl03 

5.76x10"' 

3.57x10* 

1.51 

9.56x10* 

9.05x10* 

3.06x10* 

3.06x10* 

6.11x10* 

*.04xl02 

4.l5xl03 

S.16xl0} 

5.«7xl05 

1 

3.28x10"' 

6.52x10* 

6.52x10* 

1.79 

1.38x10' 

2.39x10* 

2.39x10* 

1.03x10'' 

4.76xl02 

5.76x10'' 

7 09xl03 

2.55x10* 

1.51 

9.34x10* 

8.84x10* 

1.40x10* 

1.40x10* 

4.69x10* 
4.00x10* 

*.47xl03 

4.48xl03 

*.72xl05 

3 

3.28xl0*a 

6.22x10* 

6.22x10* 

1.79 

1.38x10' 

6.05xl03 

6.05>103 

1.03x10"' 

6.26x10' 

5.76x10"' 

1.27xl03 

5.76x10"' 

1.30x10* 

1.51 

8.71x10* 

8.24x10* 

2.95xl03 

2.95xl03 

2.76«10* 

3.94x10 

3.80xl03 

3.39xl03 

3.74xl05 

5 

3.28x10'' 

5.93x10* 

5.93x10* 

1.79 

1.38x10* 

1.52xl03 

1.52xl03 

1.03x10*' 

8.29 

5.76x10"' 

7.69xl02 

5.76x10"' 

6.64xl03 

1.51 

8.52x10* 

8.06x10* 

6.22X102 

6.22xl02 

1.63x10* 

3.88X102 

3.24xl03 

2.56xl03 

3.18X105 

10 

3.28x10"' 

5.26x10* 

5.26x10* 

1.79 

1.38x10' 

4.9U101 

4.91X101 

1.03x10"' 

5.25xl0"2 

5.76x10"' 

2.20xl02 

5.76x10"' 

1.23xl03 

1.51 

7.59x10* 

7.18x10* 

1 26X101 

1.26X101 

4.34xl03 

3.74xl02 

2.16xl03 

1.27xl03 

2.63xl0S 

30 

3.28x10"' 

3.27x10* 

3.27x10* 

1.79 

1.38x10* 

5.22xlO"S 

5.22xl0"S 

1.03x10"' 

5.76x10"' 

1.47 

5.76x10*' 

1.49 

1.51 

4.79x10* 

4.53x10* 

2.16xl0"6 

2.16x10*' 

2.20X101 

3.20xl02 

4.32X102 

7.79xlOl 

1.59xl0S 

50 

3.28x10"' 

2.04x10* 

2.03x10* 

1.79 

1.38x10' 

-

1.03x10"' 

5.76x10"' 

9.90X10"3 

5.76x10"' 

1.79xlO*3 

1.51 

3.03X10* 

2.67x10* 

-
-

1.11x10*' 

2.74xl02 

8.62X101 

4.76 

1.00xlOS 

100 

3.27x10"' 

6.18xl03 

6.18X103 

1.79 

1.38X101 

1.03x10"' 

5.;6xl0"' 

5.76x10*' 

-
1.51 

9-SlxlO3 

9.10X103 

1.87X102 

1.53 

4.40X10*3 

3.13x10* 

300 

3.26x10*' 

5.29x10' 

S.29X101 

1.79 

1.38x10' 

1.03x10*' 

5.76x10"' 

5.76x10"' 

1.51 

9.70x10' 
9.18x10' 

4.00XP1 

3.54xl02 

B.2.1.3. Activity (a and g-y) of the glass related to the actinides, at the time 

of vitrification and afterwards, in Ci/MTHM, shown in Table B.5. 
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TABLE B.5. 

Activity (a,p,>r) of the glass related to the actinides 

^h****-**r i«W y«*r 
N u C l l d « « * - - * ^ ^ ^ 

2 0 , p b u > 
2 1°pb ((.) 
2 l 2 p b <p> 
2**pb (0) 
2 l 2 s i ( i ) 
213B1 W 
2**M ( . ) 

1 2 1 0Po 
2 1 2 p , 
214„ 

Po 
2 1 6Fo 
2 1 , P o 
2>v 220Rn 
222P.n 
2 2 4 R . 
2 2 5 R. 
2 2 6 R. 
2 2 >fr 
2 2 5Ac 
22»Th 

"°Th 
2 3 3 P . (8) 
233„ 

2 3 4 u 
236„ 

237Np 
2 3 ,Np (8) 
2 3 6Pu 
2 M Pu 
2 3 , Pu 
2 4 0Pu 
2 4 1P» W 
2 4 2Pu 
241. 

An 
243A» 
2 4 2 c 
243Ca. 
Mto 
2 4 5 C 
2 4 6 c . 

Total 
Alpha a c t i v i t y 

Total 
bata a c t i v i t y 

0 

B.04xl0~3 

B.04xl0"3 

B.05xlO"3 

I.04X10"3 

J.04xl0"3 

J.04xl0"3 

1.06x10'' 

1 .7U10' 3 

I.66xl0"3 

l . 6 3 x l 0 - 4 

1.06X10"1 

i.OlxlO1 

7.32x10"* 

1.13x10* 

1.11 

L . . 

) .66xl0 2 

S.95xl0"3 

7.37xl02 

2.01x10* 

9.60x10* 

1.44x10* 

1.87X103 

I.08x10'* 

5.58xl0"2 

! .75x l0 3 

1.86xl02 

1 

5.60xl0"3 

5.60X10'3 

5.60xl0"3 

5.60xl0"3 

5 .60x l0 ' 3 

5.59xl0"3 

3.06x10'* 

1 . 7 U 1 0 ' 3 

1.61xl0 ' 3 

4.63x10"* 

3.06x10"' 

2.01x10* 

5.74xl0"4 

1.16x10* 

1.11 

2.00 

3 .49xl0 2 

5.»5xl0"3 

7.37xl02 

2.01x10* 

2.03x10* 

1.41x10* 

l.JOxlO3 

2.08x10'* 

5.58xl0"2 

2.61xl0 3 

3.69xl0 2 

3 

2.72xl0"3 

2.72xl0"3 

2.72xl0"3 

2.72xl0"3 

2.72xl0"3 

2.72xlO"3 

3.06x10"' 

1.72xlO"3 

l .76xlO*3 

4 .63x l0 ' 4 

3.06x10'' 

2.01I101 

3.53xlO"4 

1.15x10* 

1.11 

2.37 

3 .17xl0 2 

5 .95x l0 - 3 

7.35X102 

2.0U1O1 

9.07x10"' 

'..34x10* 

1.67X103 

2.08x10'* 

S.SSxlO'2 

2.45xl0 3 

3.38xl0 2 

S 

1.33xl0"3 

1.33xl0"3 

1.33xl0"3 

1.33x10"3 

I .33xl0" 3 

l . 3 3 x ! 0 ' 3 

3.07x10"' 

1.72xl0"3 

1.82xl0"3 

4.64x10"* 

i .07x10' ' 

I.01x10* 

! .12x10'* 

1.13x10* 

1.11 

2.71 

2.89X102 

S.95x l0 ' 3 

7.34xl02 

2.01x10* 

4 .05x l0 ' 2 

1.28x10* 

1.55xl03 

2.08x10"' 

S.58xl0"2 

! .33x l0 3 

1.09I102 

10 

2.33xl0"4 

2.33x10"* 

2.33X10"4 

2.33X10'4 

2.13xl0"4 

2.33xlO"4 

3.08x10"' 

1.73xlO'3 

1.9.M10"3 

4.64x10"* 

3.08x10"' 

2.01xlO2 

1.09x10* 

1.12 

3.'.5 

2 .28xl0 2 

5.95xl0"3 

7.30xl02 

2.01x10* 

1.13x10* 

1.28X103 

2.08x10"' 

5 .58xl0 ' 2 

2.05X103 

2.49X102 

30 

3.13x10"' 

1.75X10"3 

2 . 5 5 x l 0 ' 3 

4 . 6 7 x l 0 ' 4 

3.13x10"' 

2 . 0 U 1 0 1 

9.31 

1.13 

5.33 

8.90x10* 

5.95xl0"3 

7.12xl0 2 

2.01x10* 

6.95 

5.94X102 

2.08x10"' 

5.56X10"2 

1.35xl03 

1.09X102 

50 

3.17x10"' 

1.78xl0"3 

3.0«xl0" 3 

4.70xlO"4 

3.17x10'* 

2.00x10* 

7.95 

1.15 

6.19 

3.41x10* 

5 . 9 5 x 1 0 ° 

6.91X102 

2.00x10* 

4.28 

2 .76xl0 2 

2.07x10"' 

5.54X10"2 

l .OlxlO3 

5.52x10' 

100 

1.28x10"' 

1 .85xl0 ' 3 

3.96xl0"3 

4.80xl0"4 

3.28x10"' 

1.99x10* 

5.40 

1.18 

6.80 

3.64 

5 .96x l0 ' 3 

6.40xl0 2 

1.99x10* 

1.30 

4.23x10* 

2.06x10'' 

S.SOxlO"2 

7.17xl0 2 

2.39X101 

300 

3.63x10"' 

2.15X10'1 

5.49x'.0"3 

5.-0x10'* 

3.63x10"' 

1.96x10* 

1.11 

1.21 

6.77 

2.04x10"' 

5.98X10'3 

4.65xl0 2 

1.96x10* 

l.OOxlO*2 

2.00xlO'2 

2.03x10"' 

5 .34x l0 ' 2 

4.94xl0 3 

2.01x10* 

Remark: The ac t iv i ty in 235U and 238U i s not included in this Table. I t is 

disregarded in the assessment given the much larger amount of natural uranium 
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contained in the seabed sediments over the first 50 m (see Section 1.2.5.2). The 

activity at time 0 in the glass is of the order of: 

•"u = 3 x 10 Ci/MTHM 
2 3 8U = 5 x 10~4 Ci/MTHM 

Source: Telex M. Jacquet-Francillon (October, 29, 1986). 

B.2.1.4. Variations around the prescribed value: The range of variation of 

the radionuclide content of the glass around its prescribed value is given in 

Table 8.6: 

TABLE B.6 

Maximum possible variations of the quantity of radionuclides 
above or below 

137Cs 
90Sr 

their 

Other FP oxides 

and metals 

U 

Pu 
2 4 1A 

Am 
244Cm 

prescr 

30% 

37% 

31% 

128% 

38% 

45% 

180% 

ibed value 

(Factor 
/ ii 

/ II 

( " 

( " 

( " 

( " 

per 

of 
II 

II 

ti 

ti 

II 

II 

canister 

1.3) 

1.37) 

1.31) 

2.28) 

1.38) 

1.45) 

2.80) 

Source: CEA. Specification des dttchets vitrifies produits dans les usines UP2 et 

UP3 de La Hague, 2eme s£rie, Mars 1986. 

B.2.1.5. Elements which are present in the spent fuel and not in the glass: 

They are mainly: 
1 2 9I = 0.1695 kg/MTHM 

or 2.993xl0-2 Ci/MTHM 

3 * 
or 1.569 kg for each m of glass 

-1 3 
or 2.771x10 Ci for each m of glass 

half-life - 1.57x10 years 

85Kr - 9.291xl03 Ci/MTHM or *.603xl04 Ci for each m3 of glass* 

half-life • 10.8 years 

C (activation product of impurities in fuel and cladding, and oxygen present 

in fuel) 

The figures come from the French inventory of the LWR fuel with the same burn-
up, prior to reprocessing. 
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2.12 Ci/MTHM given by US-DOE 

1.35-2.85 Ci/MTHM given by the CEC (Bush, R.P. et al., 1983) 

0.4 Ci/MTHM given by SSI (Sweden) for a burn-up of 28.5 GW.d(th)/MTHM 

(+ 162 for 33 GW.d(th)/MTHM). Ref. Sakerhetsrapport for Clab, Bilaga, 

6-1 (1983). 

half-life = 5 740 years. 

Other activation products, but with very short half-lives, not considered 

are: 

51Cr, 54Mn, 58Co, 60Co, 124Sb, 182Ta, 63Ni 

In the assessment, the two significant elements ( I et C) are considered 

to be incorporated into a matrix having the same resistance to leaching as the 

glass, although it is known that they are volatile and more easily released to 

the atmosphere. 

B.2.2. Waste leaching 

B.2.2.1. Evaluation of the degradation rate of the glass (information pro

vided by the NFTG): Very few data exist in the literature on the leaching and 

corrosion of borosilicate glass in sea water. Only comparisons with leaching in 

distilled water or tap water can be found, showing that in sea water the leaching 

rate is the same or, at maximum, increases by a factor of 2. 

In the JRC laboratory of the Commission of the European Community, two types 

of tests have been performed. A series of tests have been made at 40, 70 and 90"C 

in a closed system putting the glass (1 117, which is not identical to the French 

glass R7/T7) in contact with synthetic sea water. Moreover tests have been 

conducted with the glass in contact with carbonaceous sediments (CV2) (see Vo

lume 8). 

From the tests in sea water it appears that at first the glass degradation 

This figure comes from the amount of Cs in Table B.4 and from the ratio of 
134 14 the Cs to C annual production rate determined from Table 1.17 (inventory of 

nuclides in spent fuel at the end of year 1983). 
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proceeds linearly with time. After a certain period, however, the degradation 

decreases and seems to follow a power law with a coefficient of 0.33 showing that 

the degradation rate is limited by saturation effects and reprecipitation of some 

complex silicates. In contrast, for the tests performed with the sea sediments in 

contact with the glass, only the first linear part is observed, even if the tests 

last for up to 200 days. This effect is attributed to the fact that the silica, 

released by the glass, is adsorbed by the sea sediments so that no saturation 

effect of reprecipitation occurs. 

It has to be noted that the value of the degradation rate obtained when the 

glass is in contact with the sediments is in excellent agreement with the value 

obtained at the beginning of the test in sea water. 

It is clear that if the leaching time is increased at a certain moment, the 

sediments will exhaust their capacity of adsorbing silica so that a situation 

will emerge similar to that found in the pure sea water. It is also possible that 

the degradation of the glass will be dominated by silica diffusion in the satura

ted sediments. However, the necessity to stop the tests has made it impossible to 

determine which mechanism will be dominant in the long term. Consequently we will 

assume, as a conservative assumption, that even for long periods the degradation 

of the glass increases linearly with time. 

With the 1 117 glass, the following relationship has been experimentally 

obtained: 

W = 2.72 x 103 x t x exp(9.95xl03/RT) 

2 
where W is the cumulative degradation weight losses in kg/m ; 

t is the leaching time in days; 

R is the universal gas constant (1.98 cal/mol.K); 

T is the absolute temperature in degrees Kelvin; 

which gives, for a temperature of 4°C, a degradation rate: 

K = 3.6xlO~5 kg/m2.d 

With the glass SON 68, only a test at 50°C in the presence of the sediments 
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FIGURE B.2 
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has been performed. The K value obtained is of the same order of magnitude. 

Source; F. Lanza, NFTG Lead correspondent, letter, 23/07/1986. 

B.2.2.2. Simplified model used in the previous RATG assessment: So far, a 

constant leach rate of waste from the glass ?.as been used by the RATG, assuming 

congruent dissolution: the glass block is said to be fractured with a surface 

area ratio of 5 with respect to an unfractured block, and the leach rate is 
-4 2 

3.6x10 kg/m .d. Each block of glass is assumed spherical, and its surface 

therefore decreases with time as it dissolves. All the glass is leached in 1 000 

years after canister failure. The release of radionuclides is directly propor

tional to the amount of glass being leached. 

Source: RATG report on the Interim Meeting held at the National Radiological 

Protection Board, Harwell, Oxon, UK, September, 22-26, 1980 (November 1980). 

Included in SWG-6th, 1981 (RATG, 1980). 

B.2.2.3. Leach rate given by COGEMA: The specifications of the leach rate 

given by COGEMA for the AVH R7/T7 glass are, in fresh water: 

at ambient temperature 

and atmospheric pressure 

Influence of temperature: 

- for p-Y emittors, the leach rate is increased by a factor of 40 from 25° 

to 100°C; 

- for a emittors, no measurable effect. 

Influence of pressure: not observable up to 100 bars. 

Influence of pH: 

- none between 4 and 11; 

- for pH = 3, the leach rate is increased by 10 for p emittors, and by 

100 for a emittors; 

- for pH = 11, the leach rate is increased by 5 for the {$ emittors. 

for 137Cs = 2xl0~6 kg/m2.d 
90Sr = 1.2xl0~6 kg/m2.d 

1 4 4Ce = 5xl0~7 kg/m2.d 
—6 7 

emittors = 2x10 kg/m .d 
—6 2 

all emittors = 10 kg/m .d 
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-5 2 
leach rate at 4°C for the base case: K=3.6xl0 kg/in .d given in 5 B.2.2.1, 

-3 2 
Soxlhet test: at 100°C, the weight loss is 1.5x10 kg/m .d, with a bracket of 

2 
1.3 to 3.2 kg/m .d. 

Ratio of increase of the fracture surface compared to an intact block: 5 to 6 

(CEA, Mars 1986, Avril 1986). 

B.2.2.4. Final model: After discussion with the NFTG at SWG-llth, May 1986, 

it was decided that the following conservative model would be used 

- leach rate at 4°C f 

constant with time; 
14 129 

- each element included in the glass, as well as C and I, is released at 

the same rate, corresponding to its concentration in the glass (congruent 

dissolution); 

- the reduction of release rate due to possible solubility limits is not 

considered, although this effect could be important for Am, Pu, Np, U and 

the Rare Earths. This is due to the absence of such solubility limit data 

in seabed sediments, and to the possible solubilization of these elements by 

bacterial activity or organic matter present in the sediments, which at 

this stage cannot be ruled out. Solubility limits were considered in a 

sensitivity study by Sandia National laboratories and NRPB; 

- colloids which may form as the glass is 1 Bached are not considered: they 

will be filtered by the sediments and finally dissolved; 

- the glass blocks are assumed to be fractured by the casting and cooling 

process. The factor of increase in the surface of the glass exposed to 

leaching is assumed to be in the range 8-15, with an average of 11. Values 

up to 40 have been reported by the Swedish SSI. To represent this effect, 
3 

one first calculates the nominal outer surface of a glass block of 0.150 m 
2 

(see Section 2.3. for canister specifications). S = 1.75 m /block. This area 
2 

is then increased e.g. by a factor of 11 giving S' = 19.25 m /block. One 
then calculates the number of small spheres and their diameter, so that 

their total outer surface is equal to S', and their total volume to 0.150 
3 

m . Let r be the initial radius of these spheres. One finds 2.803 spheres 

of r = 0.0234 m. One can easily find that the release rate for one sphere as 

a function of time is then: 

dM/dt = -KX4TT (rQ- * t )
2 
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dM/dt = mass of glass dissolved per unit time, 

K = leach rate constant, 

r = radius of one sphere, 

P = mass per unit volume of glass (2.750 kg/m ), 

t = time. 

One finds that the total amount of glass in a canister is leached in 5 000 

years after canister failure. The total release per glass block is given by 

multiplying dM/dt by the number of spheres, i.e. 2 803 for the fracturation ratio 

of 11. 

- For sensitivity or probabilistic studies, the leach rate K will be increased 

or decreased with a uniform pdF by a factor of 10. 

- For abnormal scenarios, where canister failure occurs at a time when the 

wastes are still hot, the leach rate will be a function of temperature as 

specified in § B.2.2.1. 

B.2.3. Canister 

B.2.3.1. Canister specifications; They result from the PAGIS accepted de

sign (Figure 2) as follows: 

Length: 1.35 ra 

Diameter of canister (exterior): 0.43 m to 0.456 m (when the canister is filled) 

Thickness of canister walls: 5 mm 

Quality of steel: stainless steel Z 15 CN 2413 (0.15% C, 24% Cr, 12% Ni) 
3 

Volume of glass: 0.150 m 

Weight of glass: approximately 413 kg 

Weight of canister: approximately 87 kg 

Total weight: approximately 500 kg 
2 

Nominal outer surface of glass block: 1.75 m 

Number of canisters to be disposed of: 73 333. 

Source: "Specifications des de'chets vitrifies produits dans les usines UP2 et UP3 

de La Hague, 2eme s£rie, Mars 1986", CEA. 

B.2.3.2. Penetrator design 

Length: 8.5 m 
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Diameter (exterior): 0.65 m 

Thickness: 75 mm 

Number of canisters per penetrator: 5 

Quality of steel: mild steel 

Filling of voids: probably lead 

Total weight: 15 to 20 t 

Number of penetrators to be disposed of: 14 667 

Average distance between penetrators: 180 m 

Source: ESTG at SWG-llth, May 1986. 

B.2.3.3. Canister corrosion and failure rate 

a) Tests conducted at JRC in Ispra: The corrosion rate of mild steel, at 30°, 

50eC and 90°C in CV2 sediments, in anoxic conditions, gives: 

AW = 765 exp (-9080/RT)t 

2 
with AW: specific cumulative weight loss of steel, kg/m 

R: perfect gas constant, 1.98 cal/raol.K 

T: temperature, Kelvin 

t: time in days. 

The influence of radiolysis is believed to be negligible below 100°C (ref. 

G. Marsh, UKAEA) and is not considered. Pit corrosion is not relevant for mild 

steel. 

Source: F. Lanza, NFTG Lead correspondent, July 1985, JRC Ispra, confirmed July, 

27, 1986. 

b) Proposed distribution of failure rate: The thin stainless steel canister is 

not considered as a barrier and is disregarded. 

To estimate the expected lifetime of a penetrator, we have assumed that the 

temperature distribution at the contact between sediment and steel rises to 210°C 

shortly after emplacement and then decays to 150°C at 20 years, 100°C at 40 

years, 50°C at 90 years, 25°C at 200 years, 10"C at 600 years and reaches 4°C at 

around 1 700 years. This temperature history, calculated by the RATG, is approxi-
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mately valid for an initial heat load of the penetrator of 4 kW, which corres

ponds to 33 year-old waste. Since the plan is to dispose of 50 year-old waste, 

this temperature history is considered conservative and allows for the effect of 

some radiolysis during the early yetrs after disposal. 

If the corrosion of the 75 mm thick penetrator were to take place at 4°C, 

its expected lifetime would be around 30 000 years. With the temperature history 

given above, using the temperature-dependent corrosion rate, its expected life

time is 9 800 years, but this life time is very sensitive to the corrosion rate. 

For instance, if this rate is increased by 20% and the prescribed temperature 

history used, the life time of a canister is reduced to 4 600 years. 

Based on these results, for the deterministic base case, the canister life 

time will be taken to be a truncated Gaussian distribution with the following 

parameters: 

Mean = 5 000 years, 

Minimum = 300 years, 

Maximum = 10 000 years, 

Standard deviation = 1 500 years. 

For probabilistic studies, the mean will be a random variable with uniform 

distribution, between 3 000 and 20 000 years, and the standard deviation will be 

kept constant at 1 500 years, with a minimum life time of 300 years. 

In an "accident" situation, however, the case of immediate canister failure 

will also be considered. 

