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FOREWORD

At the present time there are various locations around the world affected by radioactive residues.
Some of these residues are the result of past peaceful activities, others result from military activities,
including residues from the testing of nuclear weapons. Stimulated by concern about the state of the
environment, the steps taken towards nuclear disarmament, and improved opportunities for international
co-operation, attention in many countries has turned to assessing and, where necessary, remediating
areas affected by radioactive residues.

Some of these residues are located in countries where there is an absence of the infrastructures and
expertise necessary for evaluating the significance of the radiation risks posed by the residues and for
making decisions on remediation. In such cases, governments have felt it necessary to obtain outside
help. In other cases, it has been considered to be socially and politically desirable to have independent
expert opinions on the radiological situation caused by the residues. As a result, the International
Atomic Energy Agency (IAEA) has been requested by the governments of a number of Member States
to provide assistance in this context. The assistance has been provided by the IAEA in relation to its
statutory obligation "to establish...standards of safety for protection of health...and to provide for the
application of these standards...at the request of a State".

On 22 September 1995, a resolution of the General Conference of the IAEA called on all States
concerned "to fulfil their responsibilities to ensure that sites where nuclear tests have been conducted
are monitored scrupulously and to take appropriate steps to avoid adverse impacts on health, safety and
the environment as a consequence of such nuclear testing".

The Study reported upon here was requested by the Government of France, which asked the IAEA
to assess the radiological situation at the atolls of Mururoa and Fangataufa in French Polynesia, where
France had conducted a nuclear weapon testing programme between 1966 and 1996. The IAEA
convened an International Advisory Committee (IAC), under the chairmanship of Dr. E. Gail de Planque
of the United States of America, to supervise the Study.

The IAC, which was given the tasks of providing scientific guidance and direction to the IAEA in
the conduct of the Study, and of reporting on the Study's findings, conclusions and recommendations,
met formally for the first time on 13-14 April 1996; this signalled the start of the Study of the
Radiological Situation at the Atolls of Mururoa and Fangataufa. The Study has now been completed and
a number of documents have been prepared. These documents are: the Main Report (which includes the
Executive Summary); a Summary Report; and a Technical Report in six volumes.

I am pleased to have received these reports, which are being made available through the IAEA to a
wider audience.

Mohamed ElBaradei

Director General
International Atomic Energy Agency
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PREFACE

Between 1966 and 1996, France conducted 193 'experiences nucleaires' (nuclear experiments — a
term used by the French authorities to include the full testing of nuclear weapons and the conduct of
certain safety trials) above and beneath the atolls of Mururoa and Fangataufa in the Tuamotu
Archipelago of French Polynesia. All French testing ceased on 27 January 1996. Before the completion
of the last series of tests the Government of France requested the International Atomic Energy Agency
(IAEA) to conduct a study to assess the radiological impact of the tests.

The IAEA agreed to carry out a study — the Study of the Radiological Situation at the Atolls of
Mururoa and Fangataufa — for the purpose of ascertaining whether, as a consequence of the tests,
radiological hazards exist now or will exist in the future, and making recommendations on the form,
scale and duration of any monitoring, remedial action or follow-up action that might be required. An
International Advisory Committee (IAC) was convened by the Director General of the IAEA to provide
scientific direction and guidance to the IAEA in the conduct of the Study and to prepare a report on the
Study's findings, conclusions and recommendations.

The IAC's first formal meeting took place in Vienna on 13-14 April 1996 and its final one, also in
Vienna, on 3-5 February 1998. This publication constitutes one of several reports of the IAC to the
Director General describing the conduct of the Study and its findings, conclusions and
recommendations.

The terms of reference of the Study called for an evaluation of the radiological situation at the atolls
(and in other involved areas). It is important to emphasize that it is the radiological situation at the atolls,
both as it is at present and as it might develop in the long term, including its consequences for human
health, that the Study was required to address, and not any past radiological consequences of the French
nuclear testing programme. This had two implications for the Study.

First, it was not within the terms of reference of the Study to attempt to assess retrospectively doses
received by inhabitants of the region as a result of the atmospheric nuclear tests at the time when those
tests were carried out. Those doses were due in part to short lived fallout — for example, radioactive
iodine (especially 131I, which has a half-life of eight days). However, the Secretariat of the United
Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) did provide the IAC
with the results of a review of such doses that had been received by people in the South Pacific region
in the past. The IAC believes that readers will be interested in these results, and it has therefore included
them in an annex to the Main Report on the Study. The results are accepted by the IAC as providing an
objective and balanced view of the situation.

Second, the IAC felt that the most informative indicator of the radiological situation at the atolls
would be the present and future individual annual effective doses that people (real and hypothetical) at
the atolls and in other involved areas might receive as a consequence both of the radioactive material
that is now in the accessible environment and of that which might be released into the accessible
environment over time from underground. It should be noted that while UNSCEAR has invoked other
dosimetric quantities — the 'effective dose commitment' and the 'collective effective dose
commitment' — in assessing the global impact of nuclear weapon testing, the IAC did not consider it
appropriate to use these quantities in any reports of the Study for the reasons discussed in Section 1 of
the Main Report.

The French Government provided much of the information used in the Study. This information was
independently evaluated by Study participants and, where practicable, validated. For example, to
provide a basis for the evaluation of French environmental monitoring data, the IAEA carried out an
environmental sampling and surveillance campaign to measure independently contemporary levels of
radioactive material present in the environment of the atolls. Also, with the co-operation of French
scientists, samples of underground water were collected by Study participants from two test
cavity-chimneys beneath the rim of Mururoa, and from deep in the carbonate layer beneath the two
lagoons. These samples were analysed for a number of radionuclides, and the results provided an
independent check on the validity of assumptions made in some of the Study's calculations, for example
of radionuclide concentrations in the cavity-chimney of each test. The French Government allowed
complete access to the atolls for these surveys and provided the necessary logistic support.



In addition to the information provided by the French Government, a small amount of information
had been published in the open literature on measured levels of certain radionuclides (60Co, ^Sr, 137Cs
and 239+24OPu) in the environment of the atolls, and reports of three scientific missions to the atolls —
the Tazieff Mission of June 1982, the Atkinson Mission of October 1983 and the Cousteau Mission of
June 1987 — were in the public domain. Issues raised by these missions guided the IAC in the choice
of certain topics to be addressed in the Study.

It is not possible to place reliable quantitative limits on the errors associated with the dose
assessments carried out by the Study. The estimated upper limits to contemporary doses can be accepted
with confidence as they are based on measurements of the concentrations of residual radioactive
material at present in the environment of the atolls. However, considerable uncertainty is possible in the
estimation of future doses because of the complexities of the physical processes involved in releases
from underground sources and the limitations of the geological migration models used. Therefore, in
the absence of definitive information, conservative assumptions have been made and the estimated
future doses can be regarded as upper limit values. In any event, they are so small that large errors in
the assumptions made would not affect the IAC's basic finding that possible radiation doses to people
now, and potential doses at any time in the future, arising from the conditions at the atolls are a very
small fraction of the doses people already receive from natural radiation sources.

The Main Report (which includes the Executive Summary) is a distillation of the large amount of
scientific work carried out in the course of the Study, which is described in detail in the accompanying
six volume Technical Report. The Summary Report presents a comprehensive summary of the Main
Report, including its findings, conclusions and recommendations.
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NOTE FROM THE TASK GROUP CHAIRMEN

The Study of the Radiological Situation of the Atolls of Mururoa and Fangataufa, scientific details
of which are presented in this Technical Report, was carried out under the scientific direction and guid-
ance of an International Advisory Committee convened by the IAEA. It involved the efforts of a large
number of scientists with expertise in many disciplines. The assessments were carried out in teams orga-
nized into two Task Groups and five Working Groups.

Task Group A evaluated the present levels of residual radioactive material in the environment of the
atolls and their surrounding waters, and assessed the present and future radiation doses to people and
the present radiation doses to aquatic biota attributable to this material. The Group was supported by
two Working Groups dealing with Terrestrial Environmental Contamination (Working Group 1) and
Aquatic Environmental Contamination (Working Group 2).

Task Group B estimated the rate at which the residual radioactive material, at present underground,
might migrate through the geosphere and be released into the surrounding ocean, thereby providing the
basis for the assessment of long term doses attributable to this material. The Group was supported by
three Working Groups dealing, in turn, with the underground radionuclide inventory, called the Source
Term (Working Group 3), Geosphere Radionuclide Transport (Working Group 4) and Marine Modelling
(Working Group 5).

Each of the Working Groups produced a detailed report, which was drawn upon in the preparation
of the Main Report of the Study. In addition, a sixth volume was written dealing with the estimation and
assessment of radiation doses based on information provided by the Working Groups. The titles of these
six volumes, which form the Technical Report of the Study, are:

Volume 1: Radionuclide Concentrations Measured in the Terrestrial Environment of the Atolls, A
report by Working Group 1;

Volume 2: Radionuclide Concentrations Measured in the Aquatic Environment of the Atolls, A report
by Working Group 2;

Volume 3: Inventory of Radionuclides Underground at the Atolls, A report by Working Group 3;
Volume 4: Releases to the Biosphere of Radionuclides from Underground Nuclear Weapon Tests at

the Atolls, A report by Working Group 4;
Volume 5: Transport of Radioactive Material within the Marine Environment, A report by Working

Group 5;
Volume 6: Doses due to Radioactive Materials Present in the Environment or Released from the

Atolls, A report by Task Group A.

This document, Volume 5 of the Technical Report, describes in some technical detail, the modelling
carried out by Working Group 5 to assess the dispersion and dilution, at a number of places throughout
the South Pacific Ocean, of radioactive material predicted to be released to the lagoons of the atolls and
directly to the ocean. It supplements the material discussed in Section 8 of the Main Report.

Andrew McEwan Des Levins

Chairman Chairman
Task Group A Task Group B
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1. INTRODUCTION

The following report discusses the modelling of the transport of radionuclides through the marine
environment after their release from the atolls of Mururoa and Fangataufa. Modelling included mixing
within the lagoons, and transport to the shores of neighbouring islands and distant continents of
radioactive material released into the lagoons from sediments and from underground sources (from
discharge directly to the ocean through the flanks of the carbonate caps of the atolls). For the purposes of
the modelling, the area around the source of radioactivity (i.e. the point at which radionuclides are
released into the marine environment) was divided into three major zones:

a) the near field (the lagoons);
b) the regional field (broadly, the area of French Polynesia); and
c) the far field (the South Pacific beyond the regional field).
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Figure 1 is a flow chart showing the tasks required to assess the radionuclide transport through the
marine environment. The methodology adopted in this study can be summarized as follows:

1. A model of the mixing of water in the lagoons was developed. This model was used to estimate the
radionuclide concentrations in the lagoons for given releases into the lagoons, and the flow rates of
radionuclides from the lagoons into the surrounding ocean.

2. The release rates of radionuclides from the lagoon sediments were assessed, leading to estimates of
the release rates of plutonium, B7Cs, ^Sr and tritium from the lagoons to the oceans as a function of
time.

3. A model was developed to predict the movement of sediment between the lagoons and the ocean.
Estimates were made of the amount of sediment, and the corresponding quantity of plutonium,
leaving the lagoons annually under average weather conditions, or as a consequence of a severe
storm.

4. Three compartment models were used to model dispersion of radionuclides in the regional field.
These models cover different areas with different resolutions, and each has particular strengths and
weaknesses. Taken together, they give an indication of the likely uncertainty in the dispersion
estimates, and improve the robustness of the final conclusions.

5. Transport and dispersion in the far field was assessed using a predictive model of world ocean
circulation.

The outputs from these models are estimates of radionuclide concentrations in the lagoon and in
the South Pacific ocean as a function of time and location.



2. THE RADIONUCLIDE INVENTORY IN THE LAGOONS

The radioactive materials currently in the lagoons arise predominantly from French
atmospheric nuclear tests conducted in the late 1960s, specifically three barge tests at Mururoa and
one at Fangataufa. Five atmospheric safety trials carried out on the northern rim of Mururoa also
contributed to the plutonium content of the sediments in Mururoa lagoon.

The radionuclides were mainly concentrated in sediments around the zero points of the barge
tests (see Vol. 2 of this Report) and in a sand bank near the Colette motu where the safety trials were
carried out. Four main hot spots were identified in Mururoa lagoon, and one in Fangataufa lagoon:

Two of the Mururoa hot spots are at the zero points of the 'Aldebaran' and 'Sirius' tests, both
in Dindon zone. The maximum concentrations of 239+240Pu at the two spots — 40 kBq/kg and
20 kBq/kg dry weight respectively — were observed at a depth of about 1 m. The highest
concentrations of gamma emitting radionuclides were observed at the Sirius site: up to 5 kBq/kg
!37Cs, 4 kBq/kg 155Eu and 2 kBq/kg 60Co. At the Sirius site, high concentrations of plutonium isotopes,
241Am and gamma emitters were found in sediment at depths up to about 3 m. The third hot spot
identified in Mururoa lagoon is in the Denise zone, resulting from the 'Arcturus' test, where the
239+240pu concentrations observed were up to 20 kBq/kg.

The other hot spot in Mururoa lagoon is due to safety trials in the Colette zone. Concentrations
of up to 1 MBq/kg 239+240Pu, 70 kBq/kg 241Am and 11 kBq/kg 238Pu were measured in sediments
collected from the Colette sand bank (see Vol. 2 of this Report).

The concentrations of 239+240Pu in the top 5 cm of Mururoa lagoon sediment vary from less than
20 Bq/kg in the southern part of the lagoon and about 50 Bq/kg in the central part, to 6 kBq/kg at
Denise, 17 kBq/kg at Dindon and 400 kBq/kg at Colette. Gamma emitters follow a similar pattern but
the concentrations are at least an order of magnitude lower and are virtually absent from the Colette
sand bank. Few data are available on the concentrations of 90Sr in sediments, but information
provided by the French Liaison Office (e.g. Document No. 1) indicates that they are of the same order
as 137Cs concentrations.

The main hot spot in Fangataufa lagoon is due to the barge test 'RigeP, performed in the
Fregate zone. Plutonium concentrations of about 10 kBq/kg (239+240Pu) were observed at depths up to
1 m (241Am, 137Cs and 60Co concentrations were about 400 Bq/kg). The concentrations of 239+240Pu in
the top 5 cm of sediment vary from about 10 Bq/kg in the northern part of the lagoon to 4 kBq/kg in
Fregate zone.

Radionuclide concentrations in lagoon water are orders of magnitude lower than in sediment,
and in the case of I37Cs and 90Sr, where the current levels are about 2 Bq/m3, generally close to the
global fallout background levels in the South Pacific ocean. For 239+240Pu, the concentration of the
soluble phase in the lagoons is about 0.3 Bq/m3 which is of the order of 100 times the global fallout
levels in the open ocean. The highest concentrations observed in the 1996 IAEA campaign were for
3H (up to 800 Bq/m3), clearly showing east-west and top-bottom gradients and suggesting leakage of
3H from underground sources. A similar top-bottom gradient was also observed for 90Sr, although it is
not as conclusive as for 3H.