B.3. Sediment properties 

For both Great Meteor East (GME) and the South Nares Abyssal Plain (SNAP), 

the penetration depth is 50 ± 20 m (in the base case scenario). The definition of 

the properties of the sediments is therefore required not only down to 50 m, but 

much further down to allow for vertical downward diffusion of elements in the 

sediments. Some models consider a depth of 100 m, others down to infinity. In all 

cases, the properties of the sediments are given from 0 to 30 m which, is the 

length of the longest cores, and assumed to remain identical below that depth in 
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order to allow for this downward diffusion. 

For both areas, a 22x22 km disposal "box" will be considered, with an 

average distance between penetrators of 180 m. 

B.3.1. Models of transfer in the sediments in the base case 

B.3.1.1. A major assumption in the calculation of radionuclide transport in 

the sediments is the existence or absence of an advective velocity. Based on the 

observations made on the ESOFE cores, it will be assumed in the base case that 

there is no advective velocity in the sediments. It was indeed found from the 

geochemical profiles that no such velocity exists at present with a detection 

limit estimated at 3x10 m/a. Furthermore, if a velocity existed below this 

detection limit, it would result from large-scale geothermal convective cells in 

the sediments, and would therefore be oriented downward and upward periodically, 

with a zero average. Finally, RATG sensitivity studies have shown that advective 
_3 

velocities in the range 10 m/a have a small effect on the net transport 

compared with molecular diffusion. Advective velocities will thus only be consi

dered in abnormal situations (see Section B.3.A and B.5). It has also been shown 

by the RATG that the effect of advective velocity created by the thermal convec

tion due to the heat load of the waste can be neglected in the base case. 

The only migration mechanism in the sediment is therefore molecular diffu

sion, and in the sediment description the emphasis is thus put on the porosity 

values, which control the molecular diffusion coefficient, and on the distribu

tions coefficients, which control the adsorption and retardation of the radio

nuclides. 

The diffusion equation for an individual nuclide in a chain is written: 

div (D grad C) = (1+^2 pK,)(|£+AC) - (1+—?- pK')A'C' 
m n d dt n d 

2 -1 
where D : isotropic molecular diffusion coefficient in the sediment (L T ) 

m ~ 

C: concentration (in moles/m ) of nuclide in question, 

C': concentration of precursor nuclide in the chain, 

A,A': decay constant of nuclide and precursor (0.693/half-life), 

n: porosity, 
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p: mass per unit volume of the sediment particles (2 600 kg/m ) , 

K ,K': sediment distribution coefficient of nuclide and precursor, if diffe

rent. 

The K. approach assumes that adsorption of the nuclides on the sediments is 

instantaneous, reversible, and that the isotherm is linear. The latter assump

tion may be invalid for caesium (see below) for which the K. appears to be 

concentration-dependent. 

This equation is usually written in terms of activity instead of concentra

tion, with the following relationship: 

A = ANC 

A: activity of the radionuclide, Bq/m 

A: decay constant, 0.693/half life, 
23 

N: Avogadro's number, 6.023x10 , 
3 

C: concen t ra t ion , mol/m . 

One then f inds : 

div (D grad A) = (1-i i lS pK.) ( f~*A) - ( l 4 = H pK')AA' m n d d t n d 

where the "prime" denotes the precursor. Note that the last terra in the equation 

is multiplied by A and not by A'. The last term on the right-hand side is can

celled if there is no precursor of the transported element. 

If an advective velocity is added to the system (in abnormal situations), 

the left-hand side of the equation for concentration or activity becomes: 

div (D grad C-uC) = .... etc 

where D is the dispersion tensor. Its principal components are in the 

direction of the velocity vector u, called the longitudinal di

rection (£) and in two directions orthogonal to u, called the 

transverse direction (t). In these directions, the dispersion 

tensor is diagonal and its coefficients are generally assumed to 
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be linear functions of the module of the velocity vector u: 

+ D_ 

Dt = aju 
m 

+ D 
m 

D : isotropic molecular diffusion coefficient, 
m 
a : longitudinal dispersivity, [L],assumed value: 0.1 m, 

a : transverse dispersivity, [L], assumed value: 0.01 m. 

u is the pore water velocity related to the filtration or Darcy 

velocity, U, by u = - (n: porosity). 

The molecular diffusion coefficient D in the sediments is linked to the one 
m 

in water by: 

2 
D = D n if n > 0.7 
m o — 

= D n if n < 0.7 
o 

n = porosity. 

This is based on an empirical relationship between porosity, tortuosity, 

formation factor and diffusion coefficients established by W.J. Ullman and R.C. 

Aller (1982) referenced by the SBTG. 

Since the porosities in the sediments will precisely be around 0.7 and to 

ensure continuity in the variation of the diffusion coefficients with porosity, a 

unique relationship will be used: 

D - D n 1 ' 5 
m o 

for all porosities. 

The molecular diffusion coefficient D is known for a large number of ions, 

after the work of Y.H. Li and S. Gregory (1974), Table B.7. 

The temperature dependence of D is given by the Stokes-Einstein relation 

which holds for ions diffusing slower than fluoride: 

_0 0 

Tl " T2 
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with n: kinematic viscosity 

T: temperature Kelvin. 

TABLE B.7 

Tracer and self diffusion coefficients of ions at infinite dilution 

Cation 

H+ 
Li+ 
Na+ 
K+ 
Rb+ 
Cs+ 
NH4+ 
Ag+ 
T1+ 
Cu(OH)+ 
Zn(OH)+ 
Be*+ 
Mg»+ 
Ca*+ 
Sr«-
Ba«+ 
Ra*+ 
Mn»+ 
Fe**-
Co«-
Ni«+ 
Cu**-
Zn«+ 
Cd** 
Pb*+ 
UO.H-
Sc»+ 
Y * 
La** 
Yb3* 
Cr* 
Fe**" 
Al»+ 
Th*+ 

Df 
(10 - ,cm ,/sec) 

0°C 

56-1 
4-72 
627 
986 

106 
106 
9 80 
850 

106 
— 
— 
— 
3 56 
373 
3-72 
404 
402 
305 
341 
341 
311 
341 
335 
341 
456 
— 
— 
260 
2-76 
— 
— 
— 
236 
— 

18°C 

81-7 
8 6 9 

113 
167 
17-6 
17-7 
168 
140 
170 
— 
— 
364 
5 94 
6 7 3 
6 7 0 
7 1 3 
7-45 
5-75 
5-82 
5 7 2 
5-81 
5-88 
6-13 
6 0 3 
7-95 
— 
— 
— 
6 14 
— 
3 9 0 
5 28 
3 4 6 
1-53 

25°C 

93 1 
103 
133 
19 6 
206 
207 
198 
166 
20 1 

8-30 
8 54 
585 
705 
7 93 
794 
848 
889 
688 
719 
699 
679 
7-33 
715 
717 
945 
426 
5-74 
550 
017 
582 
594 
607 
559 
— 

Anion 

OH-
F-
ci-
Br-
I-
i o , -
HS-
Sl~ 
HSO,-
so4»-
Se04*~ 
NO,-
NO,-
HCO," 
co, a -
H,P0 4 -
HP04»" 
HP4*" 
H 2As0 4-
H,Sb0 4 -
Cr04*~ 
Mo04»-
wo4»-
T 0 . -

c 4 

(10 

0°C 

256 
— 

10-1 
10-5 
103 
505 
9-75 
— 
— 
500 
414 
— 
978 
— 
439 
— 
— 
— 
— 
— 
512 
— 
427 

— 

D? 
6 cm'/sec) 

18°C 

44-9 
121 
17-1 
17-6 
17-2 
8-79 

14-8 
6 95 
— 
8-90 
8 45 

15-3 
161 
— 
7-80 
715 
— 
— 
— 
— 
9-36 
— 
7-67 
— 

* K. Schwochau, 1983 

25°C 

52-7 
14 6 
20-3 
2 0 1 
200 
10-6 
17-3 
— 

133 
107 
946 

191 
190 
11-8 
9 55 
8-46 
734 
6 12 
905 
8-25 

11 2 
991 
9-23 

14.8* 

For ions diffusing faster than fluoride (14.6xl0~ cm /s at 25°C) the rela

tion is: 

DV = DV 
o o 
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The above expression holds for freshwater at normal pressure; for seawater, 

one can correct for the viscosity of seawater by the relation: 

. _ 0.92 at 25°C 
nfresh/nseawater, 35Z ~ 0.95 at 0°C 

One can also correct for the effect of pressure by the following expression 

for seawater at 0.84°C: 

^600 atm/nl atm = °'965 

The following values are also known for the kinematic viscosity of seawater: 

_6 2 0°C 4°C 5°C 10CC 15°C 20°C 25°C 
,c in 10 m /s 

seawater, 35 l g ]#64 Uf> 1 A 1>2 1 A Q ^ 

From these data it is possible to calculate the molecular diffusion coeffi

cient in seabed sediments at 4°C. For instance, take the case of caesium in a 

sediment at 4°C, porosity 75%. We find in Table B.7: 

-10 2 
D„ freshwater, 0°C = 10.6x10 m /s 
o 

D Q saltwater, 0°C = 10.6xl0_1°x0.95 = 10.07xl0_1° m2/s 

D„ salt water, 4°C = 10.07xl0_1°x|4r = H.05xl0~10 m2/s 
0 -10 !'64 -10 2 

D Q , same, 600 atm = 11.05x10 xl/0.965 = 11.5x10 m /s 
D , same, porosity 0.75 = 11.5xl0~10x(0.75) = 7.5xl0~10 m /s 

2+ 
For actinides, the values of U0» can be used in the Table. For elements 

not included in Table B.7, the D value will be selected according to the valence 
7 o 

of the ion, which can be seen as the major factor influencing the diffusion. 

The models used to solve the above transport equations are: 

- TRION (SNL), semi-infinite or finite medium, in cylindrical coordinates 

with radial boundaries, analytical solution, in 1 or 2 dimensions. 

- COLUMN (JRC), THROUGH-ID (NRPB), SEDIMENT (EMP) are one-dimensional with 

finite boundaries and numerical solution. 

- METIS (EMP), THR0UGH-2D (NRPB) arc two-dimensional with radial (or planar) 

coordinate system and finite boundaries. The solution is numerical. 
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Intercomparison studies of these models have been made (see RATG annual 

report for 1985 and RATG interim meeting report, February 1986). 

When the solution is analytical, an average constant value of the coeffi

cients in the equations must be used. 

When the solution is numerical, the values of the coefficients can be made 

variable from one mesh to the next, e.g. over the vertical. 

B.3.1.2. Description of the sediment models 

- TRION (SNL-US) is a computer program using analytic solutions to two-dimen

sional, axi-symmetric diffusion/convection equations for nuclide transport 

from a point or vertical line source in an isotropic saturated porous medium 

with one zero concentration and one impermeable boundary. These equations 

form the core for the TRION series cf analytic computer programs that are 

being used to analyse nuclide transport in ocean sediments. The two major 

programs predict concentrations in the sediments, fluxes and integrated 

fluxes from the surface, compute potential radiological dose and compare 

the results with specific criteria for single nuclides or complete invento

ries. Options and special application programs add vertical fluid velocity, 

solubility limited release, concentration-dependent distribution coeffici

ents, two-layered media, two-dimensional diffusion in the vicinity of an 

open fault, and two-dimensional flow caused by compaction near an open 

fault. 

For TRION calculations of the SNAP site, single-layer mildly reducing sediment 
3 

was assumed. An average dry bulk density of 1066 kg/m and a porosity of 
3 

0.59 were used. A dry bulk density of 650 kg/m and a porosity of 0.75 were 

used for the surface compartments (this concerns MARINRAD, Chapter B.4.). 

The non-sorbing diffusion coefficients used in TRION were: 

Tc = 1.34xl0"2 m2/a 

I = 2.11xlO"2 m2/a 

Cs = 2.14xlO~2 m2/a 
-3 2 

All actinides = 4.54x10 m /a 

All others = 9.47xl0~3 m2/a 
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- COLUMN (Bo, 1978) is a one-dimensional transport code for modelling migra

tion in saturated porous media, which accounts for advection and disper

sion, decay and retention. It uses a finite difference technique with an 

explicit scheme and a set of grid points which move with the velocity of the 

migrating species. In this way the stability problem due to the hyperbolic 

part of the transport equation is greatly simplified and the computing time 

shortened. This code has been successfully compared with other similar 

codes within the INTRACOIN project (ref. INTRACOIN, 1984). 

- THROUGH: The PAGIS calculations use versions of the THROUGH codes to model 

the migration of radionuclides through the sediments. In the best estimate 

calculations, the two-dimensional version THROUGH-2D was used, in the un

certainty analysis the one-dimensional version THROUGH-ID was used. The 

THROUGH codes, developed by Polydynamics Ltd., are finite difference codes 

for the solution of the equations for radionuclide transport in porous or 

quasi-porous media, for both saturated and unsaturated flow. The codes 

predict the rates of transport of radionuclides within a porous material 

than can be divided into a number of zones with different properties. The 

processes modelled are convection, dispersion, sorption and radioactive 

chain decay. The code can take into account either linear equilibrium sorp

tion or non-equilibrium sorption. THROUGH-ID can also model saturation, 

dissolution and precipitation of all nuclides under local element or nucli

de specific saturation limits. THROUGH-2D can also model fluid motion, 

transport of heat and of dissolved chemical species in large concentrations 

as well as trace amounts. In both codes the release to the far-field was 

represented by an injection source into the grid and zero concentration 

boundary conditions were used at the sediment-water interface. Both codes 

use first order differencing with a hybrid difference scheme in space and 

implicit time differencing. Either a direct or iterative solution can be 

specified and the space discretisation can be irregular. 

- METIS is a finite element isoparametric code developed by P. Goblet at Ecole 

des Mines (France). Two- or three-dimensional versions are available with 

plane or axi-symmetric geometries. The code solves both for the velocity 

field including convective cells due to buoyancy flow and for the concentra

tion of elements. The code handles chain decay, linear or non-linear sorp-
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tion isotherms, first-order kinetic sorption and reversible or irreversible 

sorption. Porous media and fractured media can be simulated. The code METIS 

was included in the migration model intercomparison exercise INTRACOIN (1984). 

- MARIAH/IONMIG code (SNL/US) is a combination of two-dimensional numerical 

programs to predict heat transfer, convection and diffusion in the sedi

ments. Sediment and waste properties can vary with location, time and as 

functions of computed variables. Although these programs are much more 

versatile than TRION, they require more programming and computer time and 

IONMIG handles only one nuclide per run. 

- SEDIMENT code is a one-dimensional finite difference model developed at 

Ecole des Mines de Paris for the solution of the equation for radionuclide 

transport in saturated porous media. The processes modelled are convection, 

dispersion, sorption and radioactive chain decay. Time steps are automati

cally adjusted. A great variety of boundary conditions can be adopted. The 

data used in this model are described in Section B.3.1.1. and in the next 

chapters. 

B.3.2. Sediment physical properties 

B.3.2.1. Great Meteor East (GME): The sediments can be described as a succession 

of horizontal layers defined by the following module: 

Thickness (m) 

Calcareous turbidites 2.0 

Silt turbidites (base) 0.1 

"slagic sediments 0.1 

Total 2.2 

This module repeats itself probably down to several hundred meters. 

The porosities are determined from the ESOPE cores 10 and 37 and are not 

differentiated between lithologic types as the calcareous turbidites are clearly 

dominant and variations between the lithologir types are not extreme (10-15%). 

Depth 

0-6 m 

6-100 m 

Range in porosity 

0.75 <n <0.85 

0.55 <n <0.75 

Average 

0.8 

Estimated porosity 
gradient 

-0.002 n/tn 
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At 35 m, n = 0.70, and a minimum porosity of 0.25 should be expected for shales 

occurring at some unknown depth (300-400 m). 

For the calculations, we use: 

Depth Deterministic 
Probabilistic range 

(uniform pdF) 

0-6 m 

6-100 m 

n = 0.85 exp (-0.023z) 

n = 0.75 exp (-0.002z) 

n + 10% 

where z is given ir m below sea bottom. 

B.3.2.2. South Nares Abyssal Plain (SNAP): The successive layering is the 

following: 

Turbidite clays 

Fine grained silts 

Total 

Thickness (m) 

0.23 

0.02 

0.25 

Again this module repeats itself probably down to several hundred meters. 

The porosity is found to vary a great deal over small depth intervals (few 

centimeters) up to 30%. The results are: 

Lithologic type 

Turbidite clays 

Fine grained silts 

Average combined 
lithology 

Depth 

0-3 m 

3-100 m 

50 m 

0-3 m 

3-100 m 

3-100 m 

Range in porosity 

0.75 < n < 0.80 

0.45 < n < 0.75 

0.60 

0.50 < n < 0.60 

0.25 < n < 0.65 

0.40 < n < 0.65 

Estimated porosity 
gradient 

-0.0025 n/m 

-0.004 n/m 

-0.0035 n/m 
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TABLE B.8 

Summary of geological stability and sediment barrier 
capacity characteristics for Great Meteor East 

and the Southern Nares Abyssal Plain 

CME SNAP 

WATER DEPTH 

SEDIMENT THICKNESS 

FAULTS 

LATERAL VARIABILITY 

STRATIGRAPHY 
Carbonate content 
Deposition rates 
Bulk rates 
Pelagic rates 

CEOTECHNICAL PROPERTIES 
Crain size 
Turbidite bases 

Mean diameter range 
Extreme 

Turbidite fines 
Mean diameter range 
Extreme 

Pelagics 
Mean diameter 
Extreme 

Bulk clay content 
(CaCo, free) 
Porosity 

Turbidites 
Pelagics 

Water content 
Turbidite bases 
Turbidite fines 
Pelagics 

Bulk density 
Turbidite bases 
Turbidite fines 
Pelagics 

Permeability 
Turbidite bases 
Turbidite fines 
Pelagics 

Shear strength 
Turbidites bases 
Turbidites fines 
Pelagics 

BIOTURBATION 

ORGANIC CARBON 
Range 
Extreme 

5430-5450 m 

250-1750 m 

Well defined 

•v 100 km 

54.7% + 14.6% 

'- 10.5 cm/1000 y 
0.2-0.6 cm/1000y 

16-200 urn 
450 pm 

3-16 Mm 
> 35 Mm 

2.5-4.5 Mm 

10-30% 

60-75% 
65-70% 

55-85% 
100-120% 
50-150% 

1.6-1.7 Mg/m3 

1.43 Mg/m3 

1.4-1.5 Mg/m3 

10~"-10"5 cm/sec 
10"* cm/sec 
5*10"6-5<10"7cm/s 

10-20 kPa 
2-14 kPa 
35 kPa 

5-50 open burrows 
per 100 cm2 

0.0-1.6% 
1.6% 

5840-5890 m 

300-1000 m 

Poorly defined but present 

1-5 km 

5-15% 

> 10 cm/1000 y 
2.0 cm/1000 y 

10-14 Mm 
'.0 um 

-3 Mm 

' Mm 
: Mm 
(0% 

40-60% 
75-80% 

25-75% 
40-90% 
60-160% 

1.6-1.9 Mg/m3 

1.25-1.6 Mg/m3 

10"*-1C_I> cm/sec 
10"*-10"7 cm/sec 
10"7-10"' cm/sec 

2-15 kPa 
2-15 kPa 

i Some open burrows 

0.1-0.5% 
1% 
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The porosity at 50 m is estimated to be 0.55 and, as in GME, a minimum 

porosity of about 0.25 should be assumed at depths below 300-400 m. 

For the calculations we use: 

Average lithology 

0-3 m 

3-100 m 

Deterministic 

n = 0.75 exp (-0.048z) 

n = 0.65 exp (-0.0035z) 

Probabilistic range 
(uniform pdF) 

n + 10Z 

where z is given in meters below sea bottom. 

B.3.2.3. Other physical properties 

Table B.8 provided by the SATG, summarizes the major physical parameters 

characterizing GME and SNAP. 

B.3.3. Geochemical properties of sediments 

Both in GME and SNAP, the sediments are oxidized on the surface and then 

mildly reducing down to the depth of emplacement. Strongly reducing sediments may 

probably be found at depths exceeding 75-100 m. 

At GME, the oxidized zone has a thickness of 0.1 to 1 m. At SNAP, this 

thickness is from 1 to 13 m. In deterministic studies, values of 0.50 m and 3 m 

will be used, respectively, whereas in probabilistic 3tudies the ranges given 

above will be used with a uniform pdF. 

The K.'s for sorption on the sediments do not depend so much on the litholo

gy for the different units (sand, silts or clays, calcareous or not), but rather 

on the oxidation state. Therefore the K.'s were given by the SBTG, for each 

location, for two layers: oxidized and mildly reducing. 

The radionuclides, for which the K.'s are given, result from a preliminary 

screening of the entire list of radionuclides in the inventory (Section B.2), 

performed by Sandia National Laboratories. This screening was done for the base 

case scenario with a 30 m deep emplacement using as a criterion of significance 
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««4 

ELEMENT 

Am 

C 

Cm 

Cs 

I 

Np-

Pd 

Pu 

Ra 

Se 

Sn 

Tc 

Th 

U 

Zr 

lxlO6 

0 

lxlO6 

lxlO2 

1 

2xl03 

5xl03 

2xl02 

lxlO4 

0 

5x104 

0 

lxlO6 

lxlO2 

lxlO4 

GME 
OXIDIZED 

(lxlO5 to lxlO7) 

(0 to 1) 

(lxlO5 to lxlO7) 

(lxlO1 to lxlO3) 

(0 to IxlO2) 

(lxlO3 to 5xl03) 

(0 to 2xl06) 

(lxlO2 to 3xl02) 

(AxlO3 to 4xl04) 

(0 to lxlO4) 

(0 to SxlO5) 

(0 to 1) 

(5xl05 to lxlO7) 

(8X101 to 8xl02) 

(0 to 5xl06) 

K.s PROPOSED BY SBTG 
0 

GME 
MILDLY RECCED 

lxlO6 

0 

lxlO6 

lxlO2 

1 

2xl03 

5xl03 

2xl02 

lxlO4 

0 

SxlO4 

0 

lxlO6 

lxlO2 

lxlO4 

(lxlO5 to lxlO7) 

(0 to 1) 

(lxlO5 to lxlO7) 

(lxlO1 to lxlO3) 

(0 to lxlO2) 

(IxlO3 to SxlO3) 

(0 to 2xl06) 

(lxlO2 to lxlO5) 

(7xl03 to 6xl04) 

(0 to lxlO4) 

(0 to 5xl05) 

(0 to lxlO2) 

(SxlO5 to lxlO7) 

(lxlO2 to lxlO5) 

(0 to 5xl06) 

lxlO6 

0 

lxlO6 

lxlO2 

1 

5xl02 

5xl03 

5x10* 

lxlO4 

0 

5x10* 

0 

lxlO6 

lxlO2 

1x10* 

SNAP 
OXIDIZED 

(lxlO5 to lxlO7) 

(0 to 1) 

(1X105 to lxlO7) 

(lxlO1 to lxlO3) 

(0 to lxlO2) 

(lxlO2 to 8xl02) 

(0 to 2xl06) 

(lxlO4 to lxlO5) 

(4xl03 to 4xl04) 

(0 to lxlO4) 

(0 to SxlO5) 

(0 to 1) 

(5xl05 to lxlO7) 

(8x10* to 8xl02) 

(0 to SxlO6) 

SNAP 
MILDLY REDUCED 

lxlO6 

0 

lxlO6 

lxlO2 

1 

5xl02 

5xl03 

5xl04 

lxlO4 

0 

5xl04 

0 

lxlO6 

lxlO2 

lxlO4 

(lxlO5 to lxlO7) 

(0 to 1) 

(lxlO5 to lxlO7) 

(lxlO1 to lxlO3) 

(0 to lxlO2) 

(lxlO2 to 8xl02) 

(0 to 2xl06) 

(lxlO4 to lxlO5) 

(7xl03 to 6xl04) 

(0 to lxlO4) 

(0 to SxlO5) 

(0 to lxlO2) 

(SxlO5 to lxlO7) 

(lxlO2 to IxlO5) 

(0 to 5xl06) 

OTHER ESTIMATES 

IAEA 247 
PELAGIC OCEAN K.s 

a 

2xl06 (lxlO5 to 2xl07) 

2xl03 (SxlO2 to IxlO4) 

2xl06 (2xl05 to 2xl07) 

2xl03 (5xl02 to 2xl04) 

2xl02 (5X101 to 5xl02) 

5xl03 (lxlO2 to 7xl04) 

5xl03 (lxlO3 to 2xl06) 

lxlO5 (lxlO4 to lxlO6) 

3xl04 (SxlO2 to SxlO5) 

lxlO3 (ixlO2 to lxlO4) 

5xl04 (SxlO3 to SxlO5) 

lxlO2 (lxlO1 vo lxlO3) 

5xl06 .SxlO5 to lxlO8) 

SxlO2 (lxlO2 to lxlO3) 

SxlO5 (lxlO4 to SxlO6) 

See comments in Section B.3.3 

TABLE B.9 

Sediment K.s (ml/g) proposed by Sediment Barrier Task Group 

for use by Radiological Assessment Task Group 



the IAEA release rate limits based on a dumping period of 1 000 years and 1 m Sv 

a dose objective, actual and hypothetical pathways (from IAEA, 1978b. See also 

Section 1.3 and Appendix F.4). 