Radionuclide inventories in sediments and water are summarized in Table I for those
radionuclides which are of interest from a modelling point of view, namely 3H, 90Sr, 137Cs, 239+240pu

and 241Am. The inventories in water include contributions from the oceanic background which
constitutes about 60% and 90% respectively of the inventories of 90Sr and I37Cs. Inventories in
Mururoa sediments are about twice those in Fangataufa sediments.



TABLE I. RADIONUCLIDE INVENTORIES IN LAGOONS IN 1996 (GBq)

Nuclide

3H
90Sr
137Cs

238,239,240pu

241Am

Water

1700
10
10
2

0.02

Mururoa
Sediment

700
20 000

800

Water

100
1.4
1.5
4

0.005

Fangataufa
Sediment

200
10 000

400

Total

1800

1000
30 000
1200

The total inventory of 238+239+24Opu j n both lagoons is estimated to be about 30 TBq, with about
2 TBq of 3H and 1 TBq each of 24lAm and 137Cs. These estimates are approximate, because of the
highly uneven distributions of radionuclides in the sediment, and of sediment in the lagoons. It is
clear from depth profiles (see Vol. 2 of this Report) that there will be significant radioactivity at
depths greater than those for which concentrations have been measured. On the other hand, the lagoon
bottoms are not uniformly covered by sediment; it is expected that about 30% of the bottom of
Mururoa lagoon, and 50% of the bottom of Fangataufa lagoon, are rock with little or no sediment
cover. The estimates of radionuclide inventories in Table I are probably within a factor of three of the
real values.



3. NEAR-FIELD MODELLING

3.1. CIRCULATION AND MIXING IN THE LAGOONS

To assess the radiation doses that atoll dwellers may receive, it is necessary to determine
radionuclide concentrations in the lagoon water. Relevant measurements have been made over the last
decades and are reported or reviewed in the SMSRB reports and French Liaison Office Documents
(particularly Document 3) cited in the references. A field study, however ambitious, will be limited in
practice and will provide measured concentrations at no more than a few tens of points in a lagoon,
and only at the instant when the water sample is taken. To interpolate and extrapolate these data in
space and time, mathematical models taking into account the radionuclide transport by the lagoon
hydrodynamics are needed. On the other hand, there are almost no field data that would allow reliable
estimates to be made of the radionuclide flux from the Mururoa and Fangataufa lagoons to the
Pacific. Therefore, mathematical models are also needed to evaluate these fluxes.

The present section is concerned with radionuclides that may be considered as passive tracers,
which means that a parcel of such a tracer behaves in the same way as a water parcel. This requires
that the radioactive decay time scale of such radionuclides be much longer than the hydrodynamic
time scales and the sedimentation flux of the particulate phase be negligible compared with the purely
advective and diffusive fluxes due to water motions. Strictly speaking, only tritiated water meets
these conditions. Nonetheless, it is conceivable that most hydrodynamic results obtained herein may
be approximately valid for elements such as 90Sr or 137Cs. Moreover, some information about
238+239+240pu an£j 2<tiAm t r a n s p o r t m j g n t also be derived from such modelling.

A three-dimensional model of the Mururoa lagoon hydrodynamics was developed by the
Institut d'Astronomie et de Geophysique G. Lemaitre — hereafter referred to as ASTR — of the
Universite Catholique de Louvain, Louvain-la-Neuve, Belgium (Tartinville et al., 1997; Deleersnijder
et al., 1997; Tartinville et al., 1998). This model is used herein for Mururoa and is adapted to the
Fangataufa lagoon, with the following aims:

— to calibrate a simple law relating the tracer content of Mururoa and Fangataufa lagoons to the
geological source and the flux to the Pacific;

— to estimate, by combining model results and available data, the tritium flux emanating from the
Mururoa lagoon.

To understand the rationale underlying the numerical simulations, it is first necessary to
introduce hydrodynamic time scales relevant to tracer transport.

A simple model

It is assumed that the dilution in the Pacific is sufficiently strong that a radioactive tracer (RT)
parcel reaching the pass leaves the lagoon forever. Then, at a steady state, the RT flux entering the
lagoon through the bottom is equal to that exiting through the atoll mouth and the RT content of the
lagoon depends on the rate at which the lagoon water is renewed. The latter may be characterized
with the help of appropriate time scales. Many ways of evaluating such quantities were suggested in
Tartinville (1997), Gallagher (1971), Bolin et al. (1973), Zimmermann (1976), Kimmerer et al.
(1981), Takeoka (1984). Here, use is be made of those selected in Tartinvillle (1997), which are
defined as follows:

— the residence time(x) at a given point in the lagoon is the period of time needed for a water or RT
parcel, initially located at the point considered, to leave the lagoon through the pass and enter the
Pacific;

— the turnover time(9) is the average of the residence time over the lagoon.



Thus, the residence time is a time-independent three-dimensional quantity, whereas the turnover time
is a function of neither time nor space.

Let t denote time. Assume that a RT source, be it pointwise or not, is releasing RTs into the
lagoon at rate s(t). If q(t) represents the mass flux leaving the domain of interest through the pass,
then the tracer mass present in the lagoon at time /, m(t), obeys the following differential equation:

dm

The outgoing mass flux depends on the tracer concentration and the hydrodynamic conditions,
implying that q cannot be given a priori and must be parameterized appropriately. If the lagoon is
sufficiently well mixed that the RT concentration is almost homogeneous throughout the lagoon, then
the flux toward the Pacific may be estimated as

• " 7
where 0is a time scale which will be shown to be the lagoon turnover time.

Combining Eqs (1, 2), assuming that the initial tracer mass, m(Q), is known, an ordinary
differential problem is obtained, the solution of which is

m(i) = m(0)eJ + js(/i)eT dfi (3)

To understand the physical meaning of 6, it is useful to consider a particular RT release
scenario: at the initial instant, / = 0, the tracer content of the lagoon is m(0) and no tracer source is
active, i.e. s(t) = 0 for / = 0. According to Eq. (3), the tracer mass should decrease as

-i

(4)

On the other hand, according to the definition above, the turnover time may be calculated as

r 1 dm ,
turnover time = - dt (5)

im(0)dt

Substituting Eq. (4) into Eq. (5), it is readily seen that 0 is, in fact, the turnover time.

It is noteworthy that, in studies unrelated to the French nuclear test sites, several authors have
suggested using expressions bearing some similarity with Eqs (3, 4) (Bolin et al. (1973); Black et al.
(1990).

For the purposes of the present impact study, it seems reasonable to consider constant-rate
releases only. Thus, if s = S = constant, the general solution (3) transforms to

+0S (6)



implying that the lagoon tracer content tends to OS as tlO tends to infinity, i.e.

M=\\mm(t) = 6S (7)
0

On the other hand, the tracer flux from the lagoon to the Pacific tends to

^ S (8)
e

a e

It is reassuring as to the validity of the mathematical developments above that Q - S, which
means that the present simple model guarantees that the tracer flux entering the lagoon through the
bottom and that leaving it through the atoll mouth tend to be equivalent.

From here on, only steady-state solutions will be dealt with. If V denotes the lagoon volume,
Eqs (7, 8) suggest that the lagoon-averaged concentration of a given RT, c, and the source or —
equivalently, the flux to the Pacific — of this RT obey

V V V

These relations are valid if the background concentration, c^, of the tracer considered — which can be

measured in the Pacific, sufficiently far away from Mururoa and Fangataufa Atolls — is much
smaller than c. If this does not hold true, then Eq. (9) must be modified to

c , c C t

* V V

The key parameter of the simplified model (SM) developed above is the turnover time, 6,
which remains to be estimated for Mururoa and Fangataufa lagoons.

If the hydrodynamic processes occurring in the lagoon amounted to almost instantaneous
diffusion, which would imply that the lagoon mixing time scale would be much smaller than the
characteristic time of the external flow forcings, then the turnover time could be estimated by the
ratio of the lagoon volume to the outgoing water flux crossing the atoll mouth. For Mururoa (see
Table II), considering that the currents at the pass are mainly due to the M2 tide, this would yield

lagoon volume
turnover time «

(tidal range x lagoon surface ]

^ tidal period )

4.7xl09m3

(0.6m)x(1.4xl08m2)

0.5 day

28 days



TABLE II. THE MAIN GEOMETRIC FEATURES OF THE MURUROA AND FANGATAUFA
LAGOONS AS DESCRIBED IN ASTR'S MODEL

Horizontal grid size
Number of sigma levels over the vertical
Number of "wet" grid boxes

Lagoon volume
Lagoon surface
Mean lagoon depth

Approximate pass width
Mean pass depth

Approximate length of active hoa region

Mururoa

2.5 x 102m
15

33,510

4.7 x 109m3

1.4 x 108m2

3.3 x 10'm

5x 103m
8.5 m

5x 103m

Fangataufa

102m
15

54,360

5.5 x 108m3

3.6 x 107m2

1.5 x 10'm

102m
7m

-

A similar rationale was resorted to in Rougerie et al. (1984), where a time scale of 23 days was
obtained. Though simple and appealing, this method is incorrect, mainly because the mixing in the
lagoon is far from instantaneous. As was pointed out in Von Arx (1948) it is conceivable that, in most
atoll lagoons, a significant fraction of the water that enters the lagoon during the rising tide remains in
the vicinity of the pass and leaves the lagoon as soon as the tide reverses. This water is thus not really
mixed in the lagoon, so that it does not contribute to the relatively slow water renewal processes. In
fact, to estimate the turnover time by the method above, only the water flux fuelling the long term
circulation in the lagoon should be considered. Since this flux is smaller than that considered above,
the turnover time estimate (11) is a lower bound of G, which will be seen to be significantly different
from our best estimate of the Mururoa turnover time.

In Tartinville (1997) it is argued that other methods for evaluating the turnover time based
solely on in situ measurements are useless in lagoons such as those concerned by this study.
Therefore, the turnover time will be evaluated with the help of ASTR's three-dimensional model,
which is briefly described below.

A three-dimensional model

Mururoa and Fangataufa Atoll are cones of volcanic rocks emerging from the ocean bottom, at
a depth of approximately 3500 m (Guille et al., 1993). The volcanics are topped by a layer of
carbonates several hundreds of metres thick. An almost impermeable coral rim, the width of which is
of the order of 100 m, delimits the boundary between the Pacific and the lagoon at sea level. In some
places, however, the reef is submerged so that the oceanic swell may enter the lagoons through
channels usually called hoa1. Only one hoa region, on Mururoa Atoll, is considered to be active. As
may be seen in Figs 2 and 3, the depth of both lagoons ranges from a couple of metres to several tens
of metres. For both atolls, the computational domain (see Table II) is restricted to the lagoon,
implying that the single pass appears as an open sea boundary.

The three-dimensional numerical model consists of two parts (Fig. 4): the hydrodynamic and
the tracer transport module, the latter containing a Eulerian and a Lagrangian solver. The role of the
former module is to evaluate the three-components of the water velocity and the eddy diffusivity in
each grid box, which are needed by the second module to simulate RT transport.

Hoa is a word which, according to a well-established tradition, has no specific plural form.



N atoll rim

hoa region

FIG. 2. Model bathymetry of the Mururoa Atoll lagoon. The contour interval of the isobaths is
10 m.

pass

Pacific

FIG. 3. Model bathymetry of the Fangataufa Atoll lagoon. The contour interval of the isobaths is
10 m. The black-filled areas inside the lagoon are large coral patches, which are
considered as impermeable for numerical simulation.

The hydrodynamic module solves numerically geophysical fluid dynamics equations deriving
from hypotheses which are now regarded as standard (Tartinville, 1997, and references therein): the
Boussinesq approximation is used, the hydrostatic balance is assumed to be valid, and the turbulent
fluxes are parameterized with Fourier-Fick expressions involving eddy diffusivities. The latter are
estimated by means of a popular turbulence closure scheme, namely the Mellor-Yamada level 2.5
model with quasi-equilibrium stability functions (Mellor et al., 1982; Deleersnijder et al., 1994).
Contributions by water density and atmospheric pressure variation to the horizontal pressure force are
negligible in both lagoons. Therefore, only the effect of the sea surface slope is considered in the
pressure term of the horizontal momentum budget.
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FIG. 4. Schematic illustration of how residence time and tracer concentration are simulated in an
atoll lagoon.
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FIG. 5. Schematic illustration of how the flow forcings are applied in the Mururoa lagoon
hydrodynamic simulations.
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According to Mururoa hydrographic data (Rancher, 1995), variation in density over the water
column is generally small compared to many marine flows. However, as pointed out in Tartinville
(1997) current shear is such that the Richardson number may be close to unity in many places,
implying that stratification could have a significant impact on the turbulent energy budget and, hence,
on eddy coefficients. Consequently, the density contrasts, though disregarded in the evaluation of the
pressure force, must be taken into account in the turbulence closure model. This consideration is
assumed to hold true for Fangataufa too.

Density is a function of temperature and salinity, which may be computed from appropriate
conservation equations. It is difficult to solve these equations for the lagoons considered, owing to the
scarcity of data which could provide relevant boundary conditions at the air-sea interface and at the
lagoon mouth. Rather than solving the temperature and salinity equations, it is preferred, as a
makeshift, to ascribe a constant, hopefully reasonable value to the vertical buoyancy gradient needed
in the turbulence closure scheme.

The circulation in the lagoons is generated by the oceanic tide, the wind stress and the flow
over the reef flat. These forcings are implemented as boundary conditions to the hydrodynamic
equations (Fig. 5):

— The oceanic tide propagates into the lagoon through the pass. In the region of the French nuclear
test sites the M2 component dominates the tidal motions. Its amplitude and period are about
0.3 m and 12.4 hours, respectively. Herein, only this tidal component is taken into account by
prescribing the corresponding elevation at the atoll mouth.

— The field data of Bourlat et al. (1995) as well as those obtained from the CEA (see Fig. 6) point
to the predominance of the trade winds, generally blowing from the east, over the domains of
interest. The surface wind stress is computed as CpFa

2, where C ~ 10'3 is a dimensionless
coefficient, p ~ 1 kg/m3 is the air density and V3 is the air speed at an appropriate reference
height above sea level.

— The hoa inflow, which concerns only the surface grid box, is distributed homogeneously along
the hoa region.

The concentration, c, of a RT obeys the following Eulerian advection-diffusion equation:

V ( v c + K > V c ) (12)
dt

where V • and V denote the divergence and gradient operators, respectively; v is the velocity vector
and K is the eddy diffusivity tensor, which is diagonal. Its two horizontal components are equal to Kh

0.02 m2/s (Tartinville, 1997; Okubo ,1980), while the vertical diffusivity, Ky, ranges typically from

10'3 to 10'1 m2/s. The numerical solution of Eq. (12) is provided by the Eulerian solver (see Fig. 4),
using a method similar to that of the hydrodynamic module: the sigma-coordinate is introduced; the
horizontal grid consists of square meshes; a finite-volume approach is used on Arakawa's C-grid
(Tartinville et al., 1997, and references therein).

The residence time, r, may be obtained as the steady-state solution of a modified version of Eq.
(12) (see, for instance, England ,1995)

( v r V r ) . (13)
dt
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FIG. 6. Frequency distribution (in %) of the surface wind speed and direction — direction from
which the wind is blowing —for the years 1993, 1994, and 1995, at Mururoa Atoll derived
from data provided by the Commissariat a VEnergie Atomique.