Only the following elements are found to be potentially significant contri

butors to the doses to man: 

C, I, Se, Zr, Tc, Pd, Sn, Cs, Ra, Th, U, Np, Pu, Am, Cm 

whereas the following ones are not released in any significant way to the envi

ronment even with a zero K., due to their short half-life: 
a 

H, Kr, Sr, Y, Ru, Rh, Ag, Sb, Ba, Ce, Pr, Pm, Sm, Eu 

Table B.9, prepared by the SBTG, therefore only considers the important 

radionuclides and gives the source of the figure used. For comparison, the SBTG 

has also listed the values of K.'s used by IAEA in the Technical Reports series 

n° 247 "Sediment K.'s and concentration factors for radionuclides in the marine 
d 

environment", Vienna, 1985. 

It is important to note that the SBTG values are relevant for the sediments 

below the sea bottom, whereas the IAEA-247 values are to be used only for the 

water column for sorption on the particles contained in the water (see Section 

B.4), above the seabed. These particles contain a larger amount of organic 

matter. However, since the SBTG has expressed some concern on some of the K. 

values proposed in IAEA-247, we will in a sensitivity study compare the effect of 

using the SBTG values also for the water column particles (see Section B.4). 

Two elements need further details: 

î  Tc is assumed to have a zero K. as the conditions are not believed to be 

reducing enough for Tc to be sorbed. However, in a sensitivity study (Section 

3.2.12), other values of K.'s are tested, 

ii) Cs has a concentration-dependent K.. According to personal communications by 
a 

SWG members J. Higgo and F. Lanza, the following figures are given for both 

oxidized and mildly reduced sediments: 
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Cs = 10~9 mol/8. Kd = 102-103 ml/g 

Cs = 10"6 mol/i Kd = 25 ml/g 

Cs = 10~3 mol/4 Kd < 10 ml/g 

The Cs of concern is Cs with a half life of 2.3x10 years. However a large 

amount of stable Cs is also present in the glass. A preliminary calculation of 

the diffusion of stable Cs in the sediments, performed by P. Kane at Electrowatt, 

shows that the concentration peak of Cs in the sediments is of the order of 3x10 

mol/8. It was therefore decided that a conservative value would be used: 

Kd = 20 ml/g (2-200) 

for the deterministic case, instead of the value of 100 given in the Table, with 

the range 2-200 for the probabilistic case instead of the range 10-1000. 

B.3.4. Other sediment properties 

B.3.4.1. Faulting; Faulting is more important at GME than at SNAP. The exact 

density and probability of occurrence of new faults is not available. The hydrau

lic role of faults is also unknown although studies are underway on one of the 

ESOPE cores where a fault was hit. But the preliminary RATG sensitivity studies , 

using conservative assumptions, have shown that if a canister is emplaced at more 

than 100 m from a fault (at 50 m depth), the hydraulic role of the fault has 

little influence on the radionuclide release from the sediments to the ocean. 

In the base case, faults will therefore not be considered. In accident 

scenarios, the potential role of faults will be investigated (see Sections 3.2 

and F.2). 

B.3.4.2. Hole closure; For the base case, a completely closed hole will be 

assumed without sediment property changes. The existence of a disturbed zone or 

even of an unclosed hole will be studied in accident situations (Sections 3.2 and 

F.3). 

B.3.4.3. Fluid velocity; As stated earlier, a zero advective fluid velocity 

will be used in the base case. 
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For accident situations (Sections 3.2 and F.l) , the maximum possible Darcy 

vertical velocity will be taken as 1 m/a. 

This figure of 1 m/a is the maximum possible velocity in unconsolidated 

superficial sediments above which the seepage forces would destroy the sediments 

and push them into the water column, with the following parameters: 
—8 

permeability: 4x10 m/s 

porosity: 0.5 
3 

density of solid particles: 2 600 kg/m 

According to Table B.8 given in Section B.3.2.3, such values are representa

tive of the GME and SNAP turbidites. 

B.3.4.4 Benthic boundary layer: This layer extends approximately 0.10 m 

down into the sediment in the whole Atlantic (bioturbated zone). It plays two 

different roles in the RATG analysis: 

- In the area where the wastes are buried, this 10 cm thickness is of no 

significance compared with 50 m for the release of the radionuclides to the 

ocean, and is not represented. However, it plays a significant role for determi

ning the concentration of radionuclides in the biota living in or above the 

bioturbated zone, and thus also in the food chain. For this reason, the sediment 

model will calculate, for the BTG, the concentration of the radionuclide in the 

sediments and in the pore water of the upper layer of the sediments as well as the 

flux of radionuclides into the ocean. 

- In other areas of the ocean, the bioturbated layer serves as a mixed layer to 

which the sediment particles scavenged from the ocean column bring radionuclides. 

This will be considered in Section B.4. 

- In both cases, the K.'s of the benthic boundary layer are those of the sedi

ments provided by the SBTG (Table B.9) and not of the water column particles as 

given by IAEA-247 (Table B.13). The elements sorbed on the water column particles 

entering into the bioturbated layer are assumed to instantly take the K. of these 

sediments. 

- In the bioturbated layer, bioturbation creates an effective diffusion coeffi-

cient of 7x10 m / s (1.3 to 13x10 ) to which a reduction due to sorption should 

not be applied. 

B.3.4.5. Sedimentation: Sedimentation rates are given in Table B.8 of Sec-
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tion B.3.2.3. Apart from scavenging sorbed radionuclides from the water column, 

sedimentation also buries the radionuclides in the sediments and may prevent 

some radionuclides from ever returning to the biosphere. 

In the base case, sedimentation will, however, only be considered for sca

venging and not for burying at the site for two reasons: i) sedimentation rates 

are not uniform and some long periods (up to 75 000 years) may occur without 

important sedimentation; ii) if sedimentation is considered, then compaction of 

the sediments due to this sedimentation must also be represented, and it has been 

shown that the water movement created by this compaction can annihilate up to 80Z 

of the beneficial effect of sedimentation for non-sorbed radionuclides. 

Ref.: Letter from M. Poulin to P. Kane, August, 8, 1986. 

B.4. Oceanographic data 

B.A.I. Oceanographic models 

B.4.1.1. Mark A: Mark-A is a box model designed by the POTG (interim mee

tings, Fontainebleau 1984, Brest 1986, see Volume 5) to assess the base case 

scenario, i.e. a slow release of radionuclides from the North Atlantic Ocean. 

Fifty-five boxes including sediment boxes are used in this model. Their volumes 

are given in Table B.10. Four areas are considered for the North Atlantic, two of 

them corresponding to a site location, Great Meteor East (GME) in the north

eastern North Atlantic and South Nares Abyssal Plain (SNAP) in the south-western 

North Atlantic (Figure B.3). Nested boxes are embedded in the areas where sites 
2 

are located. The first ono is the site box (75 m by 12x12 km ) and the biggest one 
2 

is called eddy mixing box (500 m high by 250x250 km ). They are sized from the 

local mean eddy diameter and the projected mixing times of the region and desired 

resolution of the results (POTG Interim Meeting Report, Brest 1986). Coastal 

boxes are placed on both sides of the North Atlantic Ocean (Figure B.4). They 

communicate by dispersion only with the North Atlantic boxes. These boxes are 

designed as a preliminary representation of the biological and fish catch activi

ty in the coastal waters (POTG Interim Meeting Report, Brest 1986): advective 

processes are omitted. 

Vertically three or four layers are considered. Particles are produced in 
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the surface layer. Then there are one or two intermediate layers. When necessary, 

the deeper boxes are disconnected in the east-west direction due to the existence 

of the Mid-Atlantic Ridge. Finally there is the fifty meter thick bottom boundary 

layer in connection with a ten centimeter thick sediment bioturbated layer. 

The processes represented in Mark-A are the following: 

a) General advective circulation in the ocean: each box exchanges a prescribed 

flux with the adjacent boxes; this flux is given by the POTG from a set of data 

assembled by Dickson for the 91-box model used in the study (NEA, August 1985). 

The present fluxes between the boxes of Mark-A are given in Table B.ll (Source: 

data provided by SNL to EMP). 

b) Dispersive flux between boxes: A dispersive flux between boxes is also repre

sented to simulate turbulent dispersion. These fluxes are given by: 

AD 
0 ,• = — xdisp L 

2 
where A is the area of the interface, in m , 

. . . 2-1 
D the dispersion coefficient, in m s , 

L the dispersion length, in m. 

Values for A, D and L are given in Table B.12. 

For two boxes exchanging water by dispersion, the mixing length can be taken 

as the mean volume divided by the interface area A. 

3 2 - 1 
D„: horizontal dispersion coefficient = 10 m s 

. . -4 2 - 1 
D„: vertical dispersion coefficient = 1 0 m s 

c) Sedimentation model: A rather elaborate sedimentation and geochemistry model 

has been defined for Mark-A by the POTG (POTG report, January 1384). 

The objective of this model is to represent how radionuclides, which sorb on 

the particulate matter present in the ocean, can be scavenged from the water 

column and brought to the upper sediment layer. They are taken into account in 

the model until they are buried below a depth of 0.1 m by fresh sediments and then 

disregarded. 
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The sedimentation and geochemical model is defined as follows: two classes 

of particles are considered. The largest ones (> 50M) go directly from the 

surface box to the ocean bottom. The smallest ones settle slowly so that they are 

in equilibrium with each intermediate level. As an example, we have written the 

part of the activity balance equation related to sedimentation of small particles 

from a box i to a box j just below: 

dC? 

dt IJ 1 

A..vSP.S 

• ,_ 11 di 
with M- - = —f. — 

IJ Vej 

and Ve. = V-(1+P . V + P * S*) 
I I ai ai 

3 
Ve. is called the effective volume of box i; it includes the particles (m ); 

X _ 1 _ 1 

P,., P.- are the partition coefficients for small and large particles (m kg ); 
di £ ai _3 

S ,S represent sediment load, small and large particles (kg m ); 
2 

A-• is the interface area between box i and box j below i (m ); 
Ĵ -1 

v is the sedimentation rate for small particles (ma ). 

It was also suggested that dissolution of particles and aggregation-dis-

aggregation be taken into account as was prescribed in the 1984 POTG report, but 

this was not done. 

The following data have been assembled for this model: 

a) Partition coefficients between the radionuclides and the particles in the 

water column are assumed to be at equilibrium; these coefficients do not apply to 

the KJ'S between the pore water and sediment in the benthic boundary layer which 

are to be taken from the sediment properties (Table B.9). 

The values of P. in the water column are taken from the IAEA Technical 

Report series n° 247 (sediment K.'s and concentration factors for radionuclides 

in the marine environment, Vienna 1985) (Table B.13). The pelagic clay values are 

taken. 

b) Sedimentation rate in the ocean: Constant values were taken for the concentra-
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tion of particles in the water column and the settling velocity for both large 

and small particles (Hargrave, B.T., 1986). 

Small particles 

Concentration 
. -3 
kg m 

3.07x10"7 

Velocity 
-1 

m a 

3xl02 

Large particles 

Concentration 
. -3 
kg m 

6.14xl0~7 

Velocity 
-1 

m a 

3 8xl04 

B.4.1.2. COMMA (91-box model - NRPB-MAFF) and MINIBOX: The PAGIS calcula

tions use the ocean model COMMA, a compartment model of the world's oceans, for 

the best estimate calculations. COMMA was developed by NRPB and MAFF and used in 

the calculations for the NEA dumpsite suitability review. The model covers the 

entire world's oceans with greater resolution in the Atlantic Ocean than else

where. The model is divided into compartments on the basis of bottom topography 

and water density, giving a total of 91 compartments. Thus on the basis of 

topography the Atlantic Ocean is represented by eight areas and the Arctic, 

Antarctic, Mediterranean and Pacific/Indian oceans by one each. Each area is 

divided into a maximum of ten layers on the basis of water density by tracing the 

density surfaces through the oceans using data taken from the GEOSECS and IGY 

surveys. The 91 compartments are allowed to communicate with each of its neigh

bours unless topography interferes. The exchanges between the compartments were 

derived from mean current flows inferred from observations and constant diagonal 

and lateral mixing rates. 

The model has a series of nested boxes around the disposal site to obtain 

better resolution of concentrations at the site. 

Overlaid on the physical dispersion model described above is a sediment 

interaction model. It models the interaction of radionuclides with particulate 

matter in the water column and the bed sediments. Two types of particulates are 

considered in the water column: small particles which fall slowly and undergo 

reversible sorption/desorption reactions with radionuc?ides in the water as they 

fall, and large particles with a high settling velocity which transport radio

nuclides rapidly from surface waters to the sediment-water interface. Both types 

of particles are assumed to contain a soluble fraction, and to dissolve as they 

fall between the carbonate saturation and carbonate compensation depths. The bed 
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sediment is represented by three layers: the interface layer, the bioturbated 

layer and the diffusive layer. The exchanges between these layers are based on 

sediment accumulation rates, bioturbation rates and pore water diffusion rates. 

The sediment model was overlaid on the 91-compartment model with nested 

boxes, taking into account the fact that the ocean floor is not always parallel 

to density surfaces and hence more than one layer in each area may touch the 

bottom sediment. This leads to a total of 167 compartments. 

The model can also handle radioactive chain decay for up to 7 member chains. 

In the uncertainty analysis the PAGIS calculation used two different ocean 

models. The first was a compartment model based on COMMA but with fewer compart

ments, MINIBOX. The second was an analytical steady state model described in 

Appendix VI of report n° 19 by GESAMP (1983). 

The MINIBOX model has less definition in the South Atlantic Ocean and fewer 

layers than COMMA, giving 31 water compartments. The sediment model overlaid on 

this is the same as that in COMMA, but with only the interface and bioturbated 

layers in the sediment. 

The GESAMP model is a one-dimensional steady state ocean model. It includes 

vertical advection and diffusion, radioactive decay, interactions with falling 

particles and with bed sediments. In the water column interactions '/ith small 

particles are considered, but dissolution of these particles is only considered 

at the sediment-water interface. At the ocean floor, interactions with the bed 

sediments are modelled as removal by burial, mixing and bioturbation, pore water 

diffusion and radi. active decay. Radioactive chain decay is not .ncluded in this 

model. 

B.4.1.3. MARINRAD (SNL and TASC). MARINRAD Version IV (Ensminger et al., 

1987) was used for all ocean transport, food chain and pathways-to-man post 

emplacement and accident consequence analyses conducted by SNL. A deep ocean 

model with release in the NAP and a shelf model with release in the Middle 

Atlantic Bight off the east coast of the US were used with MARINRAD. 
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MARINRAD was developed by TASC for the subseabed disposal project. It compu

tes doses to humans and biota using the following three distinct models: 

. an ocean transport model which calculates radionuclide concentrations as 

a function of time, 

. a steady-state food chain model which calculates the concentration factor 

matrices, 

. a pathways-to-man model which calculates dose and health effects to man. 

Doses to aquatic biota are also computed. 

In addition, MARINRAD incorporates an automated adjoint sensitivity analy

sis routine that computes the sensitivity of either peak concentration, peak 

dose, or integrated dose with respect to all of the ocean transport input parame

ters used in a simulation. 

In the ocean transport model, the ocean is divided into sediment and water 

compartments. The compartment dimensions are determined by the spatial scales of 

mixing within the ocean. Compartment size generally proceeds froui the very small-

scale (representing mixing near the point of release) to ocean-basin scale (re

presenting the global ocean circulation). Relevant dynamic processes (e.g. ad-

vection, dispersion, sorption onto suspended and bottom sediments, etc..) are 

parameterized into transfer coefficients between the compartments, and radio

nuclide concentrations are calculated by performing a mass balance on each com

partment. 

The deep ocean South Nares Abyssal Plain model was developed for analyses 

of emplaced waste and deep-ocean accidents. It consists of 10 ocean compartments 

which are nested and smaller in the vicinity of the site and 9 near-shore and 

deep-ocean sediment compartments. Small-scale transport occurs in three compart

ments: the area of the site itself, an area of slow .nesoscale eddy mixing and an 

area of high horizontal eddy kinetic energy with a pronounced circulation (Gyre). 

The north-western Atlantic is subdivided into the Guiana, North American and 

Labrador basins. The site, Mesoscale Eddies and Gyre compartments are located at 

the bottom of the North American basin. The remainder of the North American basin 

is stratified into a surface water compartment and a deep water compartment. The 

Labrador basin to the north and the Guiana basin to the south are also divided 

into surface and deep water compartments. The Mid-Atlantic ridge prevents deep 

water communications between the Eastern and Western basins in the Atlantic. The 
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eastern Atlantic is therefore included in the "Regaining Ocean Waters" compart

ment as are the Indian, Pacific and Antarctic Oceans. Horizontal and vertical 

transports by advection and dispersion are considered as are the effects of 

sorption onto sediments and particulates. 

The coastal-water model described in Section B.4.1.5 was developed to 

assess the release of waste from HLW lying on the bottom of the US continental 

shelf following an accident. 

B.4.1.4. IMPONADOR (Integral Method for the PerfOrmaNce Assessment of Deep 

Ocean Repositories, Dornier System, FRG). This code is a menue operated, multiple 

purpose and direct access program in modular form which has been developed under 

contract to the German Federal Ministry of Research and Technology. Its main aim 

was to use as much input from national investigations as possible in assessing 

the safety of a sea bed repository thus enabling the German authorities to 

develop their own views on this kind of repository as independently as pos

sible. 

Consequently, the inventory is of the type that would be produced by future 

German reprocessing plants; the glass leaching model is adapted fro.n a model by 

the Hahn-Meitner Institut developed for the safety assessment of the German salt 

dome repository, and the currents between the Mark-A boxes are derived from the 

ocean circulation model developed by Deutsches Hydrographisches Institut for 

distribution evaluations in the North-Atlantic. These models differ, but not 

significantly, from the ones used by the SWG, whereas the other data and models 

are the ones described above. 

The program was written in BASIC for a personal computer with a capacity of 

about 1 Mbyte. Its access is therefore direct and permits the printing of the 

inputs and outputs in variable forms and the display of the results in diagrams 

and drawings with well adjusted scales. A further advantage is that it is easily 

transferable to any PC and usable in car 3 where answers are needed for a new set 

of ''nput data, or where the results are displayed on a PC screen since they can 

easily be transported on floppy disks. 

Much care has been taken to devise intuitive methods to present the results 

to the general public, as shown e.g. in Figure 2.10. However, the program is 
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severely limited by the slowness of a small computer and sensitivity calcu

lations can therefore only be performed by small numbers. 

Despite the differences in the data and models and the numerical problems 

the results corroborate those given in this report. 

B.4.1.5. LISA (JRC, Ispra): LISA (Long-Term Isolation Safety Assessment) is 

a stochastic code developed by the Commission of the European Communities Joint 

Research Centre, Ispra (Saltelli et al., 1984 b), for the safety assessment of 

nuclear waste disposal options. 

The code is constructed in a modular fashion with an executive driver 

separated from the code sub-models which describe the various barrier compart

ments. This facilitates the adaptation of the code to different waste disposal 

options. 

The program is stochastic in that it accepts input parameters as distribu

tions which, for example, describe the uncertainty on the input parameter values. 

The executive driver handles these distribution functions, sampling values 

from them according to random or LHS stratified techniques (McKay et al., 1979). 

The sub-models are run automatically a pre-defined number of times, and for 

each run a different set of input parameters is used to produce an output 

result. A complete simulation consisting of, for example, 500 runs, will produce 

a series of results which are processed statistically. These may be presented as 

a frequency histogram or cumulative distribution reflecting the influence of the 

input parameter uncertainties. 

The output from LISA can be further elaborated by using the SPOP statistical 

post-processor package (Saltelli, 1987) which computes confidence bounds on the 

output distributions and performs a complete sensitivity analysis as a function 

of time. 

B.4.1.6. Description of the coastal-water model: The generic coastal model 

(Figure B.5) is based primarily on the physiography and current dynamics of the 

Middle Atlantic Bight. The Middle Atlantic Bight is a region of the continental 
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shelf stretching from Nantucket Shoals in the northeast to Cape Hatteras in the 

southwest, a distance of some 900 km. The width of the continental shelf in this 

region is generally about 100 km and the depth of the shelf break ranges between 

50 and 150 m. The water depths increase roughly monotonically from the shore to 

the shelf break. 

During the late spring and summer months the ocean waters are strongly 

stratified. This implies that there is little, if any, vertical mixing of warm 

surface waters with the cold bottom water mass. The stratification is destroyed 

in the fall and early winter by surface cooling and winter storms (Warren and 

Wunsch, 1981; NODC, 1974). These features suggest that any contamination relea

sed to the bottom waters during the late spring and summer months will remain 

near the bottom for a large part of the year before being mixed with the surface 

FIGURE B.5. COASTAL-WATERS COMPARTMENT MODEL 

(MIDDLE ATLANTIC BIGHT) 

(Not to scale) 

The current dynamics on the shelf are very complex and show considerable 

spatial and temporal variability. (For a recent review of this subject, see 

Warren and Wunsch 1981; earlier reviews are given in Bumpus, 1973 and Gross, 

1976). On a synoptic time scale (2-10 days), currents have an along-shelf (pa

rallel to the coastline) fluctuation of from -20 to 20 cm/sec (Warren and Wunsch, 

1981; Mayer et al.,1979; Ou et al., 1981). These currents have been shown to be 

coherent for over 200 km along the coast (Boicourt et al., 1976). The cross-shelf 
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(perpendicular to the coastline) current fluctuations are generally more rapid, 

but with an amplitude of only 4 cm/sec. The along-shelf currents are roughly 

constant with depth, and are perhaps best characterized as coastally trapped 

continental shelf waves. 