FIG. 7. Tidal mean of the Mururoa transport, i.e. the average over one tidal cycle of the depth-
integral of the horizontal velocity, represented by means of a streamfunction, the contour
interval of which is 500 ms/s. The wind is blowing from the east at 8 m/s, the hoa inflow is
500 m3/s, the tidal forcing is active and no stratification is considered.

Initial tracer
patch surface horizontally-diffused

tracer patch

+ m\
bottom

advection by
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vertical diffusion

FIG. 8. Schematic illustration of the mechanism of shear diffusion, which ensues from the
combined effect of horizontal advection by sheared current and vertical turbulent diffusion.
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Formulating appropriate boundary conditions for this equation presents us with insuperable
difficulties, prompting us to opt for an alternative, i.e. a Lagrangian method. This consists in
constructing the trajectories of individual RT parcels according to an algorithm consistent with Eq.
(12) (Tartinville et al., 1997; Allen, 1982; Hunter et al., 1993): the position vector r of a RT parcel is
updated according to

r(t + At) = r(t) + At<v- f d,. + ax.
At v dz

(14)

where z and ez are the vertical coordinate and unit vector, respectively; dv and the components of the
horizontal vector dh are random numbers uniformly distributed between -1 and +1. The time
increment At is equal to 300 s and 150 s for Mururoa and Fangataufa, respectively, i.e. values
sufficiently small that numerous time steps are generally needed for a particle to cross a grid box. The
terms in curly brackets in Eq. (14) are evaluated at time / and location r(t).

Circulation

In Tartinville (1997) a model sensitivity experiment was conducted in Mururoa lagoon to
investigate the influence of the various flow forcings on the hydrodynamics and, hence, on the
residence and turnover time. This revealed that the surface wind stress is clearly the dominant
forcing: when the wind forcing was active, no matter if the other forcings were present or not, the
turnover time was found to be of the order of 100 days, but was larger than 500 days otherwise.
However, the tidal signal accounts for most of the horizontal velocity field in the vicinity of the pass,
i.e. in a region of a few kilometres wide adjacent to the atoll mouth.

It was also shown that the hydrodynamic processes which are likely to have the largest
influence on long-term tracer transport are the residual (where "residual" refers herein to the average
over one tidal cycle) depth-mean horizontal velocity and the shear diffusion.

In most cases, the residual depth-averaged horizontal circulation exhibits two gyres which are
such that the associated velocity is generally upwind in the regions where the depth is largest (see Fig.
7). These gyres may tend to trap RT parcels in the lagoon.

Vertical turbulent diffusion, being characterized by a time scale generally less than one day, is
clearly the quickest hydrodynamic phenomenon at work in Mururoa lagoon. This is caused by intense
turbulence associated with the shearing of the horizontal velocity induced by the rather strong surface
wind stress. A two-layer overturning velocity pattern develops in vertical planes parallel to the wind
stress. This is in agreement with the available current measurements mentioned in Tartinville et al.
(1997) and the findings Von Arx (1948) in Bikini and Rongelap lagoons, the hydrodynamics of which
may bear some similarity to that of Mururoa and Fangataufa. The upper layer, in which, on average,
the water flows downwind, lies on top of a return flow layer. The circulation is closed by upwelling
near the windward reef and downwelling on the leeward side. The combination of sheared horizontal
velocity and vertical diffusion leads to "shear diffusion" (see, for instance, Bowden,1965, and Fig. 8),
which is believed to thwart the trapping effect of the residual horizontal gyres.

Since vertical diffusion is a process much quicker than horizontal advection, the time scale
associated with shear diffusion must be close to that characterizing the deviation of the horizontal
velocity with respect to its depth-mean, i.e. a few days. As the advective time scale associated with
the residual horizontal gyres is of the same order of magnitude, the residual depth-mean horizontal
circulation and the shear diffusion combined are unlikely to be sufficient to account for the turnover
time being much larger than the time scales of these phenomena. The reason for this discrepancy may
be that there is a sill in the region of the pass: the atoll mouth, though rather wide compared to the
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FIG. 9. Tidal mean of the Fangataufa transport, i.e. the average over one tidal cycle of the depth-
integral of the horizontal velocity, represented with the help of a streamfunction, the
contour interval of which is 200 m3/s. The wind is blowing from the east at 8 m/s, the tidal
forcing is active and no stratification is considered.

size of the lagoon, is shallow so that its section, about 4 x 104 m2, is much smaller than most north-
south vertical sections of the lagoon, « 3 x 105 m2, implying that the lagoon is, in fact, almost closed.

In Tartinville et al. (1997) it is also shown that the hoa inflow tends to increase the Mururoa
turnover time. This is somewhat surprising, since it could be thought that the hoa forcing would
simply enhance the overall lagoon circulation and, hence, decrease the turnover time. Instead, a large
fraction of the water entering the lagoon through the hoa is likely to follow the most direct route
toward the pass, so that is becomes more difficult for water parcels that are to the east of this route to
reach the pass. Therefore, the residence time decreases in a narrow strip between the hoa and the pass,
and increases to the east of this tongue, i.e. in most of the lagoon, eventually raising the lagoon-
averaged residence time.

It is worth stressing that ASTR's model results are in good agreement with most of the
available CEA hydrographic data (Tartinville et al., 1997; Rancher, 1995)

It is believed that most of the discussion above is relevant, to a certain extent, to the Fangataufa
lagoon circulation (Fig. 9).

Residence and turnover time

To determine the residence time, a large number of RT Lagrangian particles are uniformly
distributed in each lagoon at the initial instant. As time progresses, the trajectories of the RT parcels
are constructed by means of Eq. (14). Every particle that has reached the pass is assumed to escape
into the Pacific, implying that it comes back into the lagoon neither through the atoll mouth nor
through the hoa. Ascribing to the initial position of a RT parcel the time at which the latter leaves the
lagoon considered, a position-dependent field of time scale is progressively constructed, which is then
filtered to provide the residence time field. The residence time depends weakly on the vertical co-
ordinate, since vertical diffusion is sufficiently strong for the initial position of a RT parcel within a
given water column to be of little importance. Therefore, it is sufficient to examine the depth-
averaged residence time.

14
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FIG. 10. Average over the numerical simulations listed in Table III of the depth-mean of the
Mururoa residence time. The contour interval is 20 days.

FIG. 11. Average over the numerical simulations listed in Table IV of the depth-mean of the
Fangataufa residence time. The contour interval is 10 days.

Figures 10 and 11 indicate that the residence time varies significantly over the Mururoa and
Fangataufa lagoons. In Mururoa, for instance, the ratio of the standard deviation of the residence time
to the turnover time is of the order of 0.4, indicating that the lagoon is far from well-mixed, a finding
which contradicts the basic assumption of the SM. Therefore, it is necessary to assess whether or not
the somewhat weak mixing is actually sufficient for the simplified model to produce acceptable
results for any type of source and initial distribution of the RT parcels. This was thoroughly examined
for Mururoa in Deleersnijder et al. (1997) showing that the error associated with the SM was about
10% on average, which led to the conclusion that the simplified approach was sufficiently reliable for
most practical purposes. Presumably, this holds true for the Fangataufa lagoon too.
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FIG. 12. Decay of the simulated relative tracer content, m(t)/m(0), of Mururoa and Fangataufa. A
mass m(0) ofRT (radioactive tracer) was distributed homogeneously in both lagoons at the
initial instant t = 0. No RT source is active for t = 0.

In all numerical simulations, a few particles are trapped in the lagoons for an exceedingly long
time. Carrying on with the computations until all RT parcels have entered the Pacific would tend to
overestimate the residence time and, hence, the turnover time. Therefore, to build the residence time
field, these particles must be disregarded. During all model runs performed to estimate the residence
time the RT content of both lagoons decays almost exponentially (see Fig. 12), which is in agreement
with Eq. (4), lending considerable credence to the simple model developed above.

Obviously, it is necessary to assess to what extent the turnover time depends on the variability
of the flow forcings. To do so, a sensitivity analysis is conducted consisting of a series of 12 model
runs in Mururoa lagoon, with 6 simulations corresponding to summer conditions and 6 to winter ones.

TABLE III. MURUROA TURNOVER TIME ESTIMATES OBTAINED FROM A SERIES OF
NUMERICAL SIMULATIONS WITH DIFFERENT FLOW FORCINGS

Season

Summera

Summera

Summera

Summera

Summera

Summera

Winter5

Winterb

Winterb

Winterb

Winterb

Winter6

Wind speed
(m/s)

5
8
5
5
8
5

5
8
5
8
5
8

Direction from which
the wind is blowing

east
east

north-east
north-east
south-east
south-east

east
east

north-east
north-east
south-east
south-east

Turnover time
(d)

77
70
135
56
44
86

164
128
99
61
147
104

a Hoa inflow is zero; vertical buoyancy gradient is prescribed to be KTVs2.

Hoa inflow is 500 m3/s; vertical buoyancy gradient is prescribed to be zero.
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In the former the vertical buoyancy gradient is assumed to be constant and equal to KTVs2, while the
hoa inflow is considered to be negligible. For winter simulations, the water column is homogeneous
— zero vertical buoyancy gradient — and the hoa inflow is 500 m3/s. The reason that the hoa forcing
is assumed to be active in winter only is that the associated inflow is believed to be largely correlated
to the wave energy in the ocean, which is smaller in summer (Hogben, 1986). In all numerical
experiments, the tidal forcing is active and no horizontal water density variation is taken into account.
Various wind speeds and directions are selected in agreement with the field data of Fig. 5 (see Table
III).

According to Table III, the mean summer and winter turnover time are 79 and 117 days,
respectively, while the standard deviations of these estimates are 28 and 34 days. That the turnover
time is modelled to be larger in winter than in summer is chiefly due to the impact of the hoa inflow,
which is assumed to be active in winter only. The overall estimate of the Mururoa lagoon turnover
time is

+A6> = 98±37days (15)

The standard deviation (Aq) of the turnover time series was calculated using Table III.

In Fangataufa lagoon, 3 numerical simulations were carried out, including the M2 tidal forcing
(with the same amplitude as in Mururoa, i.e. 0.3 m) and a surface stress due to a constant wind
blowing at a speed of 8 m/s (Table IV). Neither hoa inflow nor stratification are taken into account.
This series of model runs leads to the following estimate of the Fangataufa turnover time:

6>±A<9 = 33±4days (16)

The ratio of the confidence interval to the turnover time,

s FFangataufa

= (0.4,0.1) (17)

is significantly larger for Mururoa. This may be due to the Fangataufa circulation being less sensitive
to the variability of the forcings or to the fact that the range of forcings considered for Fangataufa
(only 3 cases) is insufficient. Adopting the second hypothesis, leads to a more cautous approach. It

TABLE IV. FANGATAUFA TURNOVER TIME ESTIMATES OBTAINED FROM A SERIES OF
NUMERICAL SIMULATIONS WITH DIFFERENT FLOW FORCINGS"

Wind speed Direction from which Turnover time
(m/s) the wind is blowing (d)

8 east 32
8 north-east 37
8 south-east 29

a Hoa inflow is zero; water density is assumed constant.

17



10'

10 10" 10" 10" 10'
source = flux to the Pacific (Bq/year)

FIG. 13. The source-induced mean lagoon concentration of a tracer, c* = c - c (Bq/m1), as a function
of the source Bq/a) or, equivalently, the flux from the lagoon to the Pacific ocean (Bq/a). The
thick and thin lines represent the best estimates and confidence limits, respectively, which are
evaluated according to the expressions recommended in Table V. To obtain the actual RT
concentration, the background concentration, ch should be added to (he value displayed
above, in accordance with Eq. (10).

suggests that the ratio A # # m a y be considered equal for both atolls, implying that the turnover time
for Fangataufa should be re-evaluated as follows:

= 33±12days (18)

The SM (simplified model), corresponding to Eq. (10), may be used to either estimate the
lagoon-averaged concentration of a RT if the relevant source is known or, given the mean lagoon
concentration, evaluate the RT flux to the Pacific, which is assumed to be equal to the source, i.e. the
flux through the lagoon bottom. The uncertainty on the predictions of the SM stems from the
variability of the residence time and the error intrinsic to Eq. (10), which may be estimated to be of
the order of 20% on the basis of Deleersnijder et al. (1997) and the three-dimensional simulations
carried out in the next section. It is probably appropriate to evaluate the confidence interval associated
with the predictions of the SM as the sum of these two types of error, i.e. 40% for the former (see Eq.
(17)) and 20% for the latter, implying that the overall uncertainty should be of the order of 60%.
Therefore, it is recommended to use the SM according to Table IV or Fig. 13. It is noteworthy, and
reassuring as well, that the tritium source evaluated below by means of ASTR's three-dimensional
model and field data falls within the acceptable range of values provided by the simplified model.

Tritium fluxes

Tritiated water is the only tracer of interest to the present study that may be considered as
passive without having recourse to assumptions that might have questionable aspects, which is the
reason that some effort is devoted here to the understanding of the transport of this RT.
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CEA's Service Mixte de Surveillance Radiologique et Biologique de l'homme et de
l'environnement (SMSRB) measured tritium activity in Fangataufa lagoon at 6 and 5 points in 1991
and 1993, respectively. The mean values of this data set are 500 Bq/m3 in 1991, and 600 Bq/m3 in
1993. Thus, using the relevant formula of Table V (derived from the SM) assuming that the
background tritium activity is 100 Bq/m3 (French Liaison Office, Document No. 3, 1996) the
corresponding tritium source may be evaluated

TABLE V. RESULTS OF THE SIMPLIFIED MODELLING APPROACH, BASED ON Eq. (10),
RELATING THE MEAN LAGOON CONCENTRATION OF A TRACER TO THE FLUX FROM
THE LAGOON TO THE PACIFIC — WHICH IS EQUAL TO THE SOURCE DUE TO THE
UPWARD TRACER FLUX AT THE LAGOON BOTTOM

Mean lagoon concentration Flux to the Pacific = source
Lagoon (c in Bq/m3) (Q = S'mBq/a)

Mururoa c = cb + (5.7±3.4)xKTn xQ Q = S = (1.8+1.l)xlO lox(c-cfe)

Fangataufa c = c. + (1.6+1.0) xl(T10 xQ Q = S = (6.1±3.7)xlO9 x(c-c, )

The concentration of tritium has been measured repeatedly over recent years by SMSRB near
the surface of the Mururoa lagoon (French Liaison Office, Document No. 3, 1996).In addition, in the
winter of 1996, IAEA measured tritium activity in this lagoon water, close to the surface and the
bottom. The locations at which the water samples were taken are indicated in Fig. 14.

In Mururoa lagoon tritium activity was measured at more locations than in Fangataufa. On the
other hand, the experimental error affecting tritium activity estimates are relatively small.
Consequently, spatial variations of tritium concentration within Mururoa lagoon may be evaluated
with some accuracy, so that it is worth studying tritium transport in this lagoon by means of ASTR's
three-dimensional model, rather than content oneself with using the SM.

In most cases, the residence time is closely correlated to measured tritium concentration, as
exemplified in Fig. 15. This seems rather natural: roughly speaking, the lower the residence time, the
shorter the period of time needed by a RT parcel to leave the lagoon and, hence, the smaller the RT
concentration at the point considered. However, a more detailed, though tentative at this stage,
explanation may found, which highlights the consistency of this remarkable correlation with the
Mururoa hydrodynamics. The equations obeyed by tracer concentration, Eq. (12), and residence time,
Eq. (13), are somewhat similar. That the sign of the velocity terms are opposite should be of little
importance, since transport phenomena in Mururoa lagoon are believed to be governed chiefly by
shear diffusion and trapping by depth-independent gyres, processes which are almost invariant under
a velocity reversal. In addition, if vertical turbulent diffusion is indeed the fastest hydrodynamic
process occurring in Mururoa lagoon, then the RT parcels entering the lagoon through the bottom are
quickly mixed over the water column, so that the bottom forcing of Eq. (12) and the first term in the
right-hand side of Eq. (13) should play similar roles. In other words, if the view of the Mururoa
hydrodynamics developed above is correct, then it is no surprise that the spatial variations of
residence time resemble those of tracer concentration. However interesting the analogy between the
variability of residence time and RT activity may be, the most suitable tool at hand for investigating
tritium transport in Mururoa lagoon is the Eulerian module of ASTR's three-dimensional model.
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point-sources:
1 : 31%
2 : 26%
3:4%
4 : 36%
5 : 3%

data points:
• : SMSRB (CEA)
• :IAEA
• : SMSRB and IAEA

FIG. 14. The locations where tritiated water concentration were measured by SMSRB, close to the
surface, and IAEA, close to the surface and the bottom. The position of the bottom point-
sources of Tritium considered in the three-dimensional simulations is also indicated, as
well as the relative strength of the sources.

50 100
Residence time (d)

150

FIG. 15. Measured tritium concentration in Mururoa lagoon in 1993 plotted against estimated
residence time in the ASTR model. The release rate of tritium to the lagoon estimated from
the slope of the line is 13 TBq/a.

In all numerical simulations described below, hydrodynamic boundary conditions believed to
be typical of winter are selected because most available tritium measurements were made during this
season. The tidal forcing was assumed to be active, the wind was assumed to blow from the south-
east at 8 m/s, the hoa inflow was taken as 500 m/s and a constant water density was assumed. The
model runs were performed until a well-established periodic regime is established. Except in the
vicinity of the atoll mouth, the amplitude of the tidal cycle of the concentration is small, so that it is
sufficient to examine residual concentration fields.

The boundary conditions of the equation governing tritium concentration, i.e. Eq. (12), are
prescribed as follows. It is assumed that no tritium flux crosses the lagoon surface and the
impermeable lateral boundaries. The concentration in tritium of incoming hoa water is
cb= 100 Bq/m\ the background value. At the atoll mouth, the concentration is set to the background
value. From a numerical point of view, this is probably not the best approach, but working out another
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method is deemed to be rather difficult. There is little knowledge of the space distribution of the
upward tritium flux at the lagoon bottom. This is why two conjectures are successively put forward
and assessed with the help of the three-dimensional model. First, it is considered that there are 5
bottom point-sources, the location of which is that of the local maxima of tritium concentration in the
karstic horizons of the carbonates, while their strength is proportional to the tritium content of the
corresponding karstic region, (see Fig. 14). The second option tested is that of a uniform upward
tritium flux at the lagoon bed.

Whatever the tritium release scenario taken in account, the partial differential problem to be
solved is linear in the tritium concentration and the magnitude of the forcing functions. Thus, it is
sufficient to carry out only one simulation for each type of tritium release, providing the residual
distribution of the tritium activity for a reference tritium inflow, Sr, which is arbitrarily chosen to be
1013 Bq/a. The residual concentration due to a source of another magnitude and equivalent space
distribution is obviously proportional to that obtained for the nominal run. In other words, the residual
tritium concentration at location x for the option / is

c'(x) = c A + — [cl(x)-ch\, / = 1 , 2 , (19)

where c' denotes the residual concentration simulated according to release type / with the reference

source Sr; i = 1 refers to the 5 point-sources scenario, while / = 2 is associated with the hypothesis that
the tritium flux is uniformly distributed over the lagoon bottom.

Two model runs are thus performed: for the first, the upward bottom flux is prescribed as Dirac
functions appearing as bottom sources located at points labelled (1, 2, 3, 4, 5) in Fig. 14 which release
tritium at rates (0.36, 0.26, 0.04, 0.31, 0.03) x 1013 Bq/a; the bottom flux is imposed to be the ratio of
Sr to the lagoon surface, i.e. 7.14 x 104 Bq m"2/a, when the uniform-flux hypothesis is selected. The
tritium concentrations obtained in both cases exhibit significant west-east gradients while the vertical
variations are small, except in the neighbourhood of the point-sources. Therefore, no crucial
information is lost if only the depth-mean concentration fields are displayed as in Figs 16 and 17.

That the model predicts little variation of the concentration over the water column is due to the
vertical mixing being very efficient, as was already pointed out. This result is, to a large extent, in
agreement with the IAEA measurements and with previous field studies, which, however, concerned
other RTs (Cousteau, 1989; Martin et al., 1990; Bourlat et al., 1995). The relative similarity between
the tritium concentration fields displayed in Figs 15 and 16 ensues from the fact that the lagoon
hydrodynamics leads to significant three-dimensional mixing, so that the spatial distribution of the
bottom flux is not the most crucial factor, which is precisely one of the hypotheses underlying the
SM. Nonetheless, there are discernible differences between Fig. 16 and Fig. 17 which may be taken
advantage of to determine which of the two conjectures, 5 point-sources or uniform tritium flux at the
lagoon bottom, is closest to the reality.

For every field data set and release scenario, the corresponding source is estimated as the value
of 5* minimising the "distance" of the concentrations measured in situ, cd, to the model predictions, c1

(/ = 1, 2). For a given data set, containing K values, let xk (k= 1, 2, ... K) denote the position-vector of
the k-th point where tritium concentration was measured. The minimum over S1 of the overall data-
model difference

• ) -Z, \F <x )~CA* )J = 2 , cA+—[c,(x J - C . J - C ^ X " ^ , /= 1,2, (20)
*=i k=\ o .
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FIG. 16.

depth - mean of cl
r (Bq m~3)

Depth-averaged residual tritium concentration (Bq/m3) simulated with 5 bottom point-sources
(scenario 1), as specified in Fig. 14, amounting to a total rate of release of10" Bq/a.

FIG. 17.

depth - mean of c* (Bqm~3)

Depth-averaged residual tritium concentration (Bq/m3) simulated with a uniform bottom
flux (scenario 2) amounting to a total rate of release of 1013 Bq/a.

is sought, leading to the source estimates listed in Table VI. In most cases, c2 is significantly smaller
than c1, indicating that the uniform-flux release enables the three-dimensional model to produce a
tritium concentration field that is in better agreement with the measurements than that computed
according to the 5 point-sources scenario. This is clearly confirmed by a simple inspection of the
series of the data-model correlation coefficients (see Table VI), which are calculated as

r - •

([c )) ))])
(21)

where the operator ( ) represents the average over the series of data points, i.e., for instance,

(22)

22



TABLE VI. ESTIMATES OF THE TRITIUM FLUX ENTERING THE MURUROA LAGOON
THROUGH THE BOTTOM — OR, EQUIVALENTLY, THE TRITIUM FLUX FROM THE
LAGOON TO THE PACIFIC — OBTAINED BY COMBINING FIELD DATA AND THREE-
DIMENSIONAL MODEL RESULTS COMPUTED ACCORDING TO TWO RELEASE
SCENARIOS, EITHER 5 BOTTOM POINT-SOURCES OR UNIFORM BOTTOM FLUX

Year

1987
1988
1989
1990
1991
1993
1996a

1996b

Origin of

data set

SMSRB
SMSRB
SMSRB
SMSRB
SMSRB
SMSRB
IAEA
IAEA

Number of

data points (K)

10
10
10
10
6
8
6
6

5 point-sources

S* (Bq/a)c

1.1 x l O "
1.8x10"
1.9x10"
2.8x10"
1.6 x 10"
1.9 x 10"
0.4 x 10"
0.5 x 10"

0=1)

rld

0.6
0.5
0.3
0.6
0.4
0.5
0.2

0.03

Uniform bottom

S2 (Bq/a)c

1.4x10"
2.4 x 10"
2.5 x 10"
3.6 x 10"
2.3 x 10"
2.2 x 10"
0.6 x 10"
0.8 x 10"

flux 0 = 2)

?&

0.7
0.6
0.4
0.7
0.5
0.5
0.2

0.05

a Surface data.
b Bottom data.
c Bottom source = flux from the lagoon to the Pacific, corresponding to the minimum of expression (20).
d Data-model correlation coefficient, computed according to Eq. (21).

In general, the modelled concentrations are in rather good agreement with the measurements
(see Figs 18 and 19).

According to Table VI, the largest discrepancy between field data and model predictions occurs
in 1996, when IAEA data are considered. The reason for this is unknown. It must be pointed out,
however, that the sample taken close to the bottom in the south-western tip of the atoll exhibits a
tritium concentration which is relatively large. From this point on, only the results of the second
scenario, corresponding to the uniform bottom flux, are considered. There is thus no need to keep
using the superscript / referring to the type of release. Therefore, this superscript will be
systematically omitted.

Since the simulated tritium concentration field, c, is linearly related to the source, S, it is
believed that the error on the tritium source inferred from the model results is proportional to the
difference between the concentrations computed and those measured at the points where water
samples were taken. Accordingly, the error affecting the evaluation of the source S is calculated as

AS = 1 — , rr-^S . (23)

As may be seen in Fig. 20 and Table VII, the relative error on the rate of release S inferred
from the three-dimensional model is of the order of 20%, which is markedly smaller than the
uncertainty associated with that derived from simplified formula, which is 60%.
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0.0 0.5 1.0 1.5 2.0 2.5 10
Modal

FIG. 18. Plot of the tritium concentration measured in the Mururoa lagoon water against its
counterpart simulated by assuming that there are 5 point-sources located at the lagoon
bottom according to Fig. 14.

0.0 0.5 1.0 1.5 2.0 2.5
Model

Modd
1.0

FIG. 19. Plot of the tritium concentration measured in the Mururoa lagoon -water against its
counterpart simulated by assuming that the incoming tritium flux in uniformly distributed
over the lagoon bed.
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best estimates of Tritium source
Mururoa and Fangataufa lagoons

V
2.

s

| 2
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Mururoa

" I
Fangataufa

1986

I
1988 1990 1992

year
1994 1996

FIG. 20. Best estimates of the tritium flux (1013 Bq/a) entering the Mururoa (•) and Fangataufa (X)
lagoons through their bottom, which are equivalent to the fluxes from the lagoons to the
Pacific. The Mururoa fluxes are estimated with the help of ASTR's three-dimensional
model, while the simple model (see Table V) is used to evaluate the Fangataufa release
rates. The relevant error bars are also displayed.

TABLE VII. BEST ESTIMATES OF THE TRITIUM FLUX ENTERING THE MURUROA AND
FANGATAUFA LAGOONS THROUGH THE BOTTOM, OR, EQUIVALENTLY, THE TRITIUM
FLUX FROM THE LAGOONS INTO THE PACIFIC OCEAN

Year Mururoaa Fangataufa

1987
1988
1989
1990
1991
1993
1996

(1.4 ±0.3) x 10l3Bq/a
(2.4 ±0.5) x 1013Bq/a
(2.5 ±0.6) xlO13Bq/a
(3.6 ±0.8) x 1013Bq/a
(2.3 ±0.6) x 1013Bq/a
(2.2 ±0.4) x 1013Bq/a
(0.7 ± 0.3) xlO13 Bq/a

(2.4 ± 1.5) x 1012Bq/a
(3.1 ± 1.8) x 1012Bq/a

a Estimated with the help of ASTR's three-dimensional model
b Estimated with the help of the simple model of Table IV.

Figure 21 strongly suggests that the tritium flux exported from the Mururoa lagoon to the
Pacific increased abruptly from 1989 to 1990. Conversely, this rate of release is likely to have
diminished by almost the same amount from 1990 to 1991. If this phenomenon is not directly related
to the type of nuclear tests that were made during this period, then an important tritium leakage might
have occurred which might have concerned other radionuclides as well.

As indicated in Fig. 21, the tritium source inferred from the three-dimensional model results is
systematically larger than that evaluated by means of the simple model of Table V — using the mean
measured concentrations. It is reassuring, however, that the former estimates are within the
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0.0 1.0 2.0 3.0 4.0 5.0
source estimated from mean measured concentration

FIG. 21. Plot of the Mururoa lagoon bottom source of tritium, S, estimated by means of the three-
dimensional model against its equivalent derived from the simple formula of Table V used
with the arithmetical mean of the measured values. Every dot corresponds to a yearly
source estimate (1013 Bq/a). The error bars associated with each method are also
displayed.

0.0 1.0 2.0 3.0 4.0 5.0
source estimated from 3D model mean concentration

FIG. 22. Plot of the Mururoa lagoon bottom source of tritium, S, estimated by means of the three-
dimensional model against its equivalent derived from the simple formula of Table V used
with the mean lagoon concentration simulated by the three-dimensional model. Every dot
corresponds to a yearly source estimate (1013 Bq/a). The error bars associated with each
method are also displayed.

\

speed (10-3 m year-1)

5 10

-\ 1 h H—I—h

r-
sea level I

rise S "

_ _ over the last 100 years

extreme range of projections

best estimates

rat* of reef
growth

\ next 100 years

FIG. 23. Range of the vertical accretion rate of coral reefs (as compared to IPCC estimates of the
speed at which the global mean sea level has risen over the last 100 years and is likely to rise
over the next century (see Warwick et ai, 1996).
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confidence interval associated with the latter. If the mean lagoon concentration predicted by the
three-dimensional model is introduced into the SM, then the discrepancy is smaller (see Fig. 22). This
suggests that the tritium lagoon concentration evaluated by performing the arithmetical average of the
field data is too small, a problem which might be cured, to a certain extent, by using a weighted
average based on the simulated tritium concentration field. In addition, a systematic bias between the
two techniques is likely to prevail, which might be explained by the fact the turnover time is derived
from a Lagrangian method while the concentration field is computed with an Eulerian algorithm. As
the latter encompasses a certain amount of numerical diffusion, it is conceivable that the RT parcels
of the Eulerian approach tend to leave the lagoon somewhat faster, implying that the corresponding
turnover time would be smaller, so that a larger source would be needed to obtain the same lagoon-
averaged RT concentration. For the present, this reasoning is no more than a mere conjecture that
would need to be thoroughly investigated.

With respect to tritium transport, it is clear that the simple, zero-dimensional formulation (see
Eq. (10) and Table V) is consistent with the results of the three-dimensional model, which is
obviously more accurate, but more demanding.

Outlook

The hydrodynamics of the Mururoa and Fangataufa lagoons depend (through the forcings
applied at the air-sea interface at the lagoon mouth and in the hoa region) on the regional meteorology
and oceanography, the mean conditions and variability of which are governed ultimately by the Earth
climate. Therefore, it is believed that the major changes of natural origin of the circulation and mixing
in the lagoons studied will be driven by global climate modifications.