On much longer time scales (months to years), the mean current separates 

into distinct surface and bottom components. There is a fairly constant along-

shelf surface flow of 5 cm/sec carrying water from the northeast down towards the 

southwest (Bumpus, 1973; Mayer et al., 1979; Boicourt et al., 1976; Beardsley et 

al., 1974; Scott et al., 1976). Near Cape Hatteras, the surface flow turns 

seaward and joins the Gulf Stream (Kupferman, 1977). The cross-shelf surface flow 

is generally off-shore and averages roughly 1.5 cm/sec (Warren and Wunsch, 1981). 

The bottom wate;^ have much weaker currents than the surface water. The along-

shelf bottom current velocity is roughly 2 cm/sec (Warren and Wunsch, 1981) and 

is in the same direction as the surface flow. The cross-shelf bottom flow has a 

mean velocity of some 0.3 cm/sec (Warren and Wunsch, 1981) and generally flows 

towards the shore over the inner half of the shelf and away from the shore over 

the outer half of the shelf. Very near the shore and particularly near rivers 

there is a strong movement of bottom water towards the mouths of estuaries. 

The data on the mean currents from fixed current meters are well supported 

by observations of ballasted drift bottles. Especially relevant are the results 

of an experiment involving over 75 000 sea-bed drifters that were released in the 

waters of the eastern US continental shelf during the years 1961 to 1970 (Bumpus, 

1973). The data have a clear offshore drift over the outer part of the shelf and 

an onshore drift over the inner 1/2 to 2/3 of the shelf. Drift bottles released 

at the bottom from the mid-part of the shelf could take from half a year to a year 

to strand. A dissolved contaminant travelling with the bottom waters would be 

expected to behave similarly. 

The preceding information was used to construct a compartment model for the 

transport of waste from one or more HLW canisters lying on the bottom of the 

continental shelf. The canisters are assumed to go down in the center of the 

shelf 50 km off-shore. The waste is released into the bottom waters and is then 

carried off by the local currents. The along-shore current is assumed to have a 

sinusoidal fluctuation with an amplitude of 20 cm/sec and a period of 8 days. The 

distance travelled downstream by this current over 4 days is roughly 45 km. The 
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off-shore current is also assumed to have a sinusoidal behaviour but with a 

smaller amplitude (4 cm/sec) and a period of 4 days. Over 2 days a contaminant 

would travel roughly 4.5 km. The dimensions of the compartment containing the 

canisters are therefore taken to be 90 km in the along-shore direction and 9 km 

off-shore. A vertical thickness of 10 m is assumed. The turnover time for this 

compartment is calculated from the mean bottom current velocities. A mean on-

shelf flow of 0.3 cm/sec and an along-shelf flow of 2 cm/sec is assumed. This 

gives a turnover rate of 10.5/yr. 

The mean current carries the contaminant towards the shore. The region 

between the canisters and the affected shoreline is taken to be the second 

compartment. The bottom waters in these two compartments will, over time, become 

mixed with surface waters and carried along the shoreline and then off the 

continental shelf into the open ocean. The time it takes for the contaminant tc 

join with surface waters is assumed to be the time needed to reach the shoreline 

from the canisters. This is roughly 190 days, giving a turnover rate of 1.9/yr. 

The contaminant will also be vertically mixed during the fall and early winter 

months; this implies a turnover rate that is roughly the same as that calculated 

above. For the sake of simplicity, both bottom compartments are assumed to have a 

turnover rate into surface waters of 1.9/yr. 

The third compartment is assumed to contain all of the coastal waters 

extending from the canisters downstream to the "oint where the shelf waters flow 

off the continental shelf and join the Gulf Stream. This compartment is assumed 

to extend 450 km along the shore and have a width of 100 km. The water depth is 

assumed to increase linearly from zero at the shoreline to 100 m at the outer 

edge of the shelf. The turnover rate for this compartment is given by the ratio 

of the mean along-shore current velocity (5 cm/sec) and the compartment length 

(450 km). This results in an estimated turnover rate of continental shelf waters 

of 3.5/yr. 

Table B.14 lists the physical dimensions of the various water and sediment 

compartments shown in Figure B.5. 

Five types of transfer rates are calculated: water-to-water, water-to-sedi

ment, sediment-to-water and irretrievable losses from water or sediment com

partments. 
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TABLE B.14 

Compartmental dimensions for the coastal-waters model 

INDEX 

1 

2 

3 

4 

5 

6 

COMPARTMENT 

Bottom Plume 1 

Bottom Plume 2 

Coastal Zone 

Bottom Plume 1 Sediment 

Bottom Plume 2 Sediment 

Coastal Zone Sediment 

•PLANAR 

AREA ( 

\ 

8.1X108 

7.1X109 

3.81X1010 

-

-

-

»2) 

\ 

-

-

-

8.1X108 

7.1X109 

3.81X1010 

•VOLUME 

(mZ] 
Vw 

8.1X109 

6.35X1010 

2.09X1012 

-

-

-

f 

8 

7 

3 

V. 

m 

-

-

1X107 

1X108 

81X109 

•The w and s subscripts denote water and sediment compartments, 
respectively. 

B.4.2. Biological data 

Biological data are used for assessing the dose to man from the calculated 

concentration of the radionuclides in the water column, and in the sediment 

bioturbated layer. The RATG will only consider doses to man, not those to fauna 

which will be assessed directly by the BTG from the concentrations of the radio

nuclides in the water and the sediments. 

It has been established previously by the BTG that the transport of radio

nuclides by the biomass in the ocean can be disregarded compared to the physical 

processes of transport by advection and dispersion. However, scavenging of ra

dionuclides in the water column by sedimentation of particles of biological 

origin is taken into account (see Section B.4.1.1) 

Two types of doses will be calculated: maximum dose to the most exposed 

individual and collective doses. Different data are needed for each type of dose. 
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B.4.2.1. For the individual doses, the exposure pathways are taken from the 

IAEA Safety series n° 66 (1984) (later referred to as IAEA-66). These exposure 

pathway are: 

- ingestion of seafood (fish, molluscs, seaweed, etc....); 

- ingestion of desalinated seawater, or seasalt; 

- inhalation of airborne sediments or marine aerosols; 

- external irradiation from recreation activity (swimming, boating, etc..) 

or deep-sea mining (nodules). 

The additional data required for the assessment are: 

. concentration factors for fish, crustaceans, molluscs (except cephalopods), 

macro-algae, zoo-plankton, phyto-plankton, cephalopods (Table B.15 taken 

from IAEA Technical report series n° 247: "Sediment Kls and concentration 

factors for radionuclides in the marine environment", 1985; later referred 

to as IAEA-247); 

. food chain transfer: this model was developed by MAFF (UK) and is similar to 

that used in NEA-1985. The model is meant to consider a "short circuit" 

pathway, through which "organisms living in bottom waters are assumed to be 

eaten by organisms which migrate vertically through the ocean, and who are, 

in turn, eaten by organisms caught and consumed by man" (NEA-1985). 

This was done as a sensitivity study, not as a base case scenario, as the 

existence of a continuous food chain from deep sea animals to man is entirely 
135 

hypothetical and has not been proven in reality. Only Cs is considered. The 

food chain model was run by J. Pentreath using peak concentrations of this 

nuclide in the disposal box (12x12 km) and in the surrounding boxes at the 

sediment surface (in Bq/kg of sediment) given by the RATG (Section 3.2.9). 

Another very conservative way of estimating a possible food chain between 

deep waters and man is to apply tha concentration factors given for surface water 

to the water in a deep contaminated nested box. This box has the dimensions 

250x250 km by 50 m. It would represent a hypothetical transfer of a "bubble" of 

deep water to the surface, where sea food could become contaminated (see Section 

3.2.9). 

B.4.2.2. For assessing the collective doses, the fish catch data in each 

258 



« » r n 

X X X X 
tat •— wm » 

X X X X X X X X 

«3. I 

X X X X X X X X X X X X X X X 

a <% 

x x x x x x x x x 
o o o o . o o o o, 5 

to 

I I I 

n w n > 7 ^ c r p 
3 3 

X X X X 

=i I - * 

X X X X 

"JO 

X X X X X X X X 
o o o o 

X X X X X X X X X X X X 

o o o o o o o o o o o o 

X X X X X 
o o o o o 

X X X X X X 
o o o o © o 

x x x x x x x x x x x x x x x x 
o o o o o o o o o 

is* 
T 0 

<*i 
M 
CO 
EC 

<™s 
M 
> 
82 t 
M 
*-•^J 

w 

*-* VO 
00 
U l 
**̂ * 

o o 
s o 
<0 s 
rr 
>-t 
CD 
rt 
H-
o 
3 
•+! 
CO 
o to

rs 

£ 
w t -
w 
w 
v-» 
Cn 



S " 2 £ 2 ? S ' 3 S ' , < s ? ? S f P X 

X X X X x x x x x x x x X X X X X X X X X X X X X 
5. \ 

X X X 

3* 3. % 
X X X X X X X X X X X X X 

o o o o o o 
X X X X X 

% H. % 3_ °-

x x x 

5. % 3 

X X X X X X X X X X X 

I 

X X X X X 

o 
o o o. o 
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TABLE B.15 (cont'd) 

MOLLUSCS 

Elements IAEA- Recommended Range Elements IAEA- Recommended Rinfe 
TECDOC-211 »iiue»* TECDOC-211 «lue»* 
vilues* | 4 2 | «ilues' ( 4 2 | 

H 

C 

Nt 

S 

ci 
Ci 

Sc 

Cr 

Mn 

Ft 

Co 

Ni 

Zn 

Se 

Kr 

Sr 

Y 

Zr 

Nb 

Tc 

Ru 

Pd 

A| 

Cd 

In 

Sn 

Sb 

Te 

1 

Xt 

I X 10* 

3X 10* 

2X IOT' 

I X 10* 

I X 10* 

I X 10* 

sx i6» 
I X I04 

IX10» 

I X 10* 

I X 10' 

I X 10* 

I X 10s 

I X 10' 

I X lO1 

I X lO* 

I X 10* 

I X I01 

2 X 10* 

(3 X 10') 

I X 10' 

I X I O 3 

I X I03 

I X 10* 

I X 10' 

IX 10* 

2X 10* 

3x icr1 

4X 10* 

5X 10"1 

IX 10* 

IX 10* 

«X 10' 

5X 10* 

3X 10* 

5X 10* 

2X 10* 

3X 10* 

6X 10* 

(1 X 10*) 

IX 10* 

I X 10' 

SX 10* 

IX I0 1 

I X 10* 

2X 10* 

<3X 10*) 

ix io4 

:x io* 
( I X 104) 

SX 10* 

JX 10* 

I X 10* 

I X 10' 

ix IO* 

sx tor'-sx IO* 

5X lO'-SX 10* 

sx \<?-sx io* 
I X I C f - l X 10* 

I X I O * - I X 10* 

I X l O 1 - ! X 10* 

I X I 0 * -1X 10* 

3X l O ' - I X 10* 

3X IO" ' - IX 10' 

I X i t f - l X 10* 

I X l O ' - I X 10* 

I X 10*-5 X 10* 

I X l O ' - I X ,0* 

I X 1 0 * - I X 10* 

I X 1 0 * - I X 10* 

I X l O ' - I X 10* 

- i x IO' 

Cs 

Bi 

Ce 

Pm 

Sm 

Eu 

Cd 

Tb 

Dy 

Tm 

Yb 

Hf 

T i 

W 

If 

H i 

TI 

Pb 

Po 

R< 

Ac 

Th 

P. 

U 

Np 

Pu 

Am 

Cm 

Bk 

Cf 

I X 10' 

I X 10' 

I X 10' 

( I X 10') 

I X 10' 

1 X 10' 

2X 10* 

1 X 10' 

1 X I0» 

1 X 10' 

I X 10' 

1 X 10' 

(1 X 10') 

I X 10' 

2 X 10' 

(2 X 10') 

(2 X 10') 

JX 10" 

i X 10' 

SX 10' 

SX 10* 

SX 10* 

7X 10' 

SX10» 

3X 10* 

5X 10* 

5X 10* 

3X 10* 

(3X 10") 

3X 10* 

I X 10' 

(1 X 10') 

I X 10* 

SX 10' 

( I X 10') 

( I X 10*) 

(1 X 10') 

I X 10* 

I X 10* 

SX 10' 

3X 10' 

4X I0 ' 

JX IO* 

2X 10* 

3X 10' 

(2 X 104) 

(2 X 104) 

I X 10'-5 X 10' 

4X 10 * - IX 10' 

ix I O ' - I X IO* 

- i x io* 
- I X 104 

- I X 10* 

- I X 10* 

- I X 104 

- I X I04 

- I X I04 

- I X 10* 

- I X I04 

- I X 104 

SX IO*-SX I04 

I X 10 ' -5X 10* 

ix lo'-dx IO' 
ix I O ' - I X IO' 

SX |O a -JX 10* 

5X lO' -SX 10* 

SX I 0 ' - 5 X I0 4 

S X 10*-5 X IO 4 

SX lO'-SX I0 4 

' Vilues in ptreniheses ire best estimales 
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TABLE B.15 ( c o n t ' d ) 

ZOOPLANKTON 

Elements 

H 

C 

Ni 

S 

a 
Ca 

Sc 

Cr 

Mn 

Fe 

Co 

Ni 

Zn 

Sc 

Kr 

Sr 

Y 

Zr 

Nb 

Tc 

Ru 

Pd 

A« 

Cd 

In 

in 

Sb 

Te 

1 

Xc 

Ct 

IAEA 
TECDOC-211 
•alue»'|42| 

ix :o* 
3 X 10' 

I X 10* 

I X 10* 

I X 10* 

1 X 10' 

OXIO*) 

1 X 10* 

I X 10* 

I X 10' 

I X 10' 

1 XIO4 

I X to 4 

1 XIO1 

I X 10' 

(1 XIO4) 

(1 X 10') 

1 X 10' 

(1 X 10') 

(1 X 10') 

I X 10' 

I X HP 

I X I0» 

I X K^ 

I X 10* 

IX I0» 

Recommended 
values* 

IX 10* 

I X 104 

IX 10* 

IX 10* 

1X10* 

i x i o ' 

3 X 1 0 ' 

4 X 1 0 ' 

IX 10' 

1 X I 0 4 

2 X 1 0 ' 

IX 10' 

2 XIO4 

I X 1 0 4 

(1X10° ) 

1 XIO* 

(i xio*) 

2 XIO4 

(2 XIO4) 

IXIO 1 

3 XIO4 

(i x i o ' ) 

5 XIO' 

IXIO 4 

( I X I O 4 ) 

5 XIO4 

6 X 1 0 ' 

I X I O ' 

3 X 1 0 * 

I X I O * 

3X10* 

Range 

1 X 10'-

5 X 10'-

5 X 10*-

5X 10'-

S X 10'-

5 X 10*-

5 X 10*-

1 X10* 

5 X 1 0 * 

3 X 10' 

1 XIO' 

• 1 X 1 0 ' 

•5 X 10' 

-5 XIO4 

-5 X 10* 

-5 X 10' 

-5 X 104 

-5 X I04 

- 1 X 1 0 ' 

- 1 X I 0 4 

- 5 X 104 

- 5 X 10' 

- 5 X 1 0 ' 

Elements 

B> 

Ce 

Pro 

Sm 

Eu 

Cd 

Tb 

Dy 

Tin 

Yb 

Hf 

T» 

W 

Ir 

H« 

Tl 

Pb 

Po 

Ri 

Ac 

Th 

Pi 

U 

Np 

Pu 

Am 

Cm 

Bk 

Cf 

* Values 

IAEA-
TECDOC-2II 
<iluei*(42) 

1 X 10* 

1 X 10' 

(3X 10') 

IX I04 

1 X 104 

1 X 104 

1 X 10' 

1 X 104 

IX I04 

1 X 10' 

sx io° 
<2X 10') 

(2X 10') 

(2X 10') 

<2X 10') 

(2X 10') 

in parentheses are 

Recummended 
values* 

1 X 10' 

4 X 10' 

IX 10' 

1 X 10' 

I X 10' 

I X 10' 

1 * 1 0 ' 

1 X 10' 

1 X 10' 

1 X 10' 

(1 X 10*) 

(1 X 10') 

(1 X 10') 

( I X 10') 

1 X 104 

(1 X 10') 

1 X 10* 

3X 10* 

1 X I01 

1 X 10* 

1 XIO4 

i x io* 

SX 10° 

(1 X I01) 

i x io' 

2X 10' 

(2X10*) 

(2X 10') 

(2X 10') 

ben estimates 

Ruige 

I X I O ' - S X I O ' 

- 5 X 10' 

- 5 XIO* 

- S X I O ' 

- 5 X 1 0 ' 

- 5 X 10' 

- 5 X 10' 

- 5 X 10' 

- 5 X 10' 

5 X 1 0 ' - 2 X 10' 

5X 1 0 ' - 5 X 10* 

6 X I 0 ' - 2 X I 0 * 

5 X 1 0 ' - 5 X 10' 

5X lO'-SX 10' 

5 X I 0 ' - 5 X 10' 

5X lO'-SX 10' 

5 X 1 0 ' - S X 1 0 * 

5 X I O ' - 5 X :0* 
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portion of the ocean are also needed. These have been compiled by the BTG, and 

are given in Table B.16. 

For the edible fraction, one needs to assume the following values: fish 0.5; 

crustaceans 0.35; molluscs 0.15; plankton 0.35 and seaweed 0.1; i.e. data in 

Table B.16 need to be multiplied by these values. 

TABLE B.16 

NEA-SWG guesses at seafood catch statistics for Mark-A model 

BOX 

1 

3 

6 

9 
12 

15 

17 

1E 

2E 

3E 

1W 

m 
3W 

FISH 

1E7 

1E5 

2E5 

7E4 

2E5 

5E6 

4E7 

1.5E6 

1.5E6 

2E6 

7E5 

6E5 

1.5E6 

CRUSTACEANS 

2E5 

-

-

-

-

2E5 

2E6 

2E4 

2E4 

3E4 

1E5 

1E3 

2E5 

Catches t a" 

MOLLUSCS 

6E5 

-

-

-

-

4E4 

2E6 

4E4 

4E4 

8E4 

2E5 

2E5 

4E5 

PLANKTON 

_ 

-

-

-

-

1E2 

5E5 

-

-

-

-

-

-

SEAWEED 

2E5 

-

-

-

-

3E4 

3E6 

-

3E4 

5E4 

-

-

2E4 

In the future, it is conceivable that these catch data could be increased at 

the most by a factor of ten by harvesting one step down in the food chain (Source: 

K. Hinga, personal communication, Halifax, 1985). This could be considered in a 

sensitivity study for an individual catch, but the total sustainable yield cannot 

be increased above the value of Table B.16. 

For both dose calculations, the dose conversion factors (Table B.17) are 

based on ICRP publications and taken from NEA-1985. 
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TABLE B.17 

Dose c o n v e r s i o n f a c t o r s 

MOIUACllVt I IAir-l lVCS WO OOSUCIRIC DMA 

l lwcl lea 

H- J 
C- 14 

HA- 22 
r- J2 

SI* 32 
S- ) 5 

CL- 56 
1- 40 

CA- 45 
SC- 46 
V- 49 

CR- 51 
H>- 54 
11- 55 

rt- 39 
CO- 50 
CO- 40 
HI- 59 
III- 41 
i»- 65 
AS- 75 
AS- 74 
S t - 75 
S t - 79 
U - 11 
U - <5 
Rl- 06 
SR* 12 
S«- 65 
SR- 69 
S»» 90 

T- « • 
T- 91 

ZR- 9 ] 
1R* 95 
HI- 93M 
ft- 94 
»»- 95 
no- 93 
TC- 97M 
IC- 9< 
TC- 99 
UK 10) 
RU*10( 
U - 1 0 1 
U - 1 0 2 * 
ID-107 
AC-106B 
AC-I06H. 
AC4106H 
40*11OH 
CO-109 
C0-1I1M 
C0-115M 
U f U l i d 
sm*l2< 
11-124 
51-125 
TI*121K 
tt-121 
T1-123M 
TI-125H 
T1*127K 
Tt*129M 

1 - U 5 
1-126 
1-129 
1*131 

it-ism 
CS-134 
CS- .J5 
CS*1 37 
6A*l31 
IA-133 
14*140 
U - 1 3 7 
Ct-139 
Ct-141 
Ct*144 
ri-143 
rn-u) 
ftl-147 
1K-1S1 

• U l l - l l l a 

( t ) 

1.21306*01 
3-7)001*07 
! -60101*00 
3 .91241-02 
4 . 5 0 0 0 1 * 0 ! 
2 . 1 ) 4 0 1 - 0 1 
3 .01001*05 
I 21001*01 
4 .46271-01 
2 . 2 1 5 t £ - 0 1 
9.0149E-OI 
7 .51411-02 
( . 3 ) 3 6 6 - 0 1 
2 .70001*00 
1.21911-01 
1 . 1 . 6 4 1 - 0 1 
5 .21 0E*O0 
7.30001*04 
» .60001*01 
( . ( J 7 6 E - 0 1 
2 . 1 M 5 t - 0 l 
4 . X 2 6 I - 0 2 
] . 2 7 9 9 1 - 0 1 
6.5000E*04 
2 . 1000E*0j 
l .0720£»OI 
S.1086E-O2 
6.6446E-02 
1.77521-01 
1.38261-01 
2.91201*01 
2 .91966-01 
1.6019E-01 
1.33001*06 
1.75171-01 
l .3600E*Ol 
2.0100E*O* 
9 .6233E-02 
l.SOOOE*01 
I .1819E-01 
6 .20001*06 
2 .13006*0) 
1.0756E-01 
1 .006lE*O0 
3.20006*00 
3.4674E-01 
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6 .00006*04 
J .76I9E-01 
• .S913E-02 
7 . 7 8 ) 7 6 - 0 1 
) . 7 1 1 3 t - 0 2 
7 . 2 5 ( 1 1 - 0 1 
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2 . 3 t - 0 9 
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1.4E-09 
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4 . 2 1 - 1 0 
1 .31-09 
1 . 1 1 - 1 0 
1 .4E-0* 
6 . 1 1 - 1 0 
3 . 3 1 - 1 0 
2 . 9 1 - 1 0 
1 .11-09 
3 .4E-10 
7 . 3 1 - 1 0 
S.1E-09 
6 .1E-10 
9 . 5 1 - 1 0 
3 . 7 1 - 1 1 
1 .7E-09 
2 .0 t -O9 
2 .01-09 
! . 1 l - 0 9 
3 .2E-09 
4 . 0 1 - 0 6 
4 . 1 1 - 0 9 
1 . 1 1 - 0 9 
3 . 1 1 - 0 9 
2 . 5 1 - 0 9 
7 . 0 1 - 1 0 
2 . 2 1 - 0 9 
4 . 1 E - 1 0 
1 .61-09 
9 . 1 1 - 1 0 
J . 31-09 
2 .JE-09 
1 . 0 1 - 0 8 
1 . 1 1 - 0 8 
7 . 6 1 - 0 6 
l . i t - 0 8 
0 . 0 1 * 0 0 
2 . O t - 0 6 
1 .91-09 
1 .41-06 
3 . 0 1 - 1 0 
6 .6E-10 
4 . 4 1 - 0 9 
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1 .6E-09 
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0.0E*O0 
1.7E-09 
5 . 5 1 - 0 9 
7 . 4 E - U 
I . U - l l 
1 .7E-09 
6 .9E-10 
4.OE-09 
1.9E-09 
4 .1E-06 
3 .6E-10 
1 . 4 1 - 1 0 
5.OE-09 
6 .1E-10 
1.8E-09 
2 . 2 1 - 0 1 
2 .4E-09 
l .OE-13 
S.OE-12 
1.8E-09 
O.OC*00 
8 . 6 1 - 1 0 
1 .01-08 
3 .4E-07 
5 .7E-09 
1.2E-06 
6 . 6 1 - 0 8 
6 .4E-09 
7 .7E-09 
9 .Ot -06 
1 .2E-09 
7 .61 -01 
1.1E-09 
4 . 5 1 - 0 9 
2.0E-O9 
2 . t 1 - 0 9 
1.2E-07 
6 . 6 6 - 0 9 
l . l t - 0 6 
3 .4E-09 
2.OE-09 
3 .5E-08 
5.5E-06 
I .4E-06 
2 .8E-06 
3 .9E-07 
1 .61-08 
2 .1E-06 
2 .0E-06 
S.7E-09 
2 .6E-09 
3 .9E-09 
4 .4E-10 
2 .5E-09 
1 .31-09 
5 .4E-09 
5 . 5 1 - 0 9 
6 .5E-09 
1.2E-06 
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6 .8E-09 
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4 .68E-02 
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5 .23E-01 
7.72E-02 
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3 .66E-03 
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3.41E-02 
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1 .711-02 
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5.8 I f - 0 1 
1.111*00 
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1.96E-02 
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8 .498 -01 
6 .73E-03 
1.56E-02 
1.70E-01 
1 .266*00 
J.14E-01 
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6 .20E-02 
1 .961-02 