Over the last 900 000 years, the largest climate changes have been associated with the glacial-
interglacial cycles, which induced modifications of the mean surface temperature and sea level of the
order of 5°C and 100 m, respectively (Berger, 1992). According to Berger et al. (1996) the next
glaciation is likely to start around the year 50 000. Thus, during the period of time ranging from the
present until the year 10 000, which has been suggested as the period the Study might consider, it is
unlikely that natural processes will cause climate changes of a magnitude comparable to that of the
glacial-interglacial cycles. Nonetheless, according to the Intergovernmental Panel on Climate Change
— IPCC — (Houghton et al., 1995), the Earth climate is undergoing, and will continue to undergo,
changes induced by human activities which cannot be ignored in this study. Currently, the predictions
of the nature and magnitude of these climate modifications are subject to such uncertainties that it is
appropriate to restrict the period over which projections are made to about 100 years (Houghton et al.,
1995).

The results of the sensitivity studies listed in Tables II and III suggest clearly that changes in
surface fluxes of momentum and buoyancy may alter significantly the turnover time of the lagoons,
which, in turn, would change the RT lagoon content. Thus, over the next century the turnover time
might vary as a result of anthropogenic climate changes by a factor ranging, roughly speaking, from
1/2 to 2. The likelihood of much larger changes of the turnover time, by a factor of 0.1 or 10 say, is
considered low, unless there is a significant rise of the ocean level, as is suggested below.

Coral reefs tend to "maintain themselves at or near sea level" (Buddemeier et al., 1988). Over
the last 100 years, the global mean sea level has risen 0.10-0.25 m (Warrick et al., 1996), which
represents a rate of rise of 1 x 10"3—2.5 x 10'3 m/a, i.e. far below the maximum rate of growth of coral
reefs (Buddemeier et al., 1988), which is 10"2 m/a. To the best of our knowledge, no major coral reef
or atoll has been submerged over the last 100 years, which is consistent with the figures above. The
highest end of the range of projections of the rate of sea level rise for the next 100 years is smaller
than the maximum rate of reef growth (see Fig. 23). Thus, it is tempting to conclude that the coral
rims of Mururoa and Fangataufa will, in any case, be capable of maintaining themselves
approximately at the present-day height above sea level. This, however, may not be correct since this
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cursory reasoning disregards the impact of the ocean waves on coral reefs. Protected reefs are likely
to grow at their maximum speed. By contrast, reefs which are exposed to energetic wave fields are
subjected to erosion, reducing the net rate of vertical accretion to small values or, even, to zero, which
is the reason that hoa are able to develop and persist.

The southern part of the Mururoa coral rim, being exposed in winter to energetic surface
waves, may not be able to keep pace with the sea level rise. Consequently, the hypothesis must be
considered that most of this reef would become inundated, allowing ocean water to enter the lagoon
over a rim section about 25 km long.

Though this extended hoa flow would imply a water flux in the lagoon initially adjacent to the
surface, the overall impact of shear diffusion on tracer transport is unlikely to be significantly altered.
Indeed, the typical distance over which horizontal momentum is mixed over the water column,

, . . ,. (depth) x (horizontal velocity)
horizontal mixing distance « — -

vertical eddy viscosity

« 1 0 3 m , (24)
_2 2 _,l(T2m2s

is rather small compared to the typical width of the Mururoa lagoon, implying that there would be no
significant increase or decrease of the shearing of the horizontal velocity over much of the lagoon
volume.

On the other hand, the water inflow across the southern atoll rim could deeply modify the
residual depth-averaged horizontal circulation. Assuming that the flux per unit length would remain
equal to that estimated for the present, i.e. 10'1 m2/s, the rate at which ocean water would enter the
Mururoa lagoon would be about 2.5 x 103 m3/s. This is larger than the flow associated with the
residual horizontal transport, which does not exceed 2 x 103 m3/s in typical present-day conditions
(see Fig. 7). Therefore, the residual depth-mean circulation would be radically different from that
displayed in Fig. 7, which could reduce the turnover time to

modified turnover time »
1 extended hoa inflow

present turnover time lagoon volume

1

2.5xl03m3s
5 - ^ «18 days (25)

98 days 4.7xl09m3

On the other hand, if only the western part of the southern Mururoa coral rim is submerged, the
turnover time might somewhat increase, according to the reasoning put forward in Tartinville et al.
(1997).

It is also worth pointing out that the sea level is unlikely to rise uniformly over the world ocean.
Locally, the ocean level might even tend to decrease as the climate progressively changes (see, for
instance, Gregory et al., 1993).
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According to the discussion above, the turnover time of the Mururoa lagoon could conceivably
increase or decrease significantly under the impact of the future climate changes. Presumably, little
can be done to reduce the uncertainties on how the hydrodynamics of the Mururoa lagoon will be
modified in response to the climate changes. These considerations hold true, to a certain extent, for
the Fangataufa lagoon.

Conclusions

A study has been carried out on the transport within the Mururoa and Fangataufa lagoons, as
well as the export to the Pacific, of dissolved tracers originating from the bottom of the lagoons. The
main results are as follows:

— ASTR's three-dimensional model was developed to estimate the turnover time of the lagoon of
Mururoa and Fangataufa to be 98 ± 37 and 33 ± 12 days, respectively.

— Residual depth-averaged circulation and shear diffusion were shown to dominate tracer transport.

— Tritium transport was modelled by means of a new module of ASTR's three-dimensional model
in the Mururoa lagoon with a relative error with respect to available data of the order of 20%.
Estimates of tritium fluxes to the Pacific were produced (see Fig. 20 and Table VII).

— The simple model was shown to be consistent with the three-dimensional model and, hence, was
deemed to be sufficiently realistic for the purposes of the present study. Consequently, it is
asserted that monitoring the tritium content of a lagoon is sufficient to infer the bottom fluxes as
well as the rate of release to the Pacific, which holds true, to a certain extent, for other
radionuclides.

— The turnover time of the Mururoa and Fangataufa lagoons could increase or decrease
significantly under the impact of future climate changes.

3.2. TRANSPORT OF SEDIMENTS AND RADIONUCLIDES FROM MURUROA
LAGOON INTO THE OCEAN

This Section provides some estimates on the role of suspended sediments in the lagoon on the
potential discharge of radioactivity into the Pacific ocean. Questions pursued are:

— What amount of bottom sediments in Mururoa lagoon would be resuspended and transported out
of the lagoon into the Pacific Ocean per year according to different scenarios (circulation due to
trade wind and tide, tropical cyclones) ?

— What is the outflow of radionuclides transported with the sediments out of the lagoon per year ?

The need for using modelling tools is obvious: it is practically impossible to carry out extensive
measurements, which could provide the necessary answers, especially for storm cases. Measurements
are, however, necessary for calibration and verification of the model results.

The models

A three-dimensional model, developed at Ljubljana University, is used for the simulation of the
water circulation in the lagoon and for sediment resuspension and transport in the lagoon and out of
the lagoon to the open ocean. The model is described in Rajar and Cetina, 1997 and Rajar, Cetina and
Sirca, 1997. The integrated model is composed of three basic parts: a hydrodynamic module, a

transport-dispersion module and a sediment transport module. Only the hydrodynamic and sediment
transport modules were used in this study.
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The hydrodynamic module is a non-linear model. A one-equation turbulent model is included
for the calculation of vertical turbulent viscosity. A finite-volume numerical method is used for the
solution of the basic equations. The module simulates the three dimensional water circulation in the
lagoon under different conditions. The simulations disregard density variations within the lagoon and
any through-flow through the hoa.

The sediment transport module is based on the equations of Van Rijn, 1994 and is similar to the
3D sediment-transport module, described in Lin and Falconer, 1996. Resuspension of bottom
sediments which depends on the bottom shear stress, caused by current velocities is calculated first.
The model was completed with the calculation of wave parameters and their influence on the bottom
shear stresses. Then transport and dispersion of sediments in the lagoon and out of it (through the
pass) is simulated depending on the combined action of currents and waves.

It is assumed, that an important amount of sediment can also be washed out of the lagoon over
the SE and S rim due to passing cyclones. For the determination of water discharge over the rim all
available data on observations of the phenomena (wind, waves, storm surge) in the Mururoa and
similar lagoons were taken into account (Lachenaud, 1986) together with an empirical procedure for
estimating the water discharge due to wave overtopping of the rim described in Sylvester (1974). The
sediment concentration in water was calculated according to Van Rijn (1993).

Case WT - East Wind 8 m/s + Tide

z
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a) -currents
-currents + waves
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k-42m/s (150km/h)
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4 8 14 36 t (h)

-currents + waves

FIG. 24. Input data: boundary conditions for two simulated cases.
a) Tidal curve for CASE A: Wind/Tide. (Easterly winds of 8 m/s were assumed)
b) Time development of the wind speed for a STORM CASE.
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FIG. 25. Depth-averagedvelocity field for Case A: Wind/Tide, a) Flood tide b) Ebb tide

The discharge of sediment bound radionuclides from the lagoon for different scenarios was
calculated with the following assumption:

— Only 238+239+240Pu were taken into account, as plutonium is the most important element bound to
sediments.

— The decay rate was neglected.
— With the concentration of radionuclides in sediments Csed (Bq/kg) given as input data, the

outflow discharge of radionuclides, bound to sediments R (Bq) was estimated to be R = Csed x
Qsed where Qsed (kg) is the outflow discharge of sediment.
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Simulated cases and results

The hydrodynamic circulation was simulated with the following data:

Space steps Ax = Ay = 250 m, time step At = 20 s. The numerical grid consists of 105 x 48
control volumes.

Twelve vertical layers were used in the study. A horizontal turbulent viscosity of 50 m2/s was
taken into account.

An artificial extension of the ocean bottom side of the pass was used in the mathematical
model, which enabled to take into account the time dependent water level changes due to tides. These
model parameters were the same as those used by Tartinville et al. (1997). Stratification and
discharge over the hoa were not considered in this study.

Two cases were simulated (see Fig. 24):

Case A. Normal conditions - effect of tides and trade winds

For the purposes of this analysis, 'normal' conditions are defined as an easterly trade wind of 8
m/s and a tide with an amplitude of 0.3 m and a period of 12.4 hours (semi-diurnal tide).

The hydrodynamic simulation involved calculation of currents and heights of waves. The
resulting velocity fields were very similar to the corresponding depth-averaged fields given by
Tartinville et al. (1997). The theoretical wave height increases from east to west and reaches a maximum
value of nearly 1 metre near the western coast of the Mururoa lagoon.

Figure 25 shows the depth averaged velocities for flood and ebb tide with constant easterly
wind (8 m/s). Near the pass the current velocities are of the order of 0.2 m/s. The wave height
increases from east to west up to nearly 1 m near the westernmost coast of the lagoon.

At the pass, the bed shear stress due to currents and waves are up to 5 times greater than the
critical shear stress (0.017 N/m2, Fig. 26). Most of the sediment resuspension is in the vicinity of the
pass, although there is some in the shallow water along the southern coast. The sediment is 99%
carbonate with a density of 2400 kg/m3. The coarsest particle diameters are mainly distributed near
the pass (Fig. 27). Almost all particles larger than 0.3 mm are located in this region resisting the
shear stress of the local tidal flow. The finer particles are washed out.

During the ebb tide, some sediment from the lagoon bottom is resuspended, and transported out
of the lagoon. Figure 28 shows the time development of the water level and of the sediment discharge
out of the lagoon. The simulation results show that, during one tidal cycle, 110 t of sediment is
washed out of the lagoon. This results in a rate of outwashing of sediments due to wind and tide of
about 80 000 t/a— about 3 kg/s — over the whole cross-section of the pass.

This mass of 80 0001 of sediment corresponds to 555 m3 of sediment and an erosion rate of 0.4
mm/a over the whole lagoon. This value is given only for illustrative purposes, because the erosion
would not be uniformly distributed over the lagoon, and some sediments are also formed and
deposited by various processes, including wave action on coral.

Case B. Storm conditions

The forcing conditions for this case were determined mainly from Lachenaud, 1986. The
'maximum historically probable cyclone' in the region of Mururoa is defined as a north-westerly
wind of 80 knots (150 km/h, or 42 m/s). The duration of maximum wind speed is estimated from the
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Mururoa Lagoon
Case wind & tide (5.16 h)
Taub / Taubcr

FIG. 26. Mururoa lagoon: Ratio of bottom shear stress (Taub) to critical shear stress for Wind/Tide
CASE (Taubcr) Critical shear stress means beginning of sediment resuspension.
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FIG. 27. Mururoa lagoon bottom: Distribution of median sediment particle diameter (from Masse
andMussa, 1988).
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Sediment flux and tidal curve
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FIG. 28. Mururoa lagoon: Time development of water level and sediment flux through the pass
during one tidal cycle. Mass of outwashed sediments: 1.13 x 105 kg/tidal cycle, i.e.
80 000 t/a.

FIG. 29. Mururoa lagoon: Depth-averaged velocities for STORM CASE (wind NW, 150 km/h).
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FIG. 30. Mururoa lagoon: Ratio of bottom shear stress to critical shear stress for STORM CASE.
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information on the travel velocity of the cyclone (15 knots) and the diameter of the cyclone centre
(40 miles, according to Lachenaud, 1986), which gives 2.7 hours. This has been increased to four
hours to take into account rough weather accompanying the passage of the cyclone.

The frequency of such a cyclone is estimated from Lachenaud (1986) to be about one cyclone
every ten years (0.1 per year). Although the statistical data show a smaller frequency than this over
the last 100 years, there were five cyclones in the first half of 1983 in the Tuamotu Archipelago (not
all of them touching Mururoa). Gabrie and Salvat (1985) estimate the frequency in the region of
Mururoa to be "four to eight per century".

Flow through the pass: The three dimensional hydrodynamic simulation of a storm event
predicted surface water velocities (Fig. 29) of about 1.3 m/s and maximum depth-averaged velocities
of the order of 40-50 cm/s, which agree approximately with the values given in Lachenaud (1986).
Wave height in the ocean is about 10 m under these conditions, and wave height in the central part of
the lagoon is about 5 m. These values are used in the hydrodynamic and sediment transport
simulations.

The distribution of the ratio of the bottom shear stress to the critical shear stress (Fig. 30)
shows that the resuspension of the sediments will occur close to the pass and the south-eastern rim.
The final model results are shown in Fig. 31. Integrating the sediment discharge over the whole
duration of the storm gives a mass of sediment washed out of the lagoon through the pass during one
storm event of 720 0001.

Flow over the south-eastern rim of the atoll: For north-westerly winds of 150 km/h over the
lagoon, the height of the waves along the south-eastern and southern rim of the atoll was estimated to
be 5 m (Lachenaud, 1986). The height of the rim above the mean water level is between 1 and 3 m. It
is assumed that a cyclone would cause significant discharge of both water and sediment over the rim
into the ocean. This is confirmed by observations from similar atolls. Lachenaud (1986) describes
observations on several atolls during cyclones, mostly with the "greatest part of the atoll submerged".