0.0OE4O0 
2 .191*00 
0 .001*00 
0 .001*00 
0.00E*00 
1.35E-06 
I .56E-01 
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3.26E-02 
6.16E-01 
1.69E-01 
1.191*00 
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0.00E*O0 
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1.11E*00 
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1.69E-06 
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4.66E-01 
O.OOE*00 
2.62E*00 
1.621*00 
1.621*00 
2 .7( t*O0 
2 .64E-0 ! 
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2.42E-02 
1.59E-01 
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TM-167 
TM-170 
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LU-171 
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05-165 
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11-190 
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AU-195 
T1.-204 
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EO-210 
RA-22S 
RA*22S 
RA«226 

KA*2!S 
AC*225 
AC*2I7 
TH+226 
IH-229 
TH*229 
TD-210 
TK-232 
T6*234 
PA-231 
PA-233 
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U-214 
11*215 
0-216 
0-216 
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Uf-237 
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fU-236 
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W-240 
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ru-262 
ril*244 
An-261 
A»*242!l 
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CM-241 
CM-242 
CH-243 
CH-244 
CX-24S 
C7I-266 
It-lit 
(K-269 
Cr-248 
cr-24i 
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Cf-2Sl 
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6.570OE-O2 
1.4921E-01 
2.5469E-01 
1.1130E*01 
8.80OOE*O0 
4.96OOE*O0 
4 .1366E-02 
9.30OOE*Ol 
1.3224E-01 
1 80O0E*O6 
1.2854E-01 
6 .6256E-01 
1.179SE-01 
3 .9335E-01 
2 .5462E-02 
6 .7639E-02 
1 .20001 H » 
2 .5506E-01 
2 .12986-02 
3 . 5 2 0 9 t - 0 1 
1.1700E*O0 
2 .2505E-02 
1.87001*00 
1.9165E-01 
1.1465E-01 
1.1163E-01 
2.0361E-01 
2 .5736E-01 
6.2163E-02 
3 .3129E-02 
2.0266E-01 
3 . 0 1 0 1 t - 0 t 
3.7790E*O0 
1.2756E-01 
2.2300E*01 
1.80001*01 
1.7886E-01 
4.O520E-O2 
4.0520E-02 
1.6OO0E*Ol 

5 .75008*00 
2.7179E-02 
2.177)E*01 
1.9131E*00 
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7.14001*01 
7.70O0E*O* 
1.40506*10 
6.5982E-02 
1.27606*04 
7 .19226-03 
1.36306*05 
2.4450E405 
7.0180E»01 
2.14156*07 
6 .46801*09 
4.46606*09 
2 .14006*06 
2.14001*06 
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6.1740E*01 
2.406SE*O4 
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1.76101*05 
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7 . 1 1 - 0 6 
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3 . ( 1 - 0 5 
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3 .2E-05 
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1.4E-04 
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7 .4E-05 
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1.04E-O1 
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1.32E-01 
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4 .59E-02 
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1.09E-O2 
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1.16E-01 
8 . 1 1 1 - 0 6 
1.07E-01 
7 .941-01 
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1 .141-04 
1.001-02 
1 .121-01 
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2 .181-01 
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1 .171-02 
2 .601-01 
1.761*00 
9 .711-01 
2 .161-01 
4 .006-01 
1.361*00 
9 .591-02 
3 .361-01 
1 .551-03 
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2 .741-02 
4 .831-01 
2 .041-01 
1 .131-03 
1 .711-01 
1.611-01 
1 .571-01 
1 .161-01 
2 .761-02 
1 .461-02 
2 .111-01 
1.711-01 
1.611-01 
8 .071 -0* 
1 .711-01 
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1.471-01 
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1 .511-03 
1.051-01 
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As collective doses (which are the only ones needing the fish catch data) 

will be calculated for the base case, no sensitivity study will be done on this 

parameter. 

14 129 
To assess collective doses from C and I, an atmospheric model has been 

used. Isotopic dilution must also be included (see Section 2.3.2.1). 

B.4.2.3. Dose to fauna: The RATG has provided the BTG with the concentration 

of all nuclides in the water in the three boxes nested above the disposal site 

("site", "nested", "regional") as a function of time, so that the BTG can estima

te the dose to fauna (Sections 1.1.4. and 2.1.4.). 
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APPENDIX Cl DATA USED FOR 

THE DETERMINISTIC BRACKETING ANALYSIS 

C.1. Foreword 

This appendix describes the data sets used by Sandia and Ecole des Mines to 

assess "least and most favourable" cases for the SNAP and GME sites. To design a 

data set leading to such extreme cases, it was decided to use a combination of 

conservative data or situations (i.e. 30 m instead of 50 m for the depth of 

emplacement), corresponding to the least favourable case; and at the other end, a 

combination of reasonably optimistic values or situations (i.e. 70 m instead of 

50 m for the depth of emplacement), corresponding to the most favourable case. 

This bracketing study allows us to put the base case results in perspective 

and is a simple alternative to the more refined stochastic analysis that was done 

by the JRC, Ispra. 

For these studies, only the following data (Table C.l) were allowed to take 

respectively conservative and optimistic values: 

- partition coefficients, 

- distribution coefficients, 

- burial depth, 

- canister life, 

- biota concentration factors, 

- leach rate (for accident analysis only). 

The other data were unchanged and similar to the ones used for the base 

case. 
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TABLE C.l 

Parameters values 

Parameter Category 

Distribution 
coefficients (K's) 
and partition 
coefficients (Pis) 

Biota 
concentration 
factors 

Canister 
burial 
depth 

Canister 
failure 
time 

Waste form 
leach rate 

All other 
parameters 

Low-risk 

high 
values 

low 
values 

maximum 
values 
(70 m) 

maximum 
time 

(10,000 yr) 

minimum rate 
S.SxlO'^j 

kg m~2 day 

Mean-risk 

mean 
values 

mean 
values 

mean 
values 
(50 m) 

mean 
time 

(5,000 yr) 

mean rate 
8.5xl0"5 

kg m"2 day 

mean values 

High-risk 
no-advection 

low 
values 

high 
values 

minimum 
values 
O0 m) 

minimum 
time 

(300 yr) 

maximum rate 
2.0xl0"A_1 

kg m"2 day 

C.2. Partition and distribution coefficients 

Table C.2. gives the most favourable (low-risk) and least favourable (high-

risk) values compared to the best estimate base case (mean risk) values for 

partition and distribution coefficients used in the GME and SNAP models. The 

partition coefficients and the ranges are taken from IAEA-247, pelagic ocean 

column. The distribution coefficients and ranges were given by the SBTG. 

C.3 Concentration factors 

Table C.3. gives the most favourable (low risk) and least favourable (high 

risk) values compared to the best estima e base case (mean risk) values for 

concentration factors used in the GME and SNAP models. The concentration factors 

and ranges were taken from IAEA-247. 
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TABLE C.2. 

Partition and distribution coefficients 

N NUCLIDE 

1 C U 
2 SE79 
3 TC99 
4 RU106+D 
S PD107 
( AC110M+D 
7 SN126+D 
8 1129 
9 CS134 
0 CSI35 

LI CS137+0 
12 CE144+D 
L3 PM147 
L4 SM1S1 
3 EU154 

L6 EU15S 
7 SR90 
8 Y90 
9 ZR93 
0 NB93H 

tl SB12S 
2 TE125M 
3 CH245 
4 PU241 
3 AM241 
6 NP237 
7 U233 
C TH229 
9 RA225 
0 AC22S+D 
1 CM242 
2 PU231 
3 CM246 
4 PU242 
5 U23I 
6 TH234+D 
7 U234 
8 TH230 
9 RA226+D 
0 PB210+D 
1 PO210 
2 CM243 
3 AM243+D 
4 PU239 
5 U23J 
6 TH231 
7 PA231 
8 AC227+D 
9 CM24A 
0 PU240 
1 U236 
2 TH232 
3 RA228+D 
4 TH228+D 

PARTITION COEFFICIENT. Pd 

MEAN 
RISK 

2.0E+03 
1.0E+03 
l.OE+02 
1.0E+03 
S.OE+Ol 
l.OE+04 
S.OE+04 
2.0E+02 
2.0E+03 
2.0E+03 
2.0E+03 
1.0E+08 
l.OE+06 
l.OE+06 
4.0E+06 
4.0E+06 
2.0E+02 
2.0E+02 
5.0E+05 
2.0E+0S 
S.OE+02 
5.0E+02 
2.0E+06 
l .pE+05 
2.0E+06 
1.0E+03 
S.OE+02 
5.OE+06 
5.0E+06 
5.0E+06 
2.0E+06 
l.OE+05 
2.0E+O6 
1.0E+0S 
S.OE+02 
S.OE+02 
5.0E+02 
S.OE+06 
3.0E+04 
3.0E+04 
3.0E+04 
2.0E+06 
2.0E+06 
1.0E+0S 
S.OE+02 
5.0E+02 
5.0E+06 
5.0E+06 
2.0E+06 
1.0E+0S 
S.OE+02 
5.0E+06 
S.OE+06 
S.OE+06 

( • ! / « > 

LOU 
RISK 

l.OE+04 
l.OE+OA 
1.OE+03 
l .OE+04 
2.0E+06 
S.OE+04 
S.OE+OS 
S.OE+02 
2.0E+04 
2.0E+04 
2.0E+04 
2.0E+OB 
l.OE+07 
l.OE+07 
l.OE+07 
l.OE+07 
5.0E+C2 
5.0E+02 
5.0E+O6 
2.0E+O6 
5.0E+O3 
5.OE+03 
2.0E+07 
l.OE+06 
2.0E+07 
7.0E+04 
1.0E+03 
1.0E+08 
1.0E+08 
1.0E+08 
2.0E+O7 
l.OE+06 
2.0E+O7 
l.OE+06 
1.0E+03 
1.0E+O3 
1.0E+03 
1.0EfO8 
5.0E+OS 
S.OE+OS 
5.0E+O5 
2.0E+07 
2.0E+O7 
l .OE+06 . 
1.0E+03 
1.0E+O3 
5.0E+O7 
S.OE+07 
2.0E+O7 
l.OE+06 
1.0E+03 
1.0E+08 
1.0E+08 
1.0E+08 

HICH 
RISK 

5.OE+02 
l .OE+02 
l.OE+Ol 
l.OE+02 
1.0E+G3 
3.0E+03 
S.OE+01 
S.OE+Ol 
S.OE+02 
S.OE+02 
5.0E+02 
l .OE+06 
S.OE+04 
1.OE+0S 
l.OE+05 
l .OE+05 
2.OE+0O 
2.OEi00 
l .OE+04 
2.0E+04 
l .OE+02 
l .OE+02 
2.0E+OS 
l .OE+04 
1.OE+0S 
l .OE+02 
l .OE+02 
S.OE+OS 
S.OE+OS 
S.OE+05 
2.OE+05 
l .OE+04 
2.OE+0S 
l .OE+04 
l .OE+02 
l .OE+02 
l .OE+02 
S.OE+05 
S.OE+02 
5.OE+02 
5.OE+02 
2.OE+05 
l .OE+05 
l .OE+04 
l .OE+02 
l .OE+02 
1.OE+0S 
l .OE+05 
2.OE+05 
l .OE+04 
l .OE+02 
S.OE+05 
5.0E+05 
S.OE+05 

DISTRIBUTION COEFFICIENT. Kd 

MEAN 

RISK 

O.OE+OO 
O.OE+OO 
O.OE+OO 

O.OE+OO 

5 . O E + 0 3 
O.OE+OO 
S . O E + 0 4 

l .OE+OO 
2.0E+01 
2.OE+01 
2.0E+01 
O.OE+00 
O.OE+OO 
O.OE+OO 
O.OE+OO 
O.OE+OO 
O.OE+OO 
O.OE+OO 
l.OE+04 
l.OE+04 
O.OE+OO 
O.OE+00 
l.OE+06 
S.OE+04 
l.OE+06 
S.OE+02 
l.OE+02 
l.OE+06 
l.OE+06 
l.OE+06 
l.OE+06 
5.OE+04 
l.OE+06 
5.0E+04 
l.OE+02 
i.OE+02 
l.OE+02 
l.OE+06 
l.OE+04 
l.OE+04 
l.OE+04 
l.OE+06 
l.OE+06 
5.OE+04 
l.OE+02 
l.OE+02 
l.OE+06 
l.OE+06 
l.OE+06 
S.OE+04 
l .OE+02 
l.OE+06 
l.OE+06 
l.OE+06 

( - 1 / R ) 

LOU 
RISK 

l.OE+OO 
l.OE+04 
1.0E+O2 
O.OE+OO 
2.0E+06 
O.OE+OO 
S.OE+05 
l.OE+02 
' .OE+02 
2.0E+02' 
2.0E+02 
O.OE+OO 
O.OE+OO 
O.OE+OO 
O.OE+OO 
O.OE+OO 
O.OE+OO 
O.OE+OO 
5.0E+O6 
5.0E+06 
O.OE+OO 
O.OE+OO 
l.OE+07 
l .OE+05 
l.OE+07 
8.0E+02 
l .OE+05 
l.OE+07 
l .OE+07 
l.OE+07 
l.OE+07 
l.OE OS 
l.OE+07 
l.OE+05 
l .OE+05 
l.OE+05 
l .OE+05 
l.OE+07 
6.0E+04 
6.0E+O4 
6.0E+04 
l.OE+07 
l.OE+07 
l .OE+05 
l .OE+05 
l.OE+05 
l.OE+07 
l.OE+07 
l.OE+07 
l.OE+05 
l .OE+05 
l.OE+07 
l.OE+07 
l.OE+07 

HICH 
RISK 

O.OE+OO 
O.OE+OO 
O.OE+OO 
O.OE+OO 
O.OE+OO 
O.OE+OO 
O.OE+OO 
O.OE+OO 
2.0E+00 
2 .0E+00 
2 .0E+00 
O.OE+OO 
O.OE+OO 
O.OE+OO 
O.OE+OO 
O.OE+OO 
O.OE+OO 
O.OE+OO 
O.OE+OO 
O.OE+OO 
O.OE+OO 
O.OE+OO 
l.OE+05 
l.OE+04 
l.OE+05 
l.OE+02 
8.0E+01 
5.0E+05 
S.OE+05 
S.OE+OS 
l .OE+05 
l.OE+04 
l.OE+05 
l.OE+04 
S.OE+Ol 
8.0E+01 
S.OE+Ol 
S.OE+05 
4 .0E+03 
4 .0E+03 
4 .0E+03 
1.0E+OS 
l.OE+05 
l .OE+04 
S.OE+Ol 
8.0E+01 
l .OE+05 
1.0E+0S 
l.OE+05 
l.OE+04 
8.0E+01 
S.OE+05 
S.OE+05 
S.OE+OS 
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APPENDIX D: DATA USED FOR 

THE STOCHASTIC UNCERTAINTY ANALYSIS 

D.l. Foreword 

This appendix describes the actual data sets used by the research group at 

the European Communities' Joint Research Centre, Ispra, for the stochastic un

certainty assessment of the GME and SNAP study sites using the LISA computer 

code. The appendix is divided into two halves, one devoted to each site. 

Beginning with general information concerning the modelled radionuclides, 

the order in which the parameters are described more or less fellows the model 

structure from the emplaced waste canister through to the biosphere. 

Some parameters are described by distribution functions - uniform, log-

uniform, normal or log-normal distributions - whilst others are assigned single 

best-estimate values. This latter group of parameters mainly comprises the basic 

radionuclide data, the waste inventory and the transport data for the Hark-A 

ocean dispersion box model. 

When the information on distribution function parameters is presented, the 

function name is supplied, followed by the lower and upper limits of the range 

for uniform functions and by the standard deviation and mean value for a normal 

function. The values quoted for the log-normal distributions are expressed in 

logarithms. 

For both sites the simulation was taken up to 10 years. The base case 

scenario was submitted to 500 runs whilst for the sensitivity studies 1 000 runs 

were conducted after some 'mplifications had been made. 
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D.2. GME site 

The base case data set used for the GME site simulation contains 11 chains 

and 109 variables described by distribution functions. 

D.2.1. Basic radionuclide data 

For each element of the 11 chains, the following data are given in the form 

shown below: 

- radionuclide name, 

- radioactive decay constant (1/year), 

- specific molar activity (Bq/mole). 

First chain members are given on the left progressing through the chain to 

the right: 

RADIOACTIVE CONSTANTS ( 1/a ) and MOLAR ACTIVITIES ( B q / n o l e ) 
• I t l l U l l l t l t t l l t t E S S l t l S S I S 

Tc-99 radioisotope 
3.254E-06 radioactive constant ( 1/a ) 
6.210E+10 molar a c t i v i t y ( Bq/molt ) 
Ca-246 Pu-242 U-238 U-234 Th-230 Ra-22 

1.465E-J4 1.842E-06 1.551E-10 2.834E-06 9.000E-06 4.331E-C4 
2.797EU2 3.515E+10 2.961E+06 5.410E+10 1.718E+11 8.268EU2 
C«-245 Pu-241 Aa-241 Np-237 U-233 Th-229 

8.153E-0S 4.814E-02 1.603E-03 3.238E-07 4.372E-06 9.441E-05 
1.556E+12 9.1B6E+04 3.061E+13 6.181E+09 8.346EU0 1.802E+12 
A«-243 Pu-239 0-235 

9.390E-05 2.880E-05 9.847E-10 
1.792E+12 S.497E+11 1.880E+07 
Pu-240 U-236 Th-232 

1.060E-04 2.960E-08 4.932E-11 
2.024EU2 5.649E+08 9.415E+05 
S«-79 

1.06SE-05 
2.035E+11 
lr-93 
4.S29E-07 
8.646E+09 
Pd-107 

1.066E-07 
2.035E+09 
Sn-126 

6.930E-06 
1.323E+09 
Ci-135 

3.013E-07 
S.751E*09 
1-129 
4.41SE-08 
8.426E+08 
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D.2.2. Waste inventory and canister data 

The specific activity of the waste radionuclides is expressed in Ci/ton of 

heavy metal as in the general data base in Appendix B, Section B.2.1. Curies are 

used and not becquerels since the source of our information was originally 

expressed in this form and in order to facilite easy cross-referencing, this was 

maintained. 

To convert from curies to becquerels, it is sufficient to multiply the 

values in curies below by 3.7x10 . 

- Total mass of glass waste - 3.025x10 g - which is equivalent to 10 metric 

tons of heavy metal (MTHM). 

- Specific activity (MTHM) for each nuclide, in chain order as above: 

SPECIFIC ACTIVITIES ( Ci/THM ) 

Tc-99 
1.380E+01 
Cm-246 Pu-242 U-238 U-234 Th-230 Ra-226 
5.540E-02 5.950E-03 O.OOOE-00 3.040E-03 O.OOOE-00 O.OOOE-00 
Cra-245 Pu-241 Am-241 Np-237 U-233 Th-229 
2.070E-01 3.480E+01 6.910E+02 3.170E-01 1.780E-03 O.OOOE-00 
Am-243 Pu-239 U-235 
2.000E+01 1.150E+00 O.OOOE+00 
Pu-240 0-236 Th-232 
6.190E+00 4.700E-04 O.OOOE--00 
Se-79 
3.280E-01 
Zr-93 
1.790E+00 
Pd-107 
1.030E-01 
Sn-126 
5.760E-01 
Cs-135 
1.510E+00 
1-129 
2.993E-05 

- Leach rate - uniform from 1.315xl0~3 to 1.315xlO_1 (kg.m .a" ), 

274 



- Fracturation factor - uniform from 8 to 15 (dimensionless) 

- Canister mean life time - uniform from 3x10 to 2::10 (years) 

- Depth of canister - normal; standard deviation 6; mean = 50 (metres) 

D.2.3. Sediment column data 

For the GME site, the whole sediment column is taken to be mildly reducing. 

It is proposed in the data base in Appendix B, Section B.3.3., to use a surfac 

oxidized zone of from 0.1 to 1.0 metres. This was not possible to implement, 

however, due to the lack of such a resolution in the sediment migration model 

column by the stochastic code LISA. The effect of this is expected to be negli

gible. 

- Porosity in mildly reduced zone - uniform from 0.58 to 0.78 (dimensionless 

fraction). 

3 -1 
Distribution coefficients in mildly reduced zone (m .kg ) 

Tc 

Cm 

Pu 

U 

Th 

Ra 

Am 

Np 

Se 

Zr 

Pd 

Sn 

Cs 

I 

log 

log 

log 

log 

log 

log 

log 

log 

log 

log 

log 

log 

log 

log 

uniform 

normal 

uniform 

uniform 

uniform 

uniform 

normal 

uniform 

uniform 

uniform 

uniform 

uniform 

normal 

uniform 

from 0.1x10 

log (st.dev.) = 0.3 

from 0.1 

from 0.1 

from 500 

from 7.0 

log(st.dev) = 0.3 

from 1.0 

from 0.1xl0~ 
-U 

from 0,1x10 
-U 

from 0.1x10 

from 0.1x10" 

log(st.dev.) = 0.3 

from 1.0x10" 

to 0.1 

log(mean) = 

to 100 

to 100 

to l.OxlO4 

to 60 

log(mean) = 

to 5.0 

to 10 

to 5xl03 

to 2xl03 

to 500 

log(mean) = 

to 0.1 

Diffusion coefficients in sediment interstitial waters: For the whole of the 

sediment column, except for the upper 10 cm of bioturbated material, a single 

diffusion coefficient for each radionuclide was used, calculated by the method 
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described in Appendix B, Section B.3.1.1., as follows: 

CORRECTED WATER DIFFUSION COEFFICIENTS ( m*2/s ) 

Tc-99 
8.35E-10 
Cm-246 Pu-242 0-238 U-234 Th-230 Ra-226 
2.40E-10 2.40E-10 2.40E-10 2.40E-10 1.05E-10 4.34E-10 
Cm-245 Pu-241 Am-241 Np-237 U-233 Th-229 
2.40E-10 2.40E-10 2.40E-10 2.40E-10 2.40E-10 1.05E-10 
Am-243 Pu-239 0-235 
2.40E-10 2.40E-10 2.40E-10 
Pu-240 0-236 Th-232 
2.40E-10 2.40E-10 1.05E-10 
Se-79 
4.47E-10 
Zr-93 
4.47E-10 
Pd-107 
4.47E-10 
Sn-126 
4.93E-10 
Cs-135 
1.14E-09 
1-129 

1.11E-09 

For the diffusion coefficients in the upper bioturbated layer, the follow

ing distribution was used for all radionuclides: 

-10 -9 2 -1 
- uniform from 3x10 to 1.4x10 m .s . 

D.2.4. Ocean parameters used in the Mark-A box model 

The box model used for this stochastic assessment is similar to the Mark-A 

model described in Section B.4.1.1. (Appendix B). For the stochastic assessment, 

however, coastal boxes were not used. 

Box volumes: (see Section B.4.1.1.) 

Interfaces, diffusivities and mixing lengths between boxes: (see Section 

B.4.1.1.) 
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Water f luxes; (see Section B .A . I . 1 . ) 

Sediment/water boundary layer parameters: 

-5 2 -1 
- Bioturbation coefficient 2.21x10 ir .a 
- Thickness of the bioturbated sediment layer 0.1 m 

-3 
- Thickness of the sediment in the bottom boundary layer 10 m 

- Diffusion coefficient for all radionuclides in bioturbated 
-3 -2 2 -1 

sediment layer: uniform from 9.467x10 to 4.418x10 m .a 
3 -3 

- Mass per unit volume of sediment particles 2.6x10 kg.m 

Distribution coefficients for radionuclides with suspended sediment in ocean 

water; These are expre 

already adopted above: 

3 -1 
water; These are expressed in m .kg and are presented below in chain order as 

DEEP SEA SEDIMENT DISTRIBUTION COEFFICIENTS ( m*3/kg ) 

Tc-99 
0.10E+00 
Cm-246 Pu-242 U-238 U-234 Th-230 Ra-226 
2.00E+03 1.00E+02 0.50E+00 0.50E+00 5.00E+03 3.00E+01 
Cm-245 Pu-241 Am-241 Np-237 U-233 Th-229 
2.00E+03 1.00E+02 2.00E+03 1.00E+00 0.50E+00 5.00E+03 
Atn-243 Pu-239 U-235 
2.00E+03 1.00E+02 0.50E+00 
Pu-240 U-236 Th-232 
1.00E+02 0.50E+00 5.00E+03 
Se-79 
1.00E+00 
Zr-93 
5.00E+02 
Pd-107 
5.00E+00 
Sn-126 
5.00E*01 
Cs-135 
2.00E+00 
1-129 

2.00E-01 

277 



Other suspended sediment parameters: 

-6 -4 
- Concentration of small suspended particles - log uniform from 5x10 to 2x10 

-3 
(kg.m ) 

- Concentration of large suspended particles - uniform from 1x10 to 5x10 

(kg.m ) 

- Settling velocity of small particles - uniform from 30 to 150 (m.a x) 
3 4 

- Settling velocity of large particles - log uniform from 1.825x10 to 7.300x10 
(m.a ) 

•1, 

D.2.5. Pathways and dose model data 

-1 3 -1 
Concentration factors (liters.kg or m .t ) 

Fish 

Tc 

Cm 

Pu 

U 

Th 

Ra 

Am 

Np 

Se 

Zr 

Pd 

Sn 

Cs 

I 

log 

log 

log 

log 

log 

log 

log 

log 

log 

log 

log 

log 

log 

log 

uniform 

uniform 

uniform 

normal 

normal 

uniform 

uniform 

uniform 

uniform 

uniform 

normal 

uniform 

uniform 

normal 

Crustacea 

from 20 

from 0.5 

from 0.5 

log (st.dev. 

log (st.dev. 

from 50 

from 0.5 

from 0.1 

from 103 

from 1.0 

log (st.dev. 

from 103 

from 10 

log (st.dev. 

.) -

.) = 

.) = 

.) = 

0. 

0. 

0. 

0. 

,3 

,3 

.3 

,3 

Tc log uniform 

Cm log uniform 

Pu log uniform 

U log normal 

Th log normal 

Ra log normal 

from 5x10" 

from 100 

from 100 

log (st.dev.) = 0.3 

log (st.dev.) = 0.3 

log (st.dev.) = 0.3 

to 200 

to 200 

to 100 

log(mean) = 

log(mean) = 

to 1000 

to 200 

to 50 
4 

to 10 

to 50 

log(mean) = 

to 105 

to 300 

log(mean) = 

0 

2.778 

2.477 

1.0 

to 5x10 

to 1000 

to 1000 

log (mean) 

log (mean) 

log (mean) 

= 1.0 

= 3.0 

= 2.0 
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Am 

Np 

Se 

Zr 

Pd 

Sn 

Cs 

I 

log uniform 

log normal 

log uniform 

log uniform 

log normal 

log uniform 

log uniform 

log uniform 

Molluscs 

Tc 

Cm 

Pu 

U 

Th 

log uniform 

log uniform 

log uniform 

log uniform 

log normal 

from 

log < 

from 

from 

log ( 

from 

from 

from 

from 

from 

from 

from 

log ( 

100 

[st.dev. 

2xl03 

50 

[st.dev. 

lxlO4 

10 

5 

lxlO2 

5xl03 

5xl02 

10 

[st.dev. 

) = 

) = 

) = 

= 0. 

= 0. 

= 0. 

.3 

,3 

.3 

to 1000 

log (mean) = 

to 

to 

1x10 

500 

log (mean) = 

to 

to 

to 

to 

to 

to 

to 

1x10 

50 

100 

lxlO4 

5xl04 

5xl03 

60 

log (mean) = 

• 2.0 

= 2.477 

= 3.0 

Ra log normal 

Am log uniform 

Np log uniform 

Sc Tog uniform 

Zr log uniform 

Pd log normal 

Sn log uniform 

Cs log uniform 

I log uniform 

log (st.dev.) = 0.3 

from 5x103 

from 100 
3 

from 3x10 
3 

from 1x10 

log (st.dev.) = 0.3 
4 

from 1x10 

from 10 

from 1.0 

log (mean) 

to 5x10 

to 1000 

to lxlO4 

to lxlO5 

log (mean) 

to 1x10 

to 50 

to 100 

= 3.0 

= 2.477 

Macro-algae 

Tc log uniform 

Cm log uniform 

Pu log uniform 

U log uniform 

Th log uniform 

Ra log normal 

Am log uniform 

Np log normal 

Se log uniform 

Zr log uniform 

Pd log normal 

from 5x10 
3 

from 5x10 
2 

from 5x10 

from 50 

from 100 

log (st.dev.) = 0.3 
3 

from 5x10 

log (st.dev.) = 0.3 

from 5x102 

2 
from 5x10 

log (st.dev.) = 0.3 

to 1x10' 
I 

to 1x10 

to 

to 

to 

log 

to 

log 

to 

to 

log 

5x10 

200 

500 

; (mean 

lxlO4 

; (mean 

5xl03 

5xl03 

; (mean 

i) 

i) 

i) 

= 2.0 

= 1.699 

3.0 
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Sn log uniform 

Cs log uniform 

I log uniform 

from 5x10" 

from 30 
2 

from 5x10 

to 5x10 

to 100 

to 5xl03 

4 

Zoo-plankton 

Tc log normal 

Cm log uniform 

Pu log uniform 

U log normal 

Th log uniform 

Ra log normal 

Am log uniform 

Np log uniform 

Se log uniform 

Zr log normal 

Pd log normal 

Sn log normal 

Cs log uniform 

I log normal 

log (st.dev.) = 0.3 
2 

from 5x10 
2 

from 5x10 

log (st.dev.) = 0.3 
3 

from 6x10 

log (st.dev.) = 0.3 
2 

from 5x10 

from 50 

from 5x10" 

log (st.dev.) = 0.3 

log (st.dev.) = 0.3 

log (st.dev.) = 0.3 

from 10 

log (st.dev.) = 0.3 

log (mean) = 2.0 

to 5xl03 

to 5xl03 

log (mean) = 0.699 

to 2xl04 

log (mean) = 2.0 

to 5xl03 

to 500 

to 5xl04 

log (mean) = 4.301 

log (mean) = 3.0 

log (mean) = 4.699 

to 50 

log (mean) = 3.477 

Phyto-plankton 

Tc log uniform 

Cm log uniform 

Pu log uniform 

U log uniform 

Th log uniform 

Ra log uniform 

Am log uniform 

Np log normal 

Se log normal 

Zr log normal 

Pd log normal 

Sn log uniform 

Cs log normal 

I log normal 

from 1.0 

from 1x10 
4 

from 3x10 

from 5.0 
4 

from 1x10 
3 

from 1x10 
4 

from 3x10 

log (st.dev.) =0.3 

log (st.dev.) = C.3 

log (st.dev.) = 0.3 

log (st.dev.) = 0.3 
3 

from 6x10 

log (st.dev.) = 0.3 

log (st.dev.) = 0.3 

to 2.0 

to 6xl0J 

to 6xl05 

to 50 

to 5xl04 

to 5xl03 

to 7xl05 

log (mean) = 

log (mean) = 

log (mean) = 

log (mean) = 

to IxlO5 

2.0 

3.903 

4.778 

3.0 

log (mean) = 1.301 

log (mean) : 3.0 

Enrichment factors for the inhalation of radionuclides associated with: 
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atmospheric vapour = 3xl02 litre.kg-1 

dry sea-salt particles = 3xJ0 litre.kg 

_ • > 

- Concentration factor for desalinated water = 1x10 

Dose conversion factors for ingestion and inhalation 

These factors are reported below in pairs for each radionuclide chain used. 

First element in chain: 

DOSE PER UNIT INTAKE FOR INGESTION AND INBALATION ( Sv/Bq ) 

Tc-99 
3.4E-10 dose per unit intake ingestion (Sv/Bq) 
2.0E-09 dose per unit intake inhalation (Sv/Bq) 
Cm-246 Pu-242 0-238 U-234 Th-230 Ra-226 
6.0E-07 5.5E-07 6.3E-08 7.1E-08 1.5E-07 3.1E-07 
1.4E-04 1.3E-04 3.2E-05 3.6E-05 8.6E-05 2.1E-06 
Cm-245 Pu-241 Am-241 Np-237 U-233 Th-229 
6.1E-07 1.2E-08 6.0E-07 1.1E-06 7.2E-08 1.0E-06 
1.5E-04 2.8E-06 1.4E-04 1.3E-04 3.6E-05 5.7E-04 
Am-243 Pu-239 U-235 
5.9E-07 6.0E-07 6.8E-08 
1.4E-04 1.4E-04 3.3E-05 
Pu-240 U-236 Th-232 
1.2E-08 6.7E-UB 7.4E-U7 
2.8E-06 3.4R-05 4.4E-04 
Se-79 
2.3E-09 
2.4E-09 
Zr-93 
4.2E-10 
8.6E-06 
Pd-107 
3.7E-11 
3.4E-09 
Sn-126 
5.1E-09 
2.0E-08 
Cs-135 
1.9E-09 
1.2E-09 
1-129 

7.4E-08 
4.7E-08 
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Consumption rate (g.d ) 

Fish - surface and mid-water 

Fish - deep water -

Crustacea - surface water -

Molluscs - surface water -

Macro-algae - surface water 

Sea-salt -

Desalinated water -

Zoo-plankton -

Phyto-plankton -

Inhalation rate: 

Vapour concentration 

D.3. SNAP site 

The data set used for the stochastic uncertainty analysis of the SNAP site 

is largely the same as that used for the GME site. The two main differences 

relate to the presence of an oxic surface layer in the sediment column and the 

position of repositories at the site box in the Mark-A ocean dispersion box 

model. The set contains 11 chains, as at GME, and 123 variables described by 

ranges and distributions; 14 more than for the GME site. 

Where the data are the same as GME they will not be repeated here but 

reference will be made to D.2. above. 

D.3.1. Basic radionuclide data 

Same as GME data. 

D.3.2. Waste inventory and canister data 

Same as GME data. 

D.3.3. Sediment column data 

3.0xl02 

6.0x1c-1 

l.OxlO2 

l.OxlO2 

l.OxlO2 

3 

2.0xl03 

3 

3 

2.3X101 m3.d 

0.1x10 g.m 
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For the SNAP site a surface oxidized zone is modelled, as proposed in the 

data base in Appendix A. Two sets of distribution coefficients are therefore 

required. 

Porosity in mildly reduced zone: uniform from 0.46 to 0.67 (dimensionless frac

tion). 

3 - 1 
Distribution coefficients in mildly reduced zone (m .kg ) 

Tc log 

Cm log 

Pu log 

U log 

Th log 

Ra log 

Am log 

Np log 

Se log 

Zr log 

Pd log 

5n log 

Cs log 

I log 

uniform 

normal 

uniform 

uniform 

uniform 

uniform 

normal 

uniform 

uniform 

uniform 

uniform 

uniform 

normal 

uniform 

-4 
from 0.1x10 

log (st.dev.) = 0.3 

from 10 

from 0.1 

from 500 

from 7.0 

log (st.dev.) = 0.3 

from 0.1 

from 0.1x10 

from 0.1x10" 

from 0.1x10 

from 0.1x10 

-4 

-4 

log (st.dev.) = .53 

from 1.0x10 

to 0.1 

log (mean) =3.0 

to 100 

to 100 

to l.OxlO4 

to 60 

log (mean) =3.0 

to 0.8 

to 10 
3 

to 5x10 

to 2x10 

to 500 

log (mean) 

to 0.1 

-1.0 

Thickness of oxidized zone: uniform from 1.0 to 13.0 meters. 

Porosity in oxidized zone: uniform from 0.56 to 0.78 (dimensionless fraction), 

3 -1 
Distribution coefficients in oxidized zone (m .kg ) 

Tc log uniform 

Cm log normal 

Pu log uniform 

U log uniform 

Th log uniform 

Ra log uniform 

Am log normal 

from 0.1x10 

log (st.dev.) = 0.3 

from 10 
-2 

from 8x10 

from 500 

from 4 

log (st.dev.) = 0.3 

to l.OxlO"3 

log (mean) = 3.0 

to 100 

to 8 

to l.OxlO4 

to 40 

log (mean) = 3.0 
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Np 

Se 

Zr 

Pd 

Sn 

Cs 

I 

log uniform 

log uniform 

log uniform 

log uniform 

log uniform 

log normal 

log uniform 

from 0.1 

from O.lxlCf 

from 0.1xl0~ 

0.1xl0~4 

from O.lxlO"4 

log (st.dev.) 

from 1.0x10" 

Diffusion in sediment intersticial waters 

Same as GME data 

D.3.4. Ocean parameters used in the Mark-A box model 

The SNAP site is situated in the south-western North Atlantic box (Figure 

B.3). Therefore, the only differences between these data and those for the GME 

site concern the interface of the nested and basin boxes. 

Box volumes: 

(see Section B.4.1.1). 

Interfaces, diffusivities and mixing lengths between boxes: 

(see Section B.4.1.1.). 

Water fluxes: 

(see Section B.4.1.1.) 

Sediment/water boundary layer parameters 

Same as GME data. 

Distribution coefficients for radionuclides with suspended sediment in ocean 

water 

to 0.8 

to 10 

to 5xl03 

to 2xl03 

to 500 

log (mean) = -1.0 

to 100 
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Same as GME data. 

Other suspended sediment parameters 

-5 -3 
- Concentration of small sediment particles: 1x10 kg.m 

-7 -3 

- Concentration of large sediment particles: 2x10 kg.m 

- Settling velocity of small particles: uniform from 30 to 150 (m.a ) 

- Settling velocity of large particles: 

log-uniform from 1.825x10 to 7.3x10 (m.a ). 

D.3.5. Pathways and dose model data 

All these data, including the concentration factors, dose conversion fac

tors, consumption and inhalation rates, are the same as for the GME simulatior 

285 



APPENDIX El MODEL INTERCOMPARISON 

VERIFICATION AND VALIDATION STUDIES 

E.l. Introduction 

To make a radiological assessment of a disposal option using predictive 

models for a period of up to 10 years, one must be able to place some confidence 

in the models and data used. We have seen in Chapter 1 how the verification of the 

data was made through the preliminary publication of a data base. We will de

scribe here how the models were verified. 

It is necessary to distinguish between two concepts, according to the clas

sical terminology: verification and validation. 

Model verification is an attempt to ascertain that a model correctly solves 

the equations it is supposed to solve. In other words, it helps eliminate errors 

in the coding of the model and permits an evaluation of the accuracy of the 

solution (discretization errors, round-off errors, numerical dispersion or in

stability). Standard methods of verification are comparisons of sample calcula

tions with known analytical solutions or (when these do not exist) comparisons 

with other calculations done with different codes on the same test. Such verifi

cations can never prove that a model is free from errors, but they tremendously 

increase the confidence that can be placed in it. 

Model validation is an attempt to check that the model correctly represents 

the physical, chemical or biological mechanisms it is supposed to represent. Even 

if a model is verified, in the sense defined above, it may be incorrect if the 

assumptions and equations introduced do not accurately represent the real world 

or if the data used are not representative of reality. Model validation is much 

more difficult and demanding than model verification. Basically, it requires 

that model predictions (possibly for periods of time of significant length) can 

be compared and validated against an observed evolution of the system or of parts 

of it. Validation methods for waste disposal can include laboratory experiments, 
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the use of previous experiences of disposal or contamination events, the observa

tion of environmental tracers and the use of natural analogues. 

The work of the RATG was essentially concerned with model verification and 

will be reviewed below. The validation of the models recommended to the RATG was 

part of the work of the other task groups of the SWG; however, in Section E.3, we 

will list the validation efforts that have been made or could be envisaged. 

E.2. Model verification studies 

E.2.1. Specific model verification 

The canister corrosion and waste leaching models are so straightforward 

that no specific model verification was deemed necessary. They are however incor

porated in overall model intercomparison studies. Four types of models have been 

intercompared: 

- nuclide transport in sediments, 

- thermal models (although not directly part of the assessment), 

- ocean transport models, 

- probabilistic safety assessment models. 

The dose models are also r.ither straightforward and already checked in 

previous assessments of sea-dumping operations (NEA, 1985). They are, however, 

included in the over-all model intercomparisons. 

E.2.1.1. Nuclide transport in sediments: A first intercomparison was made 

in 1984 between the US code TRION (SNL) and the French code SEDIMENT (EMP). TRION 

is an analytical solution of the transport equation working in 1, 2 or 3-D; 

SEDIMENT is a 1-D numerical solution. The test was made for a 1-D case, with pure 
135 6 

diffusion (no advection) of Cs (half-life 2.3x10 years) in a homogeneous 60 m 

long sediment column with waste buried at 30 m. The results were instantaneous 

and integrated fluxes at the ocean floor and ocean burden given as a function of 

time. The comparison was very satisfactory as shown in Table E.l. 
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TABLE E.l 

TRION-SEDIMENT comparison 

Tine 

5.E5 

1.E6 

2.E6 

5.E6 

I.E7 

Flux 

TRION 

I.6AE-12 

8.26E-I0 

8.I6E-9 

7.I9E-9 

I.16E-9 

EMP 

J.35E-11 

I.09E-9 

7.94E-9 

7.03E-9 

1.15E-9 

Inc. Plux 

TRION 

5.31E-8 

1.09E-4 

4.51E-3 

3.33E-2 

5.01E-2 

EMP 

9.30E-7 

I.90E-4 

4.74E-3 

3.26E-2 

4.91E-2 

Ocean Burden 

TRION 

5.27E-8 

1.06E-4 

4.05E-3 

2.02E-2 

1.14E-2 

EMP 

9.14E-7 

I.86E-4 

4.20E-3 

1.96E-2 

1.12E-2 

A second intercoraparison made in 1985 involved the following codes: 

- TRION, OS-SNL, analytical 

- IONMIG, US-SNL, numerical 

- TROUGH, UK-NRPB, numerical 

- METIS, France-EMP, numerical 

- COLUMN, CEC-JRC, numerical 

Calculations were made for the migration of 1 000 atoms instantly released 

at a depth of 30 m in a medium constituted by two horizontal layers with diffe

rent KJ'S (analogous to the layering observed at SNAP and GME). Migration was 

either by pure diffusion or advection plus diffusion, without radioactive decay. 

Comparisons were also made between 1-D, 2-D axi-symmetric and 3-D calculations. 

The results first showed discrepancies between the codes, but after correction of 

an error in one of them, almost identical results were finally obtained with all 
-3 

the codes; an example is shown in Figure E.l, where the peak release rate in 10 

Ci a is plotted against the thickness of the first layer of the model. 

E.2.1.2. Thermal models: During the course of the SWG program, special 

attention was given to the thermal impact of the wasle on the sediments, both in 

terms of temperature history at the canister surface (to predict the corrosion 

and leach rates), and in terms of convective velocity developed in the sediment 

pore water by the density differences induced by the temperature. The results of 

two numerical codes were compared in 19135: 

- MARIAH, US-SNL 

- TOTEM, Fr-EMP 
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• TRION • TROUGH. METIS. IONMIG 

Figure E.l. Comparison of the results of the sediment models, 

in a two-layer system. 

Peak release rate as a function of the thickness of the first layer. 

Both for temperatures and velocities, the results were identical (Poulin, 

1985). These results are given in Appendix F (sensitivity study to the thermal 

loading). 

Thermal sensitivity studies were conducted with MARIAH and ARRAYF, a US-SNL 

analytic code. ARRAYF has been verified by comparison with MARIAH and COYOTE 

(Hickox et al., 1980; Klett et al., 1981). 

E.2.1.3. Ocean transport models: A first intercomparison study was made in 

1984 with an early version of the ocean transport box model, called the 6-box 

model. 
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The following groups took part in the intercomparison:US-SNL and 

(MARINRAD), CEC-JRC, UK-NRPB and Fr-EMP (OCEAN). 

Four cases were studied: advection, mixing, radioactive decay and sedimen

tation. The result of this test showed the influence of the type of discretiza

tion used both in time and space on the numerical dispersion included in the 

model. It helped establish rules for the development of the final model Mark-A. 