FIG. 32. Parameters for computation of overflow over the atoll rim.
MWL: mean water level, SWL: storm water level, Ro: wave run-up (max.

wave height above mean water level), Q: water discharge over the rim.
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A combination of observational data by Lachenaud (1986) and the empirical procedure of Sylvester
(1974) was used to determine the water discharge. Another procedure from Van Rijn (1993) was used
to determine the sediment concentration and the sediment outflow into the ocean.

Basic data and assumptions for the calculations are given in Fig. 32. The height of the rim
above the mean water level is taken to be 1.5 m. As the wind shear stress would cause a rise of about
0.5 m in the water level in the south-eastern part of the lagoon, it is estimated that the average height
of the rim over the storm water level (SWL in Fig. 32) is only 1 m. Using the data in Sylvester (1974),
the wave run-up (the maximum height of the waves over the mean water level) is estimated to be
3.5 m. As the atoll rim is about 300-400 m wide, it was estimated that the effective wave run-up
would be reduced to 2.7 m. Taking account of the 0.5 m rise of the water level due to storm surge, the
total rise of the water level above normal conditions is 3.2 m, which is in agreement with observations
from Lachenaud (1986). For the above parameter values, the water discharge over the rim was
estimated to be 0.5 m3/s per metre of the rim (Sylvester, 1974). Over the rim length of 20 km, and
over 6 hours of the storm, 2.2 x 108 m3 of water would flow over the rim.

For the conditions described, the suspended sediment load near the bottom of the lagoon would
be about 50 kg/m3. As high mixing is to be expected in stormy conditions, it was assumed that the
depth-averaged sediment load will be about 60% of this, i.e. 30 kg/m3. This implies a mass of
6.5 x 1061 of sediment washed out of the lagoon over the rim during one storm event. However, this
outflow of sediments could only be realistic if the whole area of the shallow sea near the south-
eastern and southern rim, the beach and the nearby part of the atoll were all completely erodible. As
there are parts of this region which are not erodible, or only partly erodible (coral reefs, carbonate,
structures etc.), it was arbitrarily estimated that only 50% of the calculated sediment mass would be
washed out. Hence the total mass of sediments, washed over the rim during one storm event is
3.2 x 106 t. This is approximately 4.5 times the mass which would be outwashed from the lagoon
through the pass during the same storm event.

A simple calculation shows that this would cause erosion of the beach to a depth of about 0.5
m, over the whole 20 km of the south-eastern and southern part of the rim, and over a width of 300 m.
In reality the erosion would be concentrated along weaker, more erodible sections.

The total amount of sediment washed out of the lagoon during one storm (through the pass and
over the rim) is 4 x 1061. This is equivalent to the erosion of a 20 mm thick layer over the whole
lagoon. In reality, this erosion would be very non-uniformly distributed.

TABLE VIII. SEDIMENT AND PLUTONIUM OUTFLOW FROM MURUROA LAGOON INTO
THE OCEAN

Wind-tide case
Sediment

(t/a) (Bq/a)

Storm case
Sediment
(t/storm) (Bq/storm)

Through the pass 8 x 104

Over the SE rim

Total 8 x 104

8xlO 9

8xlO 9

7.2 x 10s

3.2 x 106

3.9 xlO6

3.6x10"

3.3 x 10"

6.9 x 10"
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Outflow of plutonium

The average 239+240Pu concentration in the top 10 cm of the bottom sediment in Mururoa lagoon
is estimated — using French data and results obtained from this study — to be 500 Bq/kg. For the
regions near the pass and in the vicinity of the south-eastern rim, the concentration is estimated to be
much lower, about 20 Bq/kg. In both of the cases considered — normal winds and tides, and storm
conditions — the sediments are partly, but not entirely, mixed over the lagoon. It was therefore
estimated that the concentration near the pass (wind/tide case) and in the vicinity of the SE rim (storm
case) would be about 100 Bq/kg. Hence, the radioactivity washed out through the pass by the
permanent action of the trade wind and tides would be about 8 GBq/a, and the total outflow of
plutonium during one storm event (through the pass and over the rim) is estimated to be 0.7 TBq.

The estimated outflows of sediments and plutonium from Mururoa lagoon to the open ocean
are summarized in Table VIII. The dominant release of plutonium will occur during storm conditions.
Because the thickness of the sediment cover on the bottom of the lagoon and the topography of the
atoll rim are not well known, and because a number of approximations have been used in these
calculations, the estimates of the outflow of sediment and plutonium are considered to be accurate to
within a factor of three.
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4. DISPERSION IN THE OCEAN: REGIONAL AND LARGE SCALE MODELLING

4.1. THE GENERAL CIRCULATION IN THE UPPER 500 m OF THE SOUTH PACIFIC OCEAN

The circulation in the ocean surface layer is generally determined by the wind. The subtropics of
the world ocean are dominated by the Trade Winds which blow from east to west and, in combination
with the Westerlies of the temperate region, produce an anticyclonic circulation pattern in each ocean
basin, the so-called subtropical gyres. These gyres bring cold water into the tropical regions on the
eastern side of the ocean basins and move warm water poleward on the western sides.

The rotation of the earth intensifies the currents on the western side of the ocean basins and causes
them to concentrate the poleward transport into swift jet-like streams which develop instabilities along
their path. In contrast, currents on the eastern side are generally broad and slow moving and associated
with coastal upwelling.

The subtropical gyre of the South Pacific Ocean consists of the northward flowing Peru/Chile
Current in the east, the westward flowing South Equatorial Current in the north, the southward flowing
East Australian Current in the west and the eastward flowing South Pacific Current in the south (Fig.
33). This current system extends to at least 1000 m depth, but the axis of the gyre shifts gradually
southward as depth increases. At the surface, the boundary between the South Equatorial and South
Pacific Currents is found north of 30° S, while at a depth of 1000-1500 m it is located near 40° S (Reid,
1986). For the 500 m depth level this suggests a location of the separation zone between westward flow
in the north and eastward flow in the south somewhere in the vicinity of 35° S.

Within the South Equatorial Current is a band of weak eastward flow near 8° S known as the
South Equatorial Countercurrent. This water movement is more persistent in the western South Pacific
than in the east, where it is often suppressed by westward flow.

Westward flow in the South Pacific Current is concentrated in two bands associated with fronts
(Fig. 34). The transport associated with these fronts is much weaker in the Pacific than the corresponding
westward transports in the Atlantic and Indian Oceans, which are of the order of 30 Sverdrup (I
Sverdrup= 106m3/s).

E 120 EIBO'W 150 120 90 W

FIG. 33. Surface currents of the Pacific Ocean. The ragged lines indicate fronts. STF: Subtropical
Front, associated with the South Pacific Current. After Tomczak and Godfrey (1994).
* Mururoa
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FIG. 34. Schematic diagram of the fronts associated with the South Pacific Current (SPC). Numbers
give volume transport in Sverdrups (1 Sverdrup = 106 m3/s). The front labelled STF is
known as the Subtropical Front, the front further north has not been associated with a
particular name yet. The frontal system near 50° S is associated with the Antarctic
Circumpolar Current (ACC). From Stramma et al. (1995).

A circulation sketch used repeatedly in French documents (French Liaison Office, Document No.
11, 1996; Bablet et al., 1996; IAEA, 1996; Rancher et al., 1996) and ascribed to the Service Mixte de
Securite Radiologique is clearly at variance with the generally accepted ideas about the upper South
Pacific Ocean circulation. The sketch shows the subtropical gyre as being closed east of New Zealand. It
does not include the East Australian Current, one of the best documented currents of the world ocean
(Tomczak and Godfrey, 1994) but shows instead an eastward flowing "Tasman Current". All
observations show the entire Coral Sea north of 30° S as dominated by westward flow which feeds into
the East Australian Current and all eastward flow as restricted to a narrow zonal region south of 30° S
known as the Tasman Front (Tomczak and Godfrey, 1994). In other words, the western boundary current
which flows along Australia's east coast is an integral part of the subtropical gyre, and any material
which circulates in the gyre will not turn southward and then eastward at a location well east of New
Zealand but will reach the Australian coast.

Rancher and Rougerie (1995) present a circulation scheme in the South Pacific which includes the
East Australian Current but also a "Tasman Current", located in the region of the Tasman Front. Their
"Tasman Current" can thus be identified as the outflow from the East Australian Current associated with
the Tasman Front, or the East Australian Current Extension. However, their figure shows eastward flow
in the Coral Sea even as far north as 17° S. In reality eastward flow is only found south of about 30° S.

Winds in the subtropical South Pacific Ocean are generally light, and the wind-generated mixed
layer rarely exceeds 50 m in depth. Water movement in the upper mixed layer is more variable than in
the large scale subtropical gyre circulation and follows the wind patterns on synoptic time scales. The
vertically integrated mixed layer transport (Ekman transport) is directed southward in the north and
northward in the south, producing Ekman transport convergence and slow downward water movement
into the thermocline (subduction). As the water is forced downward it moves along surfaces of constant
density which, given the surface distribution of temperature and salinity, slope downward towards the
equator. Subduction is therefore active on the southern side of the subtropical gyre, i.e. in the South
Pacific Current, but not equally important in the South Equatorial Current.

Wind patterns on seasonal and synoptic scales are determined by the large scale atmospheric
pressure distribution which produces two convergence regions over the Pacific Ocean. The Intertropical
Convergence Zone (ITCZ) is located at about 5° N and strongest during northern summer. The South
Pacific Convergence Zone (SPCZ) stretches from the western equatorial Pacific Ocean south eastward
towards Mururoa and Fangataufa, where it produces two anticyclonic circulation cells around the
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FIG. 35. Typical sea level pressure and wind distributions in the Polynesian region, a)
representative for summer conditions (12 January 1987), b) representative for winter
conditions (25 July 1987). Isobars in hPa. SPCZ: South Pacific Convergence Zone. M:
location of Mururoa. From Tomczak and Herzfeld (in press).

HO" ISO" I 180* W

f \. and

ISO* no-

Fabruory

• 0 *

\

u

FIG. 36. The extent of the area where the salinity exceeds 36 in the South Pacific Ocean. Mururoa is
located at approximately 20° S, 140° W. From Tomczak and Hao (1989).

Kermadec Islands and Easter Island. During southern summer the trough is strong, keeping Mururoa and
Fangataufa in the easterly air stream of the Trade Winds (Fig. 35). During winter the anticyclones move
north, and the SPCZ becomes the centre of frequent intrusions of cold air brought in from storm systems
of the Westerlies.

Mururoa and Fangataufa are situated on the southern edge of the South Equatorial Current near
22° S. Material carried by currents past the atolls will therefore drift mainly to the west towards
Australia, enter the East Australian Current and eventually turn east with the South Pacific Current. Due
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HYDROPOL 5 - Coupe MARQUISES-AUSTRAIES OCTOBRE 1987
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F7G. 37a. Vertical section of temperature (above) and salinity (below) between Rapa in the South and
Marquesas Islands in October 1987 (Rancher andRougerie, 1993).
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HYDROPOL 6 - Coupe MARQUISES-AUSTRALES MARS 1988
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FIG. 37b. Vertical section of temperature (above) and salinity (below) between Rapa in the South
and Marquesas Islands in March 1988 (Rancher and Rougerie, 1993).
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to the proximity of the islands to the gyre centre, current velocities in their vicinity are relatively small,
closer to 0.1 m/s than the typical velocities of 0.2-0.3 m/s found in the centre of the South Equatorial
Current. Material carried in the surface mixed layer will follow Ekman dynamics, which means that in
the southern hemisphere is will drift to the left of the prevailing wind direction. Surface layer currents
around Mururoa and Fangataufa are therefore mainly towards south and south west during the summer
months and more westward during the winter months, with brief periods of very weak and variable flow
during the transition months.

The Polynesian region is an important ventilation region for thermocline water masses of the
South Pacific Ocean. High evaporation and low rainfall produce a net freshwater loss to the atmosphere,
increasing the surface salinity. Figure 36 shows the extent of the region where the salinity exceeds 36 at
the surface and at three subsurface levels. At the surface the region coincides with the region of largest
freshwater loss. Below the surface mixed layer there is no mechanism to concentrate the salt content of
the water, and the salinity maximum observed at 100-200 m depth can only be the result of convective
mixing to that depth in Polynesian waters and subsequent westward advection with the South Equatorial
Current. The details of the evaporation driven convection are not known, but the observations suggest
that the water column around Mururoa and Fangataufa may become homogeneous at least occasionally
from the surface to at least 200 m depth.

Figure 37 depicts the vertical distributions of temperature and salinity between Rapa (Austral
Islands) and Marquesas Islands as observed in October 1987 and March 1988 (Rancher and Rougerie,
1993). The intermediate salinity maximum between 100-200 m depth due to convective mixing is
clearly indicated.

Some considerations on long term climate changes

The description presented above is based on the assumption that the current system of the South
Pacific Ocean does not change. Obviously, if the world climate changes, this will bring about a change
in wind and precipitation conditions, which in turn will produce changes in the oceanic current patterns.

The major imponderables to predict longterm climate changes are related to conditions in the
atmosphere. It is clear that the carbon dioxide level in the atmosphere is increasing rapidly as a result of
human activity. But there is presently no clear picture of the consequences. A number of factors suggest
global warming within the next 100 years as a result, but at what rate is virtually unknown.

All global climate models indicate that in the South Pacific Ocean changes in sea surface
temperature and current systems will be comparably minor. The largest impact would probably come
from a change in cyclone frequency and an expanded range of cyclone occurrence. Sea level rise would
be a concern for atolls like Mururoa and Fangataufa, but mostly in conjunction with severe events such
as or cyclones, which will become more destructive if the sea level is higher on average.

From the point of view of radiological safety, at Mururoa and Fangataufa atolls, global warming
and an associated sea level rise would enhance the possibility that material presently bound in the lagoon
may reach the ocean during storms or cyclones.

The alternative scenario could be a drop in South Pacific sea level. This could come about as a
result of global cooling. It has to be remembered that present concerns about global warming are related
to the climate of the next few hundred years.

Sea level rise as a global phenomenon is a likely outcome of an increase in the atmospheric
temperatures, but it will not be uniform and can be accompanied by a drop in sea level in some parts of
the world ocean (see also Section 3.1,"outlook").
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The shape of the ocean surface is the result of a dynamic equilibrium. The geostrophic balance of
forces produces a sea surface slope appropriate for the given current field. Changes in the current speeds
of the subtropical gyre due to changing large-scale wind conditions may have a much larger effect on
sea level than thermal expansion. A slowing down of the gyre circulation would be accompanied by a
sea level fall, a speeding up by a sea level rise in the gyre centre.