A second intercomparison study was made in 1986 between the final models 

used for the assessment: 

- MARK-A, POTG-RATG model 

- 91-BOX, UK, NRPB-MAFF model 

- MARINRAD, US, SNL-TASC 

These models were run on the same data base and the results were similar. 

E.2.1.4. Probabilistic safety assessment code: In preliminary assessments 

carried out in 1982 and 1985, the RATG used the Canadian code SYVAC from the AECL 

(Wuschke et al., 1982; Guvanasen, 1987). The system performance assessment code 

used in the final implementation by the RATG is the LISA code (Long Term Isola

tion Safety Assessment), developed by the CEC JRC, Ispra, (Saltelli et al., 

1984b) and upgraded to include seabed specific submodels (Flebus and Stanners, 

1987, Flebus and Stanners, 1988). In parallel to the SWG assessment using LISA, a 

number of other sub-seabed disposal assessments were carried out over the same 

time frame using different system performance codes; they include those develo

ped by the UK-NRPB for the CEC PAGIS program and by Electrowatt for the UK DOE. 

Within an exercise called PSAC (Performance Safety Assessment Codes), pro

moted by OECD-NEA, different codes of this type, applied to a variety of assess

ment problems, are being intercompared. Due to the complexity of these codes the 

comparison has been divided into a series of levels. The intercomparison level 

zero, where the executive drivers of the codes are compared, is now almost com

plete, and the preliminary findings (NEA-PSAC, 1986) show good agreement between 

LISA, SYVAC and the other system performance codes. These results directly vali

date the executive modules (sampling, assignment of parameter values and data 

post-processing) used in the version of LISA applied to sub-seabed disposal. 
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A high level of confidence can therefore be given to these driver modules. 

E.2.2. Global safety assessment studies verification 

Three major verifications were made in the course of the work of the RATG. 

In 1980, the RATG presented a first generic deterministic safety assessment 

of the seabed option for demonstration purposes, which was performed at NRPB, UK 

(RATG, 1980). The scenario was a base case situation, the methodology was similar 

to the one used in the present safety assessment; the models were simplified 

early versions of the present ones and the data were assembled from published 

work and not meant to realistically represent real sites. This work was followed 

in 1982 by the deterministic calculation, also by NRPB, of the assessment of 8 

scenarios representing abnormal situations (RATG, 1982). Again, the models and 

data were only preliminary. 

A first comparison of these results was possible in 1982 by the presentation 

by the RATG of a first probabilistic assessment made by AECL in Canada using a 

modified version of the SYVAC code involving submodels close or identical to 

those used in the deterministic scenarios by the NRPB and the same input data 

(RATG, 1982; Wuschke et al., 1982). 

It was then possible to compare the two results, deterministic and probabi

listic, with the same base case scenario and sensitivity studies. It was found 

that the mean dose for the probabilistic model was of the same order of magnitude 

as that of the deterministic case, but the probabilistic methodology gave addi

tional information on the range of distribution of doses around the mean, not 

available from the deterministic study. The sensitivity studies were also in good 

agreement (RATG, 1982). 

A second verification was obtained in 1984 for the deterministic 1980-1982 

studies (base case and some abnormal scenarios) by intercomparison with a comple

tely independent assessment made by the US Subseabed Disposal Program (SDP -

Sandia, 1983). Significant differences were initially found between the two 

assessments but the differences in results were traced to identifiable diffe

rences in model structure and data. Additional calculations, done by SNL-TASC 
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removing these differences, caused the SDP and RATG results to converge and, in 

general, good agreement was obtained (RATG, 1984). This comparison also served as 

an indication of what assumptions, models and data had the largest impact on the 

results. 

The third verification is provided by the comparison of the results obtained 

for the final assessment from the various groups connected with the RATG: SNL-US, 

NRPB-UK, Electrowatt-UK, JRC-CEC, EMP-France, Dornier-FRG. This comparison is 

reported together with the results in Chapters 2, 3 and 4. 

E.3. Validation studies 

Validation of the models used in the radiological assessment is part of the 

work of each of the task groups of the SWG, who have recommended the relevant 

models and data to the RATG for each of the components of the system. Thus, we 

will only list here the validation studies which are completed and described in 

the TG reports, as well as validation studies that could be attempted in a later 

phase of the program. 

Canister corrosion studies have been made in the laboratory over periods 

exceeding 2 years involving mild steel in contact with seabed sediments. The 

proposed model based on these experiments is thus validated, at least for the 

period of 2 years. The NFTG has used great care in assembling evidence to suggest 

that extrapolation for thousands of years is feasible, based on the selected 

material - mild steel - and observed behaviour in marine sediments. The assumed 

failure distribution function of the canisters is also conservative with respect 

to the corrosion model (see Volume 8). 

The leach rate model is also based on measurements in the laboratory over a 

period of 2 years. The NFTG has assembled evidence that the linear growth with 

time of the cumulated release is conservative, the long-term behaviour is be

lieved to be a function of the square root of time. A further assumption of the 

model is the absence of solubility limits which is probably also very conserva

tive, provided that complexes are iot formed at the dissolution front (see 

Volume 8). 
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In other research programs validation of experimental leach rate of glass is 

sought from natural volcanic glass or archaeological glass. 

The sediment transport model is very classical (diffusion, advection if 

any, sorption in fine-grained sediments) and thus has been validated in many 

instances in other areas. By interpreting the observed concentration profiles in 

the cores of the ESOPE cruise at GME and SNAP,using diffusion and advection 

models, it was possible to determine the diffusion values and observe the lack of 

advection (see Volumes 3 and 7). This is, in turn, a validation with natural 

analogues, over tens of thousands of years, of the precise model and data used 

for the assessment and is therefore particularly important. The sorption data 

come from laboratory experiments and their validation and/or uncertainty is 

emphasized in the SBTG report (see Volume 7). The problem of hole closure is 

partly validated by the results of the HOCUS experiment (see Volume 4), but 

further research at the proposed disposal sites seems necessary in a later phase 

of the program. The role of faults and their sealing, which is being studied on 

the results of the ESOPE cruise, could be considered as a partial analogue of 

this hole closure problem. 

The ocean transport model has not been validated in the SWG program because 

of an early termination of the present phase. This is certainly an area where 

further research is needed and where the POTG has developed plans for validation, 

using environmental tracer data as well as comparison studies between the box 

models and the General Circulation Models (see Volume 5). 

The dose model is again a very classical one which has been used previously 

in a number of studies, e.g. the low-level dump-site review (NEA, 1985). The 

model is made up of a series of concentration factors, transfer factors and dose 

conversion factors. These data are constantly reviewed and updated, based on 

experimental evidence. The data used were assembled by the IAEA (1984) for the 

concentration and transfer factors and by ICHP (1985) for the dose conversion 

factors. 

As emphasized by the BTG (see Volume 6), most of these data are available 

for shallow water animals but are not complete for deep water ones. In the food-

chain model, there is thus a certain measure of extrapolation that would need to 

be validated in a later phase of the program. 
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APPENDIX Pt PRELIMINARY SENSITIVITY ANALYSIS " ^ ^ ^ ™ 

In this Appendix, we will briefly review early sensitivity studies perfor

med by the RATG in the course of the SWG program. Most of these analyses used 

earlier data bases and hence the results do not agree exactly with the 1987 risk 

assessment. However, the trends remain unchanged. The latest sensitivity stu

dies, performed with the final models and data base, are described in Chapter 5. 

The following preliminary analyses are interesting because they permitted us to 

focus the work of tha SWG and the RATG on the most important issues. We will 

present the work on: 

. sediment pore-water velocity, 

. role of faults, 

. thermal behaviour and role of imperfectly closed holes, 

. selection of the important radionuclides for K. experiments, 

. role of penetration depth, 

. ocean box model, 

. thermal studies. 

F.l. Sensitivity to sediment pore-water velocity 

In the initial phase of the work by the SWG, the pore water in the sediments 

was assumed immobile and transport due only to diffusion. However, later in the 

program, thermal profiles measured in the sediments at GME raised the question of 

the possible existence of some pore water advection naturally present in the 

sediments. Although this issue was finally resolved by the results of the ESOPE 

cruise, an analysis of the sensitivity of the seabed option to pore water verti

cal velocity in the sediments was made at the request of the Coordinating Bureau 

in November 1983. The study was completed by SNL-US and contains comparisons with 

results obtained by NRPB-UK, JRC-CEC, WNRE-Canada and EMP-France. The following 

conclusions were drawn (summary from the RATG interim meeting, February 1984; 

RATG, 1984): 

i) There is no significant disagreement between the various assessments 
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produced to date on the sensivitiy of the sub-seabed option to the pore water 

velocity in the sediments, defined as the volumetric flow rate of water per unit 

cross-sectional area of the sediment, oriented vertically upward. This velocity 

is assumed constant over time and resulting from natural phenomena. 

ii) For pore water velocities up to around 10 to 10 m a (see Figure 

F.l), molecular diffusion is the dominant transport mechanism at burial depths of 

10 to 500 m in homogeneous sediments. 

• -3 -1 . 

iii) For velocities above 10 m a , advection starts to become a signi

ficant transport mechanism. The rate at which the impact of the disposal increa

ses with pore water velocity is a complex function of the waste inventory, waste 

properties, sediment properties and moiel assumptions as well as of the criteria 

used to define the impact of the waste elease. 
iv) With present models and data, a first increase in impact occurs for 

- 4 - 2 - 1 
velocities between 10 and 10 m a due to long lived unsorbed radionuclides 

99 129 
(e.g. Tc, I). A second sharp increase in impact appears above a pore water 

velocity of 10 m a , due to the actinides. Results obtained with our present 

model and data suggest that if pore water velocity is greater than 10 m a , 

the effectiveness of 10 to 500 m of sediments as a barrier is greatly reduced. 

v) A high priority should be given to measuring natural pore water veloci-
-3 -1 

ties in the sediments in the range of 10 m a , which may entail developing new 

measurement techniques. 
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Figure 1: Release fractions vs. pore water velocity 

using SATG inventory and data. 
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F.2. Role of faults 

During the seismic reconnaissance of the GME and SNAP sites, numerous faults 

were detected inside the seabed sediments; one such fault was also observed in 

one of the cores of the ESOPE cruise. It appears that these faults are probably 

impervious and do not greatly influence the behaviour of the sediment barrier; 

however, a preliminary sensitivif-y study was carried out to bracket their poten

tial role. 

When the possible influence of faults on sediment barrier behaviour was 

teoted, migration by dispersion and advection were treated separately as limi

ting cases (Klett and Hertel, 1987). 

Advective case (when there is an advective velocity in the sediments): What 

is the minimal distance between a fault and a penetrator beyond which the fault 

does not modify the confinement? Let us assume that water is moving in the 

sediment due to a uniform source: by uniform source of water, one means that 

water is introduced at a constant rate at every point of the sediment. This 

source is uniform both in space and in time. This configuration is a simple way 

of representing water migration caused by uniform compaction using a rigid sedi

ment matrix into which water is introduced. In Figure F.2, the penetrator is 

located at a depth d and a distance c from the fault: 

••dl»nt/vttar int«rf*ca < E ^ £ fr p!««)rah or x 
« |£.0 
/an 

fcult. 

iiumnnnmuinnmnniiiiiiiinmniimimimiiimnnni 

Figure F.2. 

The governing equation for steady state fluid flow with internal generation 

of water is: 

324 A „ 324> 
^ "5? + *v 3Z* ~qo 
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where $ is the hydraulic head, 

q_ is the uniform source term, ^o 
and TL,, K^ the horizontal and vertical hydraulic conductivity. 

Although the fault is probably closed and impervious, we will make the 

extreme assumption that the fault is completely open and communicates directly 

with the ocean. The hydraulic head in the fault is thus prescribed and equal to 

that en the sediment surface. 

The boundary conditions for this situation are therefore: prescribed head 

at the surface of the sediments and in the fault and no flow at the bottom of the 

sediment layer. Let us further assume that the penetrator is close enough to the 

fault so that the left vertical limit on Figure F.2 is far enough from the 

penetrator so as not to influence the circulation in the sediments. 

An analytical solution exists for the hydraulic head , given the boundary 

conditions described above. The vertical and horizontal Darcy velocity compo

nents are derived from by: 

H *H 3x 

v v - - * * 
3A 
3z 

Using the expression for <J>(x,z), it is possible to establish that: 

VH , 
and finally — -• K./K. 

VV 

which gives the ratio of the horizontal to vertical water velocity components in 

the sediment. From this ratio, given the initial position of a particle in the 

sediment, it is possible to determine whether the dominant travel path by advec-

tion is horizontal, i.e. directed cowards the fault, or vertical, i.e. directed 

towards the ocean bottom. In the first case, the role of the fault is important, 

in the second, it is not. 

Consequently, a radionuclide moving from a given point above a certain 
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depth, that we will specify, will finally leave the sediment by the sediment-

ocean interface. Below that depth limit, the radionuclide will move toward the 

fault. Conversely, for a given depth of burial d, the minimum distance at which a 

fault does not modify the confinement is: 

Climit = d ^V*V 

A conservative value of 4 for the anisotropy ratio was adopted for GME and 

SNAP based on the detailed properties of the layered sediments (see Volume 3 and 

Appendix B). This led to a minimum distance from a fault of 100 m if the depth of 

emplacement is 50 m. 

Diffusive case (in the absence of advection): Consider a point source of 

radionuclides in a porous medium limited above and on one vertical aide by a zero 

concentration boundary condition. The top boundary represents the sediment-water 

interface and the vertical one represents the fault that is again assumed comple

tely open (Figure F.3): 
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Figure F.3. 

The migration of the radionuclide in the sediment is due to pure diffusion. 

An analytical solution exists for this situation which gives the concentration in 

space and time. Diffusive fluxes across the upper and lateral faces are then 

derived from that expression. 

We finally calculate the ratio between vertical and total flux obtained for 
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different source-fault distances. It appears that for distances larger than 

twice the depth of emplacement, the fault has a very small influence on the 

tracer movement: if the source is far enough from a fault, the horizontal diffu

sive flux is negligible. 

Conclusion; Both advection and diffusion approximations lead to the same 

results: as soon as the penetrator-fault distance is greater than the depth times 

the square root of the permeability anisotropy ratio, the fault is no longer a 

short circuit between the penetrator and the ocean and plays no significant role 

in the confinement even if it is completely open. Given the measured properties 

of the individual layers of the sediment in GME and SNAP, it seems that the 

global anisotropy in the permeability is on the order of 4; this means that a 

fault would not play a significant role if canisters, emplaced at 50 m depth, are 

more than 100 m from a fault. 

If the density of present and possibly future faults is known, it is pos

sible to estimate the number of canisters emplaced at any given distance from a 

fault. Therefore, one of the abnormal scenarios examined in Chapter 3 deals with 

this situation (case 3). 

F.3. Role of imperfectly closed hole 

In the free fall penetrator design, it is anticipated that the hole behind 

the penetrator will be perfectly closed, restoring the original sediment proper

ties above the waste. The checking of this behaviour was the object of the HOCUS 

experiment. However, a sensitivity study of the properties of the hole was 

conducted in 1984, prior to the HOCUS experiment. This study was undertaken by 

EMP-France to evaluate the effect of a partially closed hole above a canister. 

The evaluation was done by varying the permeability of the sediment in the hole 

while the permeability of the surrounding medium remained fixed. The highest 

permeability remains fixed for the whole calculation period. On the vertical 

symmetry axis the permeability is maximum. This value is kept constant in a 

cylinder with a diameter equal to that of the canister. Then, it decreases 

linearly to the permeability value of the surrounding medium, which is assumed to 

be undisturbed outside a cylinder with a diameter equal to 4 times that of the 

canister. 
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The emplacement depth is 30 m and only one canister is considered. The 

influence of the increase in permeability will be assessed by calculating the 

convective velocity cells which develop in the sediment in the early time after 

disposal, due to the thermal output of the waste (see also Section F.6). 

The interstitial pore water velocity above the canister in the refilled hole 

was calculated with the TOTEM code. Figure F.4. gives the vertical velocity 

variation with depth for 3 cases; Case A is the base case where the permeability 

is uniform. For case B, the maximum refilled hole permeability is 10 times 

greater than the permeability in the surrounding medium. For case C, the maximum 

refilled closed hole permeability is 100 times the permeability in the undistur

bed medium. 

Table F.l shows maximum and minimum vertical velocities along the axis above 

the canister for cases A, B, C (Figure F.4): 

Cu« * turn » 
Hoaopnmu* M m u b i l l t y 

C M * C 
H*t*re«<Mou> p c m t b i l i t y o,.n»u. P«t«.bility B.t.ro*m.oo. p,i»«bllity H«t.roj.n.ou. p.. 

- j o-'* 5 *5 - -s io"'5 •* s • -5,0 * 
on th< holt axlt oo th« holt axil 

& 10 
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Figure F.4. Maximum vertical velocity above the canister. 
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TABLE F.l. 

Maximum and minimum water velocity in the vertical direction z 
above a canister for 3 cases of permeability 

Case 

V max 
z 

V min 
z 

A 

7.7X10'10 

-13 
2.5x10 1J 

B 

6.5xl0~9 

-12 
5.2x10 

C 

4.6xl0~8 1 _x 
| m s 

3.2X10"10 1 

The minimum water velocity (at the sediment-water interface) increases by 

less than one order of magnitude (case B) and two orders of magnitude (case C) 

which are the increases of the permeability in the hole. The maximum water 

velocity (just above the canister) increases by more than one order and two 

orders of magnitude, respectively. 

This study is based on simple hypotheses for hole closure and the calcula

tions were done only for the first 5 years after emplacement. Previous studies 

have shown that after 100 years, vertical water velocity decreases by two orders 

of magnitude (see Section F.6). The figure also shows that vertical advection 

rapidly decreases by two to three orders of magnitude between a canister and the 

ocean bottom. 

It can be concluded that a higher permeability above the penetrators due to 

imperfect hole closure will significantly increase the vertical water velocity 

in the sediments for a few years after emplacement, but that these velocities 
-3 -1 

will be negligible after 100 years and below the 10 m a limit established in 

Section F.l. 

However, the influence of an increase in permeability above the penetrators 

on the advective velocity due to compaction has not been assessed. 

F.4. Selection of important radionuclides 

for experimental determination of K. values 

This study was done by the SNL-US in order to select the radionuclides whose 

K. values it would be worthwhile to study more closely. To make that selection 
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the following methodology was adopted. Initial activity values per metric ton of 

heavy metal were taken from the PAGIS inventory. The K. values for all the 

radionuclides are varied from zero to 10 ml/g. For each radionuclide and each K« 

value, a fractional release rate is calculated. This fractional release rate is 

defined as the maximum release rate of that nuclide at the sedimenc surface 

divided by the IAEA release rate limit (see Section 1.3). A threshold value for 

K, is arbitrarily said to be reached when the K, is large enough for the frac

tional release rate to be smaller than 10 . For these calculations, the TRION 

model is used with an instantaneous point source (zero canister life), zero 

vertical velocity and a 30 m-deep emplacement. For the actinide chains, the K. is 

made to vary for only one radionuclide at a time while the K.'s of the other 

radionuclides in the chain are fixed at their reference "best estimate" value as 

given by the SBTG (Appendix B ) . When the fractional ratio is 10 , the total 

amount of waste for a particular radionuclide, which could be disposed of so as 

to satisfy the IAEA release rate limit, is equal to the amount that is contained 

in 10 MTHM. This value is many orders of magnitude greater than the current 

worldwide total inventory of radioactive waste (the assessment presented in 

Chapters 2 to 5 is based on 10 MTHM). 

K, measurements are said to be important for a given radionuclide if a 
15 

significant K. value is required to meet the IAEA release limit with 10 MTHM of 

waste; they are not important if a zero or negligible Kj value is enough to meet 

the IAEA release limit. 

Based on these calculations, the following isotopes need not be considered 
A - A t t t »u + A . 90. 90v 106D 106_. 110A 125.. 126e. 

as candidates for further study: Sr, Y, Ru, Rh, Ag, Sb, Sb, 
134„ 137„ 137,. 144. 144. 147„ 1510 154„ 155_ 210_. 212_, Cs, Cs, Ba, Ce, Pr, Pm, Sm, Eu, Eu, Pb, Pb, 
212„. 210B 224„ 232„u 236„ 239„ 238- 241_ 241. 242_ 243,. . 

Bi, Po, Ra, Th, U, Np, Pu, Pu, Am, Cm, Cm and 
244 

Cm. Isotopes that should be considered as candidates for further study are 
14C, 79Se, 93Zr, 99Tc, 107Pd, 126Sn, 1 2 9 I , 1 3 5Cs, 226Ra, 229Th, 230Th, " V 
234„ 237„ 239„ 240„ 242w 243. 245„ . 246- „. . t 

U, Np, Pu, Pu, Pu, Am, Cm and Cm. These isotopes are not 

listed in order of their relative importance. Note that some members of the 

chains do not appear in the PAGIS inventory but need to be included in the TRION 
input to insure proper program execution. 

These results are based on the stated assumptions and only meant as a guide 

to assist futur research efforts. 
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BURIAL DEPTH SENSITIVITY 
16-3 

Figure F.5. Fractions of allowable individual dose rate 

for a 103 MTHM repository using IAEA limits for LLW. 

BURIAL DEPTH SENSITIVITY 
1E1 

1E-1 r1 

16-2 

1E-3 

1E-4 

Figure F.6. Fraction of allowable collective dose 

using US-EAP limits. Integrated 10 years. 
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F.5. Burial depth sensitivity 

Figures F.5 and F.6 show the sensitivity of peak individual dose rates and 

collective doses to depth of burial. For very shallow burial depths the dominant 
240 239 243 126 237 

nuclides are Pu, Pu, Am, Sn and Np for peak individual doses and 
241„ 237„ . 243. , , , * • . , * ™ u • i 7 9c 99_ . 129T Pu, Np and Am for collective doses. F;» 70 m burial, Se, Tc and I 

99 129 

are the dominant nuclides f«r peak individual doses and Tc and I are domi

nant for collective doses. There are large individual dose margins of safety for 

a single repository of 10 MTHM at all burial depths. The reciprocal of the 

values in Figure F.6 is the number of repositories allowable if the entire 

radiation increment were allotted to nuclear waste disposal. There are smaller 

margins of safety using the US-EPA collective dose method integrated to 10 years 

but burial depths greater than 10 m are enough to decay all the short lived 

nuclides and result in safety factors greater than 100. 

This study was done by US-SNL for the SNAP site using the data of Appendices 

8 and C ("best estimate" parameters). 

F.6. Ocean box models 

In order to test the most important parameters to be used in ocean box 

models, the RATG, under the guidance of the POTG, has conducted sensitivity 

studies on a simple 6-box model recommended by the POTG. This has led the RATG to 

define the optimum degree of simplification acceptable for assessment of the 

seabed concept. 

A two-layered 6-box model was first tested in steady state for the role of 

the physical parameters. Advection, horizontal and vertical dispersion were ta

ken into account (RATH, 1983). A constant flux of tracer was injected into the 

bottom layer. This tracer was removed from the ocean by radioactive decay. The 

results of a great number of steady state runs were gathered on plots. The 

concentration in the boxes were shown to be sensitive mainly to vertical exchan

ges and to a lesser extent to horizontal advection and dispersion. 