4.2. SEASONAL PATHWAYS OF POLLUTANTS IN THE VICINITY OF MURUROA AND
FANGATAUFA — A HIGH RESOLUTION HYDRODYNAMIC MODEL

This Section focuses on the regional scale and describes the results of a recent study (Tomczak
and Herzfeld, 1998), quoting large extracts verbatim. The purpose of the study is to establish which
Polynesian islands, if any, can be reached from Mururoa or Fangataufa by a possible pollutant along a
direct flow trajectory. Assuming that on the regional scale diffusive spreading has not yet achieved
maximum effectiveness, such a direct trajectory would indicate the pathway of the highest
concentration. Identifying islands on such pathways therefore may give indication on the degree of
vulnerability of the region's islands to possible releases to the ocean of contamination from the nuclear
test sites. The study uses the Blumberg and Mellor (1987) model modified by Mellor (1992) and
Herzfeld (1995) with four open boundaries. The model spans the region 14° S-26° S, 133° W-155° W
and uses a resolution of 15', equivalent to approximately 26.5 km. While this is still not sufficient to
model coral atolls in detail it allows the schematic representation of all major Polynesian islands (Fig.
38). Fifteen layers, distributed logarithmically in the surface and bottom boundary layers and linearly in
the interior, are used in the vertical, with maximum depth set to 200 m. Vertical mixing coefficients are
supplied by a turbulence closure scheme, horizontal mixing coefficients were set to 2800 m2/s. Surface
boundary conditions are supplied as monthly mean values, and for reasons discussed below, the time
dependence of the circulation was simulated by stepping through quasi-steady state solutions for the 12
months. Initial conditions for temperature and salinity are taken from the World Ocean Atlas (1994) as
monthly data on a 1° grid and bi-linearly interpolated. The two fields are allowed to evolve in time
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FIG. 38. The model domain and Polynesian islands resolved by the model of Tomczak and Herzfeld
(in press).
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during each month but are kept constant at the sea surface, obviating the need for prescribing heat and
freshwater fluxes. Wind data are taken from Trenberth et al. (1989) as monthly mean pseudo-stress data
on a 2.5° grid, interpolated again bi-linearly and converted to wind stress using a drag coefficient of
1.4 xlO"3.

Conditions on vertical boundaries are documented in Herzfeld and Tomczak (1997). Since the
model domain represents only a small part of the South Pacific Ocean, it is unrealistic to expect that the
circulation through the region can be reproduced by imposing the regional wind stress. Most of the
subsurface currents are related to the large scale wind field, which produces the subtropical gyre
circulation and associated sea level topography, namely a rise of the sea level from north to south across
the South Equatorial Current. Without a rigid boundary the model cannot support such a sea surface
slope, and an appropriate sea surface topography has to be imposed on the model. This problem is
addressed by calculating the wind stress curl along the northern and southern model boundaries from the
monthly NCAR wind data of Trenberth et al. (1989) and determining the corresponding Sverdrup
transport through these latitudes. Assuming a level of no motion of 2000 m, the velocities needed to
produce these transports can be determined. The vertically averaged velocities at the two boundaries are
then held constant during each month. This creates a constant flow divergence within the model domain,
which results in geostrophic flow representing the South Equatorial Current. The approach has obvious
limitations. Imposing a constant divergence is equivalent to imposing a continuous fall of sea level. This
is the main reason why model runs in this study were not allowed to extend beyond one month (over
which sea level dropped by not more than 0.1 m) and longer time spans were simulated by stringing
together several monthly runs. On the other hand, it is important to note that the procedure ensures the
evolution of the subtropical gyre in harmony with the seasonal wind field. The wind stress curl field
determines the location of the gyre centre, which in turn determines whether currents in the region flow
mainly westward or eastward — one of the most important aspects of any study on the impact of
contamination, should such contamination originate one day from Mururoa or Fangataufa.

All trajectory calculations are done off-line, i.e. after the steady state flow fields for all 12 months
are determined and saved. Trajectories can start at any location and depth; but for the present application
only trajectories starting on the western side of Mururoa Atoll at the surface and at 45 m and 100 m
depth have been calculated. Fangataufa is only about 50 km or two grid cells south of Mururoa; its
trajectories are unlikely to differ substantially from those beginning at Mururoa.

Figure 39 shows the atmospheric conditions used in the model. When the model winds are
compared with synoptic observations such as those of Fig. 35 it is seen that the essence of the
atmospheric seasonality is captured by the monthly mean distributions. The summer situation is
characterised by more or less zonal easterly winds over the entire region; in contrast, the winter situation
shows that the centres of the anticyclones are much closer to the region's southern edge, and a strong
tendency for wind convergence is observed between the Easter Island and Kermadec Islands high
pressure cells.

Figure 40 shows the resulting surface currents. The predominant current direction is to the left of
the wind direction, in accordance with Ekman layer dynamics. Tahiti, the Tuamotu Archipelago and the
Gambier Islands produce major departures from the general drift direction which, to the north of 22° S,
is south-westward during summer and westward during winter.

Surface currents are weaker and change direction more distinctly with the seasons in the southern
part of the model region.

The subsurface circulation, shown in Fig. 41, indicates seasonal movement of the centre of the
subtropical gyre in response to the seasonal shift of the atmospheric high pressure belt. During summer
the entire model region is within the South Equatorial Current. During winter this current retracts
northward, exposing the southern part of the region to the eastward flowing South Pacific Current.
Mururoa and Fangataufa remain in the South Equatorial Current throughout the year.
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representative for summer conditions, b) July, representative for winter conditions.
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FIG. 41. Subsurface currents derived by the model of Tomczak and Herzfeld (in press) (vertically
averaged currents, 0-200 m); a) January, representative for summer conditions, b) July,
representative for winter conditions.
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FIG. 42. A summary of trajectories emanating from Mururoa. The trajectories reaching the southern
boundary of the region are surface trajectories, the trajectories which go west are for a
point of origin at 50 m and 100 m. Months next to surface trajectories indicate the time of
origin from Mururoa. From Tomczak and Herzfeld (in press).

Figure 42 gives trajectories for the surface and for 50 m and 100 m depth, derived from the
monthly mean current fields. The trajectories fall into two groups. Those leaving the model region in the
west represent subsurface water movement, those leaving the region in the south show the movement of
the surface layer. As can be expected from the subsurface current field, the trajectories for 50 m and 100
m depth exhibit little seasonal variability. At 155° W, some 1700 km downstream from the source, the
spread produced by changes in the current field is less than 200 km. The more southern trajectories are
produced by tracking particles which leave the vicinity of Mururoa during July-January. It should be
noted that the spread in the trajectories is the result of slight seasonal variations in current direction and
is not caused by dispersion. The effect of dispersion would be to broaden the spread (and reduce the
concentration) of any pollutant carried by the current.

The surface trajectories show much more seasonal variability, passing through 26° S latitude
anywhere between 136° W and 148° W. Four situations can be distinguished. During early winter (June-
August) material released at the surface near Mururoa is carried westward before turning southward near
146°W. During summer (October-February) the current carries surface material in a direction just west
of south. Material released in early autumn (March-April) is initially carried south but then trapped in
the centre of the anticyclonic surface movement characteristic for the winter months (Fig. 40). Finally,
material released in either May or September is carried southward first but soon encounters transitional
conditions between summer and winter and leaves the model region in the south about half-way between
the summer and winter locations.

The central aim of the work of Tomczak and Herzfeld (in press) is to assess the possibility of
oceanic pathways between Mururoa and Fangataufa and other Polynesian islands in the vicinity. Their
analysis is based on the premise that on the regional scale of several hundreds of kilometres there is
insufficient time to disperse material injected at Mururoa or Fangataufa over a large region through
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turbulent diffusion and that as a consequence nearly all material is advected by the prevailing current
with little decrease in concentration. Their results suggest that only islands to the west and south west of
Mururoa and Fangataufa can encounter situations where they could receive material originating from the
former nuclear test sites.

Many Polynesian islands were inhabited at the time of arrival of European colonial explorers and
carried considerable populations. Contact with European diseases and the effects of colonial rule led to
rapid decimation. The situation on Tubuai, one of the islands downstream from Mururoa, can be taken as
typical for many islands; within 13 years, from 1818 to 1831, its population fell from about 3000 to 182
(Inder, 1978). However, the Polynesian people have been extremely resilient, and present numbers,
while still far from achieving pre-European levels, are again considerable. The situation of those islands
most likely to be on trajectories emanating from Mururoa or Fangataufa (referred to below as
"downstream trajectories") is summarised below. All socio-economic information is taken from Inder
(1978), with all population estimates based on a census of 1971. All islands with potential to be on a
downstream trajectory are found in the Austral Group. Rurutu, the largest island, is located near
22°40' S, 151°30' W some 1300 km due west of Mururoa. It has a population of about 1500. The islan-
ders grow vegetables and export cattle, copra and vanilla to Papeete. As all Polynesian islanders
elsewhere, the inhabitants of Rurutu go fishing regularly, and fish caught in local waters is an important
part of their diet. Rurutu is nearly exactly downstream from Mururoa in the South Equatorial Current
throughout the year but not always on a downstream trajectory. It is particularly likely to be on a
downstream trajectory for material originating from Mururoa at a depth of 50 m and 100 m during the
months of September-January. The travel time between Mururoa and Rurutu is then about 190-220
days. The most likely period for Rurutu's waters to receive material originating from Mururoa is thus
March-August.

Rimatara, located near 23° S, 153° W, is about 120 km south west of Rurutu and is the farthest of
all Polynesian islands which, according to the model, can be on a downstream trajectory. It has a
population close to 750. Tropical fruit are in good supply but fish are not as abundant as at other islands.
Rimatara is less exposed to direct connection with Mururoa in the South Equatorial Current than Rurutu,
but downstream trajectories with sources at Mururoa originating from 50-100 m depth during
September and October, when the travel time is about 205-240 days, can occur. This means that
Rimatara could expect to be on a downstream trajectory during April-June.

About 200 km north west of Rimatara is Maria Island, an uninhabited coral atoll of four islets
occasionally visited by people from Rimatara for fishing and copra cutting. This atoll is extremely close
to a downstream trajectory for material originating from 50-100 m depth at Mururoa throughout the year
but particularly during January and again in August, when the direct trajectory swings from passing to
the south of the atoll to passing to the north of it. With travel times of 240 days during January and 180
days during August, the atoll is more likely to be on a downstream trajectory during September and
February.

Closer to Mururoa and Fangataufa but slightly further south are the islands of Tubuai and
Raivavae. Both are outside the path of the South Equatorial Current downstream from Mururoa and
Fangataufa, but the strong seasonal variation of the surface current can place them on a downstream
trajectory for material originating from the surface layer, which may contain material originating from
the lagoons of Mururoa or Fangataufa. Tubuai is located near 23°40' S, 149° 10' W some 1100 km from
Mururoa. Its population of about 1400 grows oranges, coffee, coconut and arrowroot. According to the
model the island is located in a "shadow zone" between the subsurface trajectories which pass in the
north and the surface layer trajectories which extend westward only to Raivavae. If the high variability
of surface currents is taken into account, Tubuai and Raivavae can be considered to be in a very similar
situation, with Raivavae being more likely to be on a downstream trajectory than Tubuai.

Raivavae lies some 155 km east south of Tubuai at about 23°50' S, 147°40' W. It has a
population of just over 1000 which exports coffee, arrowroot and livestock and grows tropical fruit. Like
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FIG. 43. A summary of trajectories for buoys released at Mururoa after nine months elapsed, a)
buoys of type ECOMAR, b) buoys of type FOCAL. From Boulanger et al. (1993).

Tubuai, it is not exposed to a downstream model-trajectory situation for subsurface material. It is,
however, on a downstream trajectory for material from the surface layer originating from Mururoa
during August. The travel time is then 90 days, so the time when material from Mururoa surface water is
most likely to arrive is November.

The remaining islands in the Austral Group are located to the south east of Raivavae, some of
them outside the area covered by Fig. 38 and are less likely to be on downstream trajectories. The recif
President Thiers at 25° S, 146° S is uninhabited. Rapa near 27° S, 145° W has a population of under 400.
Marotiri, a group of nine uninhabited islands about 75 km south east of Rapa, is regularly visited by
boats from Rapa for fishing. Both Rapa and the Marotiri Islands will be on downstream trajectories for
surface layer material from Mururoa and Fangataufa originating there during May and again September
when the surface currents change from passing to the east of these islands to passing to their west and
vice versa. Travel times for the surface layer are about 230 days for material originating in May and
40 days for September. This makes December and January the critical months for Rapa and the Marotiri
Islands.

For a number of reasons, the work of Tomczak and Herzfeld (in press) summarized above can
only be seen as a first preliminary estimate of pollution pathways between Mururoa and Fangataufa and
the surrounding islands and has to be interpreted with care. To begin with, the model compares very
reasonably with other large scale ocean circulation models but calibration on the regional, island
resolving scale is impossible at the moment. The model is in qualitative agreement with the results from
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buoys released near Mururoa (Boulanger et al., 1993) which show large variability but general
southward and westward movement at the surface and more westward movement below the surface
mixed layer. Figure 43 shows the movement of two types of buoys over a nine month period. The
ECOMAR buoy is a surface drifter of 1.4 m length with a submersion depth of 1 m. The FOCAL buoy is
a drifter of 1.8 m length to which a 120 m long thermistor chain is attached; it indicates the mean current
speed and direction of the upper 120 m. It is seen that the ECOMAR buoys moved predominantly into
the south western quadrant while the FOCAL buoys eventually moved westward.

A more thorough assessment of the situation would require more work on two fronts. The fact that
the large scale circulation of the present model is not divergence-free in the long term is unsatisfactory.
The problem can be remedied by embedding the regional model in an operational ocean circulation
model of the entire Pacific Ocean. Use of mean monthly atmospheric data is also not entirely adequate
particularly for the surface layer. Interannual atmospheric variability will produce a variety of
downstream trajectories. Some of them may reach islands not identified by this study as being on such a
trajectory, or they may change the critical exposure periods identified here. A proper assessment of
interannual variability will have to include the dramatic changes which occur during ENSO events and
the short but violent exposures to tropical cyclones.

A complete assessment of the risk of exposure of all Polynesian islands to radionuclide material
from Mururoa and Fangataufa would have to include information on pollution levels at the two sources
and the effect of turbulent diffusion along the identified trajectories. This is particularly important for the
atolls to the north and east of Mururoa which are much closer to Mururoa but not on a downstream
trajectory. Any adverse effects could therefore reach these atolls only through turbulent diffusion against
the prevailing current, an effect not included in the study of Tomczak and Herzfeld (in press).

4.3. PARTITIONING OF RADIONUCLIDES BETWEEN DISSOLVED AND
PARTICULATE PHASE

In the context of modelling the transfer and dispersal of radionuclides in the marine
environment, sediment/water distribution coefficients (Kds) are commonly used to characterize the
partitioning of radionuclides between the dissolved and particulate phases. The definition of Kds
assumes equilibrium and fully reversible exchanges of radionuclides between the two phases,
conditions which are not always attained either in the environment or in laboratory conditions. For a
given radionuclide, the Kd is calculated using definition (26) (Duursma and Gross, 1971)

amount of radionuclide associated with particles
per unit mass of dry particulate matter (Bq/kg)

Kd = (L/kg)* (26)
amount of radionuclide in solution
per unit volume of water (Bq/L)

* Equivalent, commonly used units for Kd are m3/1 and ml/g.

Thus, more particle-reactive (non-conservative) radionuclides will have higher Kds.