Then, the 6-box model was used to study the evolution of concentrations with 

time, following a pulse input; scavenging processes were also included. In this 
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study, the influence of different numerical schemes for spatial and temporal 

approximations was investigated. Centered and backward schemes in space, and 

Crank-Nicholson and implicit srhames in time were used. The number of boxes and 

the duration of the time step were also varied. It appears that for a pulse 

input, the model answer was dependent on the number of boxes, pa-ticularly at 

early times. Obviously a more accurate result was obtained with a greater number 

of boxes, particularly around the release point. 

This demonstrates that lor assessment purposes the .imulated ocean mixing 

time must be given a "realistic" value. Moreover, further studies have shown that 

the seabed concept generally involves slow variations of the rate of input to the 

ocean from the sediments. In this situation, the ocean box model is satisfactory 

as the distribution of the concentration of the radionuclides in the ocean is at 

any time in a quasi steady state, and the main process is scavenging. Following 

these studies, nested boxes above the site have been added in order to provide 

greater precision around the site and hence to better represent the dispersion 

from the site to the ocean basin. The nested boxes were sized according to the 

space and time scale of mixing in the Bottom Boundary Layer and in the mesoscale 

quasi-turbulent eddy field overlying it. 

F.7. Thermal sensitivity studies for the 

sub-seabed HLW disposal program 

The reference conditions used in this early thermal sensitivity study, per

formed by US-SNL, are summarized in Table F.2. The heating rates of the US waste 

form used in this analysis are nearly the same as those of the PAOIS waste. 

Thermal studies conducted with the MARIAH computer program showed that 

convection in the sediment would have a negligible effect on heat dissipation. A 

parametric study (Gartling and Hickox, 1982) showed that temperature predictions 

did not change with a 3 order of magnitude change in permeability. Even with 

twice the reference heating rate, convection would be negligible. This per

mitted the use of computer program ARRAYF (Klett et al., 1981) for the system 

studies. ARRAYF solves analytical conduction equations and can be run parametri-

cally easier and more economically than the finite difference programs. Tempera

tures are computed in the disposal medium and inside a multi-layered canister 
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which contains an exponentially decaying heat source. The disposal medium has one 

isothermal surface or hexagonal array and can be stacked vertically with or 

without vertical separation. 

The referenced canister temperatures for the first 70 years after empla

cement are shown in Figure F.7. The temperature peaks at 1.8 years, is half-way 

back to ambient in 34 years and down to 25°C by the 105th year. This short 

duration of high temperature is important for canister corrosion studies and for 

potential thermally driven convection, diffusion (Soret effect) or chemical re

actions. 

Table F.3 summarizes the thermal sensitivity study. The limiting variables 

that could restrict the repository layout will probably have no effect on «.ny of 

the proposed emplacement processes or layouts. Allowable horizontal spacing is 

small compared to that required for emplacement and the temperature rise in the 

benthic layer is insignificant with any proposed layout. The operational vari

ables are properties of the site and cannot be controlled after the repository 

site and configuration have been fixed. Any uncertainty in this group of vari

ables must be compensated for by including a safety factor in one or more of the 

other variables or design parameters. Thermal conductivity is by far the most 

important of the operational variables and must be verified with in situ experi

ments. Design variables are used to produce the least expensive repository that 

will meet given safety criteria and as input data for cost/risk/benefit studies. 

Increased temperature caused by concentrating more waste in one location 

(i.e. increasing the diameter, length or proximity of canisters) can be compensa

ted for by aging or dilution of the waste. Optimization then consists of trade

offs involving the value of detriment (cost of risk) and costs of waste form, 

canisters, emplacement, storage and transportation within safety guidelines. 

Changing canister length appears to have a larger economic effect than changing 

the radius. A small vertical separation between canisters appears to be the best 

configuration for drill stem emplacement. 

All the parameters in this study, with the exception of waste concentration, 

affect the time it takes the canisters to reach peak temperature and the length 

of time they stay at an elevated temperature. If time/temperature limits could be 
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set for the canister corrosion and waste leaching, they could be incorporated in 

subsequent updates of this study. Nothing showed up that would question the 

feasibility of the subseabed HLW disposal concept, no serious design problems 

were uncovered, and the sensitivity to all variables can be explained. A more 

detailed discussion of the thermal sensitivity study appears in Klett and Hertel 

(1987). 
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TABLE F.2. 

Reference conditions for thermal sensitivity 

High level waste form 

. Aged 10 years 

. Effective initial heating rate = 9.86 kW/nf 

. Effective half life for peak temperature calculation = 29 years 

Sediment 
3 

. Thermal conductivity = 0-0010 kW/v. 

. Heat capacity (C ) = 3850 kj/m °C 

. Initial temperature = 2°C 

Canister 

. Length = 3 m 

. Inner radius = 0.140 tn 

. Outer radius = 0.150 m 
3 

. Volume = 0.184 m 

. Initial heating rate = 1.814 kW/canister 

. Material = titanium alloy 

. Maximum allowable temperature. = 250°C. 

Penetrator 

. Inner radius = 0.160 m 

. Outer radius = 0.180 m 

. Material = carbon steel 

. Water in gaps. 

Repository 

. 1 canister per penetrator 

. Burial depth = 20 m 

. Spacing = 100 m in square array. 
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TABLE F.3 

Thermal sensitivity summary 

Limiting variables 

. Peak canister temperature unaffected by burial depths greater than 5 m. 

. Peak canister temperature insensitive to horizontal spacing greater than 

10 m. Canisters are thermally independent when horizontal spacing is grea

ter than 60 m. 

. Peak benthic layer temperature rise is 0.04°C for reference conditions. 

Operational variables 

. 10% decrease i~>. sediment conductivity decreases loading 9.5%. 

. 10% decrease in sediment porosity decreases loading 5.7%. 

. 10% decrease in sediment heat capacity decreases loading 0.4%. 

. Insensitive to permeability in expected range. 

Design variables 

. Temperature rise is linear with waste concentration. 

. 10 year increase in waste age increases loading 27%. 

. Volumetric loading is proportional to (radius) 

. Volumetric loading is insensitive to canister lengths greater than 20 m. 

. Loading is insensitive to vertical spacing greater than 8 m. 
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APPENDIX G: COMPARISON WITH 1983 STATUS REPORT 

The 1933 status report (NEA, 1983) contains only a preliminary model for the 

transfer of released radionuclides from the penetrators in the sub-seabed sedi

ment via certain pathways to human beings. As causes for such a release both the 

expected deterioration of the containers (normal scenario) and damage by trans

portation accidents or low probability events (accident and abnormal evolution 

scenarios) were considered. Since many deep-sea parameters were not yet known at 

that time, their values had to be estimated by analogies in a conservative way. 

Since those analyses were carried out, many new measurements have been made, 

as shown in the present report, and it is interesting to compare the old results 

with the new ones which use better and more reliable parameter values or better 

knowledge of ongoing processes. 

In addition to more sophisticated models and an improved data base, several 

technical improvements, like deeper penetration into the sediment, have been 

made as a result of the many experiments conducted over the past years. 

In the following we give a brief review of possible comparisons. However, 

some results are not mentioned here, which only means that they could not be 

compared. It (*oes not necessarily mean that they are missing in the reports. 

G.l. Comparison of input data and model assumptions 

Since the present report contains the work of many different groups with 

different assumptions, it is perhaps wise to restrict the comparisons to that of 

the base cases. Further comparisons between the individual assessments are made 

in other sections of this report. 

Sites 

Old: Generic site. 
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New: South Nares Abyssal Plain and Great Meteor East. 

Remark: Closer site specifications became possible with the results of 

several reconnaissance cruises. 

Inventory 

Old: 

New: 

Remark: 

79„ 99„, 129, 135- 237„ 239D 241. 242_ , 

Se, Tc, I, Cs, Np, Pu, Am, Pu from reproces

sing fuel of 1 000 GW(e).a energy production (corresponding to 

about 0.3x10 MTHM). 

All fission products and actinides (including C and I) from 

reprocessing fuel of 3 000 GW(e).a energy production (correspon

ding to 105 MTHM). 

more realistic assumptions and more complete assessment. 

Glass matrix 

Both: Vitrification and 50 years of intermediate storage of HLW. 

10 wt% of fission oxides in the glass matrix. 

Penetrator 

Old: 

New: 

Remark: 

14 000 penetrators each of 2.5 m length and 30 m penetration depth. 

14 667 penetrators each of 8.5 m and 50 m penetration depth. 

Improved penetrator design and better knowledge of sediments allow 

better use of the sediment barrier. 

Container corrosion and glass degradation 

Old: 

New: 

Remark: 

Container life-time of 500 a is assumed, together with a constant 
/ 9 — 1 

glass leach rate of 3.6x10 kg m d , corresponding to 60°C, and 

a surface enlargement due to glass fracturing by a factor of 5. 

Failure distribution function between 300 and 10 000 a (mean: 

-5 -2 -1 

5 000 a) constant glass leach rate of 3.6x10 kgm d , correspon

ding to 0°C, surface enlargement factor of 11. 

Better empirical and technical knowledge. 

Sediment 

Old: 

New: 

One layer used with a linear migration model, a molecular diffu-
-9 2 -1 

sion coefficient of 10 m s , and sorption equilibrium with the 

sediment, but without advection. 

Two layers (oxidizing and mildly reducing) were used for each 

site, nuclide, temperature, pressure and porosity dependent diffu-
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sion coefficients of the same order of magnitude, and nuclide and 

redox dependent K, values for the sorption. 

Remark: Made possible by new measurements, especially from the ESOPE crui

se. 

Physical ocean 

Old: A simple 6-compartment ocean model was used with turbulent diffu-
2 -1 . 2 

sive exchange vertically of 0.003 m s and horizontally of 300 m 
— 1 6 ^ —1 

s , and a horizontal water transport of 10 Sverdrup (10 m s ) 

in the surface waters and of 30 Sverdrup in the deep waters. 

New: A 55-box model (Mark A) was developed by the POTG, where the 

turbulent diffusion ensured the homogeneity in each box. The ex

change currents were taken from measurements or from a General 

Circulation Model and their order of magnitude is 10 Sverdrup 

horizontally and 1 Sverdrup vertically. 

Remark: More sophisticated models shed more light on the relative impor

tance of the ocean barrier. 

Ocean scavenging 

Old: Two stage model. 

New: Scavenging and sedimentation by small and large particulate matter 

with individual distribution coefficients are modelled. 

Remark: Important effects observed. 

Pathways 

Both: Food pathways: crustacean (C), fish (F), mollusc (M), seaweed (S), 

see salt (SS), desalinated water (W), 

Exposure pathway: beach occupancy. 

G.2. Comparison of deterministic results 

The comparable results are collected in Table G.l. below: 
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TABLE G.l. 

Peak dose 

(Sv a"1) 

Old: 

New: SNAP 

New: GME 

time (a) 

Old: 

New: SNAP 

New: GME 

Pathway 

Old: 

New: SNAP 

New: GME 

14c 

-12 
9x10 

4 
2x10 

-

7 9c Se 

6xl0~14 

2X10"10 

2X10'10 

2xl05 

lxlO5 

8x104 

C+M 

C+M+F 

C+M+F 

99 
Tc 

6xlO"8 

AxlO"10 

-9 
1x10 * 

2xl04 

2xl05 

lxlO5 

S 

S 

S 

129 

-9 
1x10 v 

3xl0-12 

8xl0~13 

7xl04 

3xl06 

3xl05 

S 

S+F 

S+F 

135„ Cs 

6xl0~13 

2X10"11 

6xl0~12 

4xl06 

2xl06 

xlO6 

F 

F 

F 

Np 

2xl0~8 

5xl05 

S+M 

239D 242„ 
Pu Pu 

0 

-

-

Here we summarize the assessed maximum annual equivalent doses or annual 

equivalent effective dose commitments, whichever applies, together with the 

years when they arise, and the critical pathways. The peak dose is given in terms 

of Sv a for the whole inventory described above. It should, therefore, be noted 

that for a proper comparison the numbers of the "old" assessment should be multi

plied by 3 because of the smaller inventory. Moreover, the figures of the new 

assessment are not the same as those found elsewhere in this report since they 

have been adapted to the total amount of waste. 

G.3. Comparison of sea transportation accidents 

Both studies also considered transport and handling accidents since these 

have proved to be relevant for the feasibility of any repository project. 

Scenarios: The following scenarios were defined in either of the two solu

tions: 
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0) All undamaged canisters emplaced in sediment (base case); 

a) One undamaged canister lying on seabed in deep waters at emplacement time; 

b) One damaged canister lying on seabed in deep waters at emplacement time; 

c) One undamaged canister lying on seabed in shallow waters at emplacement 

time; 

d) One damaged canister lying on seabed in shallow waters at emplacement time; 

e) One undamaged canister emplaced in sediment only 10 m deep; 

f) One damaged canister emplaced in sediment only 10 m deep; 

g) One undamaged canister emplaced in sediment, 10 m deep, enhanced pore water 

advection; 

h) One undamaged canister emplaced in sediment, 50 m deep, enhanced pore water 

advection; 

i) One damaged canister emplaced in sediment, 50 m deep, enhanced pore water 

advection . 

Old: Scenarios 0, a, b, c, d, e, f, g. 

New: Scenarios 0, a, b, c, d, e, f, h, i. 

Remark: The relevant scenarios have been reconsidered with more details; 

irrelevant scenarios have been omitted. 

Comparison of results: The comparisons are restricted to those scenarios 

which have analogues in both studies and can therefore truly be compared. The 

radiological impacts of accidents will be listed in the same way as in the base 

case and are given in Table G.2. For the sake of comparison, the results of the 

old study of transportation accidents in shallow waters (equivalent to cases c 

and d) have to be divided by 500 and 25, respectively. 

In Table G.2. we summarize the assessed maximum annual equivalent effective 

dose commitment from an accident scenario together with the year when it arises 

and the critical pathway. The peak dose is given in terms of Sv a for the 

inventory contained in one canister. For a true comparison the figures of the old 

assessments should therefore be multiplied by 3 since the old penetrators contain 

roughly one third of the waste in the new ones. Moreover, the figures of the new 

assessment are not the same as those found elsewhere in this report since they 

have been adapted to the amount of waste in the new penetrators. 
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TABLE G.2. 

Peak dose 

(Sv a"1) 

Old: 

New: SNAP 

New: GME 

Time (a) 

Old: 

New: SNAP 

New: GME 

Pathway 

Old: 

New: 

Base 
case 

6xl0~8 

4xl0-10 

lxlO"9 

4 
2xlOH 

2xl05 

IxlO5 

S 

a) 

lxlO"6 

IxlO-10 

5xl02 

5xl03 

S 

S + M 

b 

2xl0"6 

4xl0"10 

0 

800 

S 

S + M 

c) 

IxlO"8 

6xl0"6 

5xl02 

5xl03 

S 

S + M 

d) 

3xl0~8 

-4xl0~4 

4 

40 

S 

S + M 

f) 

2xlO"U 

6xl02 

S 

g) 

6X10"10 

20 

S 

Transport accident probabilities 

Old: No estimate. 

New: Probabilities have been evaluated. 

Remark: This became possible after detailed design plans for such ships 

had been drawn up. 

G.4. Comparison of sensitivity analyses 

In both studies, the sensitivity analyses are performed by varying decisive 

parameters, leaving all other parameters at their respective values. The magni

tude of the relative change of the result is an indication of the importance of 

the parameter. In Table G.3. we summarize the sensitivity coefficients that can 

be evaluated from this change (see explanation to Table G.3). They concern the 

variation of the following parameters: 
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a) Sediment: Reduced disposal depth (together with enhanced advective flow). 
99 

b) Increase of effective diffusivity (for Tc). 

c) Increase in sediment surface porosity. 

d) Ocean: Increase of total ocean volume. 

e) Increase of horizontal flow rates 

f) Increase of vertical flow downwards. 

g) No sedimentation, 

h) No scavenging. 

TABLE G.3. 

Sensitivity 
coefficient 

Old: 

New: 

a) 

- 223 

- 1.4 

b) 

-

+ 0.41 

c) 

-

- 0.84 

d) 

-

- 0.95 

e) 

-

+ 1.1 

f) 

-

+ 0.65 

g) 

- 149 

-

h) 

- 0,15 

-

Table G.3. summarizes the sensitivity coefficients for assessed maximum 

annual equivalent effective dose commitments to a variation in sensitive parame

ters together with the year when they arise and the critical pathway. These 

coefficients are defined as (c(D'-D)/D(c'-c)) where the primed values are the 

varied ones; D stands for dose and c for any parameter. The coefficients of the 

old assessment were calculated accordingly. However, the assumed variations were 

extremely high in the old study so that the definition of a sensitivity coeffi

cient becomes questionable. 

G.5. Comparison of probabilistic assessments. 

Probability distribution: In the old study, a distribution function had 

been evaluated by the SYVAC code for the probability of the most exposed indivi

dual receiving a certain maximum annual dose if the model parameters vary (ran

domly) within their range of uncertainty. 

In the new study, the same kind of analysis using the LISA code is presented 

in Section 2.2. Since the parameters and their probability distribution func-
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tions as well as the models were different, it is of little interest to try to 

compare the two studies. 

Probabilistic sensitivity analysis: In both studies, probabilistic sensiti

vity analyses were made in addition to the deterministic ones. Since all analyses 

only confirmed the older results, the results need not be repeated here. They can 

be found in the "Conclusions of sensitivity analyses" in this report, Section 

5.3. 
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Edison Building. Bliss St., 
P.O.B. 5641, Beirut Tel. 354429-344425 

MALAYSIA/SINGAPORE -
MALAISIE/SINGAPOUR 
University of Malaya Co-operative Bookshop 
Ltd., 
7 Lrg 5IA/227A, Petaling Jaya 
Malaysia Tel. 7565000/7565425 
Information Publications Ptc Ltd 
Pei-Fu Industrial Building. 
24 New Industrial Road No. 02-06 
Singapore 1953 Tel. 2831786. 2831798 

NETHERLANDS - PAYS-BAS 
SDU Uitgeverij 
Chrisloffel Plantijnstraat 2 
Postbus 20014 
2500 EA's-Gravenhage Tel. 070-789911 
Voor bestellingen: Tel. 070-789880 

NEW ZEALAND - NOUVELLE-ZELANDE 
Government Printing Office Bookshops: 
Auckland: Retail Bookshop, 25 Rutland Stscet. 
Mail Orders, 85 Beach Road 
Private Bag C.P.O. 
Hamilton: Retail: Ward Street. 
Mail Orders. PO Box 857 
Wellington: Retail, Mulgrave Street, (Head 
Office) 
Cubacade World Trade Centre, 
Mail Orders, Private Bag 
Christchurch: Retail, 159 Hereford Street, 
M»il Orders, Private Bag 
f nedin: Retail, Princes Street, 
M. I Orders, P.O. Box 1104 

NORWAY - NORVEGE 
Narvesen Info Center- NIC, 
Bertrand Narvesens vei 2, 
P.O.B. 6125 Etterslad, 0602 Oslo 6 

Tel. (02)67.83.10, (02)68.40.20 

PAKISTAN 
Mirza Book Agency 
65 Shahrah Quaid-E-Azam, Lahore 3 Tel. 66839 

PHILIPPINES 
I J. Sagun Enterprises, Inc. 
P.O. Box 4322 CPO Manila 

Tel 695-1946, 922-9495 

PORTUGAL 
Livraria Portugal, 
Rua do Carmo 70-74, 
1117 Lisboa Codex Tel 360582/3 

SINGAPORE/MALAYSIA -
S1NGAPOUR/MALAISIE 
See "Malaysia/Singapor*. Voir 
• Malaisic/Singapour • 

SPAIN - ESPAGNE 
Mundi-Prensa Libros, S.A., 
Castcllo 37. Apartado 1223, Madrid-28001 

Tel. 431.33.99 
Libreria Bosch, Ronda Universidad 11, 
Barcelona 7 Tel. 317.53.08/317.53.58 
SWEDEN - SUEDE 
AB CE Fritzes Kungl. Hovbokhandel, 
Box 16356. S 103 27 STH, 
Regeringsgatan 12, 
DS Stockholm Tel. (08) 23.89.00 
Subscription Agency/Abonncments: 
Wennergren-Williams AB, 
Box 30004. SI04 25 Stockholm Tel. (08)54.12.00 
SWITZERLAND - SUISSE 
OECD Publications and Information Centre. 
4 Simrockstrasse, 
5300 Bonn (Germany) Tel. (0228) 21.60.45 

Librairic Payol, 
6 rue Grcnus, 1211 Geneve 11 

Tel. (022)31.89.50 
United Nations Bookshop/Librairic des Nations-
Unies 
Palais des Nations, 
1211 -Geneva 10 

Tel. 022-34-60-11 (exl. 48 72) 
TAIWAN - FORMOSE 
Good Faith Worldwide Int'l Co., Ltd. 
9th floor. No. 118, Sec.2 
Chung Hsiao E. Road 
Taipei Tel. 391.7396/391.7397 
T H A I L A N D - THAILANDE 
Suksit Siam Co.. Ltd.. 1715 Rama IV Rd , 
Samyam Bangkok 5 Tel. 2511630 

INDEX Book Promotion k Service Ltd. 
59/6 Soi Lang Suan, Ploenchit Road 
Patjumamwan. Bangkok 10500 

Tel. 250-1919,252-1066 
TURKEY - TURQUIE 
Kultur Yayinlari Is-Ttirk Ltd. Sti. 
AlatUrk Bulvari No: 191/Kat. 21 
Kavaklidere/Ankara Tel. 25.07.60 
Dolmabahce Cad. No: 29 
Besiklas/lstanbul Tel. 160.71.88 
UNITED KINGDOM - ROYAUME-UNI 
H.M. Stationery Office, 
Postal orders only: (01)211-5656 
P.O.B. 276, London SW8 5DT 

Telephone orders: (01) 622.3316, or 
Personal callers: 
49 High Holborn. London WCIV 6HB 
Branches at: Belfast. Birmingham, 
Bristol, Edinburgh, Manchester 
UNITED STATES - ETATS-UNIS 
OECD Publications and Information Centre, 
2001 L Street, N.W.. Suite 700, 
Washington. D C 20036 - 4095 

Tel. (202) 785.6323 
VENEZUELA 
Libreria del Este. 
Avda F. Miranda 52. Aptdo. 60337. 
F.dificio Galipan. Caracas 106 

Tel. 951.17.05/951.23 07/951.12.97 
YUGOSLAVIA - YOUGOSLAVIE 
Jugoslovenska Knjiga, Knez Mihajlova 2, 
P.O.B. 36, Beograd Tel. 621.992 

Orders and inquiries from countries where 
Distributors have not yet been appointed should be 
sent to: 
OECD, Publications Service, 2, rue Andre-Pascal, 
75775 PARIS CEDEX 16 

Les commandes provenant dc pays oil i'OCDE n'a 
pas encore designe dc dislributcur doivent Ure 
adrcssee* a : 
OCDE, Service des Publications. 2, rue Andre-
Pascal. 75775 PARIS CEDEX 16. 

71784-07-198« 
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