Kd values have been determined experimentally or from environmental measurements, on the
basis of specific activities of radionuclides associated with suspended particles or superficial bottom
sediment. The normally adopted size boundary between dissolved and particulate material is at
0.45 |im, and separation of the dissolved phase is achieved by filtration of the ambient water sample
in the case of suspended particulates, and of near-interface or interstitial water in the case of bottom
sediments. The IAEA has recommended a set of Kd values (IAEA, 1985) for use in marine modelling,
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values which were derived generally from stable element geochemical data for deep ocean or coastal
water and sediments. However, Kds are known to be highly variable, depending on environmental
conditions, characteristics of the participate material and the chemical form of the radionuclide.
Therefore in particular cases it may be recommended to use site-specific values, which may differ
from the generic ones. The removal of radionuclides from the water column to bottom sediments
through scavenging by particulate material may be described by a simple parametric model,
commonly employed in compartmental modelling (Evans, 1985).

K d S
X= (a-1) (2)

h (1 + Kd L)

Kd distribution coefficient (m3/t)

S sedimentation rate (t m"2/a)
h water depth (m)

L suspended load (t/m3)

The fraction Fw of the activity in the water column which is found in solution is

1

Fw= (3)

A complete description of a sediment/sea water interaction model may be found in (Chartier, 1994).

In the following sections, Kd values are suggested for use in the Study's WG5 models. Values
are given for elements corresponding to the five radionuclides belonging to the "first group" to be
included in dose estimates: 90Sr, 137Cs, Pu isotopes, 241Am and 3H.

Ocean

Table IX shows the corresponding values recommended for the ocean by IAEA (1985). Pelagic
Kds are representative of the deep ocean environment, while coastal Kds have been generally
estimated for typical nearshore sediment composition and lower salinity water.

TABLE IX. Kd (L/kg) VALUES RECOMMENDED FOR USE IN MODELS IN THE OCEAN
ENVIRONMENT EVERYWHERE OUTSIDE THE LAGOONS

Element

H
Sr
Cs
Pu
Am

Pelagic Kd

range

1 x 1 0 °
2 x 10°-5x 102

5x 102-2x 104

1 x 104-l x 10*

lx 105-2x 107

Pelagic Kd

recommended
value

1 x 1 0 °

2 x 102

2 x 103

1 x 105

2x 10*

1
1
1
1

Coastal Kd

range

1x10°
x 102-5 x 103

x 102-2x 104

x 104-l x 10*
x 105-2x 107

Coastal Kd

recommended
value

1x10°
1 x 103

3x 103

1 x 105

2x 10*
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TABLE X. Kd (L/kg) VALUES RECOMMENDED FOR USE IN MODELS IN THE LAGOONS OF
MURUROA AND FANGATAUFA

(Bottom sediment values are not representative of the hot spots)

Kd recommended values
Element Bottom sediment Suspended sediment

H 1 x 10° 1 x 10°
Sr 2x lO 2 1 x 103

Cs 1 x 103 3 x 103

Pu 1 x 105 2 x 105

Am 2 x 106 5 x 106

Lagoons

Two sets of Kd values are given in Table X, representative of bottom and suspended sediment.

The recommended bottom sediment KjS for Sr, Cs and Pu are representative of values resulting
from superficial sediment and bottom water data obtained from the 1996 field campaign (see Vol. 2
of this Report). Samples coming from hot spots have been excluded from the above calculations. Kj
values for strontium, caesium and plutonium obtained above are within the range given in (IAEA,
1985). Values for tritium and americium are from (IAEA, 1985).

For plutonium and americium Kds were estimated also from concentrations of 239+240pu a nd
241Am measured in samples of filtered water and suspended particulate matter collected during the
1996 field campaign (Woodhead, personal communication). The Kd values for tritium, strontium and
casium, recommended for suspended sediment, are as recommended for coastal environments by
(IAEA, 1985).

K<jS estimated previously for similar environments in the Atolls of Enewetak and Bikini
(Noshkin and Wong, 1980) from environmental concentrations of 239+240pu are in the range 0.5 x 105

to 3.6 x 10", with an average value of 2.3 x 105. This is in excellent agreement with the value given
above for suspended particulate material from Mururoa and Fangataufa. It is also in agreement with
the value of 2.1 x 10" calculated by Noshkin and Wong (1980) using the procedure proposed by
Nelson and Lovett (1978) and site-specific data on oxidized and reduced fractions of 2 3 9 + 2 4 0pu in
seawater. Applying the same method, from plutonium oxidation state data in Mururoa Lagoon
reported in (Bourlat et al., 1994), Kjs of about 6 x 105 can be estimated for surface water. Higher Kd
values will be obtained for bottom water and sediment, where the fraction of reduced forms of Pu
increases (exact data unavailable).

4.4. SOURCE TERM FUNCTIONS USED IN MODELLING

Concentrations within the Lagoons

The concentrations of radionuclides in lagoon waters at Mururoa and Fangataufa were required as
a function of time to allow the dose rates to potential atoll dwellers (via the marine food chain) to be
calculated. The radionuclide concentrations in the lagoons are attributable to three sources:

55



(a) underground sources,
(b) leaching from sediments in the lagoons,
(c) the oceanic background.

The estimation of underground sources is discussed in Volume 4 of this Report.

The contributions from oceanic background and leaching have been decreasing with time over the
past 20 years due to decay and other processes. This is apparent from the French measurements of the
concentrations of plutonium and 137Cs which have been decreasing with an apparent half-life of 7-14
years. The decrease in leaching of sediments with time, which has also been observed at Bikini Atoll
(IAEA, 1998), is attributed to a combination of physical and chemical processes: slow burial of old
sediments under new deposits, preferential leaching of radionuclides from more accessible sites,
redistribution of radionuclides onto different solid phases through sorption and desorption processes and,
possibly, differences in the chemical form of particular radionuclides (especially plutonium).

For tritium, there is no contribution from the sediments. The underground source terms were
obtained from Volume 4 of this Report and converted to concentrations using the equations in Table V.
The present oceanic background was assumed to be 100 Bq/m3 in 1996.

For 137Cs, the current release from underground sources is small relative to the oceanic
background and leaching of sediments. The oceanic background concentration was estimated to be
1.9 Bq/m3 and was extrapolated backwards and forwards in time by assuming an effective half-life of 15
years based on the data in French Liaison Office, Document No. 3 (1996). The slight elevation above the
oceanic background was attributed to leaching from sediments. This was assumed to vary with an
effective half-life of 10 years. The predicted release rates in the future take account of underground
sources but these are not sufficient to compensate for the general decline due to reduction in background
and sediment leaching.

There are at present no releases of plutonium into the lagoons from underground sources and
leaching of lagoon sediments is the only significant term. It is estimated that the effective half-life for
leaching is about 10 years. The oceanic background is very low (about 0.003 Bq/m3) and assumed
constant with time. Underground sources are expected to make a contribution in the future.

Although there is considerable scatter in the data, the concentrations of 90Sr in the lagoons, have
not declined over the past decade, indeed there is a possibility that they are increasing. This is in marked
contrast to the corresponding data for 137Cs and plutonium. This increase in '"Sr concentrations can be
explained entirely by the underground source term if a conservative, i.e. low, K^ value (0.008 m3/kg) is
used in the modelling. It is also possible that the current concentrations could be explained by a higher
Kj value together with some contribution from sediment leaching. Unfortunately, there is very little
information on ^Sr levels in sediments; the values obtained in this Study are mostly below detection
limits. Late in the Study, the French Liaison Office (Sornein, private communication, 1998) provided
limited data of core samples for 1984 taken from the Dindon area and recent results of French
measurements of '"Sr in lagoon sediments in replicate samples of sediment cores from the barge test
areas taken during the IAEA sampling campaign. These indicated that the activities of ^Sr were
comparable to, but slightly higher than, those of 137Cs.

Notwithstanding this late information, no contribution to ^Sr levels in the lagoon waters from
sediment leaching has been assumed for the purposes of this Study. This is a conservative approach as
regards future concentrations in the lagoon. The oceanic background was estimated to be 1.2 Bq/m3 and,
in the absence of adequate measured data, showing trends with time, a physical half-life of 30 years was
assumed.
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The present and predicted concentrations of tritium, '"Sr, 137Cs and 239+240pu in lagoon waters,
shown in Fig. 109 of the Main Report. The results can be summarized as follows :

1. The concentrations of 137Cs and plutonium in lagoon waters are unlikely to exceed present levels at
any time in the future.

2. The concentrations of ^Sr could rise marginally above current levels (especially in the Fangataufa
lagoon) but only for a few decades.

3. The concentrations of tritium in the lagoons may remain fairly constant for the next few decades
before declining slowly.

4. It is valid to use current data for estimating maximum dose rates to hypothetical populations of atoll
dwellers in the future.

5. Of the four radionuclides studied, only the concentration of plutonium is markedly above oceanic
background levels.

6. The concentrations of man-made radionuclides in the lagoons are generally much lower than the
activity of naturally-occurring radionuclides in the open ocean, typical values of which are
12 000 Bq/m3 for 40K and 80 Bq/m3 for uranium isotopes (French Liaison Office, Document No. 3,
1996).

Releases via the Lagoons and directly to the Ocean

The best estimates of present-day release rates of radionuclides (as of 1996) from Mururoa and
Fangataufa lagoons into the surrounding ocean, as determined in this Study, are shown in Table XI.

TABLE XI. ESTIMATED RELEASE RATES (1996) OF SELECTED RADIONUCLIDES FROM
MURUROA AND FANGATAUFA LAGOONS (GBq/a)

Radionuclide Mururoa Fangataufa Total

600 5700

9 27

5 11

5 11

Estimated total release rates of 3H, ^Sr, 137Cs and total 239+240pu (both dissolved and paniculate fractions)
from both lagoons in past years are depicted in Figs 44-47, with 95% confidence intervals.

The total time-dependent source terms (from both the surface and underground sources) for use in
modelling the dispersion in the regional and far field oceans are depicted in Fig. 48a (this is a revised
version of an earlier 'preliminary' estimate of the time dependent source term, called the 'final source
term'). These source terms are the sum of the ocean releases and releases via the lagoons, with
contributions from sediment leaching. No attempt has been made to distinguish Mururoa and Fangataufa
as separate sources, since, on an oceanic scale, they are so close together as to be indistinguishable. The
releases via the lagoon are considered to be surface releases; releases direct to the ocean are assumed to
be released of a depth of 400 m. Figure 48a shows that the total release rates of 3H, ^Sr and I37Cs will
decrease with time, with the dominant contribution from underground sources coming from releases
directly into the ocean. On the other hand, in the case of 239Pu — which will migrate extremely slowly
from underground — the dominant source is the lagoon sediment, and for a few tens of years the release

Text com. on p. 64.
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FIG. 44. 3H release rates from Mururoa and Fangataufa lagoons.
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FIG. 45. 90Sr release rates from Mururoa and Fangataufa lagoons.
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rates will decrease with a half-life of about 10 years. The contributions of 238Pu and 240Pu to the total
plutonium release rate are about 25% and 11%, respectively; however, because of their shorter half-lives
(87.74 years for 238Pu and 6563 years for 240Pu), 239Pu (half-life approximately 24 000 years) is the
dominant plutonium isotope on timescales of the order of 10 000 years. On the basis of the geological
modelling, the contribution from underground sources of plutonium is expected to become dominant
after about 100 years, reaching a peak release rate of about 10 GBq/a (5 GB/a from the lagoons and 5
GB/a direct) around the year 8000 A.D. These time-dependent source term functions were finalized
late in the Study and were used with the Equidistant-grid Compartmental Model and in the
Intermediate Range Compartmental Model (MELPAC) described later. The South Pacific
Compartment Model and the Far-field Model (in some simulations) used the earlier 'preliminary'
source term function (Fig. 48b), whose maximum values differed slightly from the final functions.
However, the differences in predicted maximum concentrations between the two source functions are
within the range of uncertainties of the models used for marine radioactivity dispersion calculation.

In the case of a storm event the total release from the two atolls together was estimated to be
about 1 TBq per 10 year storm of 239+240Pu, predominantly in particulate form. This is about 3% of the
total plutonium inventory (see Table I). It is expected that this potential source term will decrease with
time as the plutonium-bearing sediments are progressively buried by fresh sediment, but no good
estimates are available of the present sedimentation rates in the lagoons. Values of about 2 mm/a
(Mururoa) and 1 mm/a (Fangataufa) are expected in undisturbed areas of the lagoons. The sediment
removed by storm events is estimated to average about 2 mm/a (see Section 3.2) and, therefore, the total
thickness of sediments is likely to remain in balance, i.e. the rate of sediment outflow will be matched by
new sediment production. Hence, the depth of water in the lagoons is expected to remain constant in the
medium term (hundreds to thousands of years). During this period, the plutonium content of the surface
sediments will be gradually depleted by a combination of dilution, burial and removal processes. For
modelling purposes it was assumed, somewhat arbitrarily, that the plutonium inventory in surface
sediments will decrease with an effective half-life of 10 years (the same as the leaching source term);
and, therefore, the total release of plutonium over the next 100 years from the expected 10 cyclones will
be a few TBq.

In the case of the assumed disruptive event — a carbonate rock slide with an instantaneous
release of radionuclides to the marine environment from underground sources — the estimated
releases are those given in Volume 4 of this Report, and reproduced in Table XIII.

4.5. THE EQUIDISTANT-GRID COMPARTMENTAL MODEL

Model description

An equidistant-grid compartmental model for a regional scale (Togawa, 1996) is used to
determine the concentrations of radionuclides in seawater for a release from Mururoa and Fangataufa
atolls. The model was originally developed to estimate the collective dose to the Japanese population
due to radionuclides released from a spent nuclear fuel reprocessing plant to the ocean. An area of
interest was originally defined to be 24°-47° N and 124°-150° E, which took into account the ocean
around Japan. In order to calculate the radionuclide concentrations in the ocean around Mururoa and
Fangataufa atolls, the area of interest was defined as 10-30° S and 125°-55° W (roughly 2200 km x
3100 km). Figure 49 shows the area of interest in the central South Pacific Ocean and its bathymetry.
The atolls are in the centre of the area which covers the Tuamotu Archipelago, the Society Islands,
the Austral Islands and Gambier Islands. Radionuclides which leave this area are assumed not to
return.

The model domain is horizontally divided into compartments of 1 degree in latitude and
longitude (approximately 110 km x 110 km). As a result, the number of compartments is 600 (20 x
30). The radionuclide concentration in each compartment was calculated using a simple model, in
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FIG. 49. Area of the central South Pacific Ocean assessed by the equidistant-grid compartmental
model

which the effect of the thermocline is taken into account. It has been assumed that the concentration is
uniform throughout a water column of 0-450 m, and that radionuclides are only transferred down
below the thermocline by sedimentation and not by diffusion.

The transfer of radionuclides between compartments was estimated by summing the
components due to the ocean current and eddy diffusion. The ocean current data provided by
Masumoto and Yamagata (Masumoto and Yamagata, 1996) have been used for each compartment of
1 degree-grid and a layer from the surface down to 450 m depth. Eddy diffusion is characterized by a
constant value of the eddy diffusion coefficient.

Input data

Input data on bathymetry and ocean currents were transformed or calculated from the original
data to fit a data format for this model.

a) Bathymetry

The original bathymetric data provided by the Hamburg University give depths at every 5 min
in latitude and longitude. The volume, the vertical cross section and the average depth for each
compartment were calculated by linearly interpolating the depth data.

b) Ocean currents

Masumoto and Yamagata (1996) provided data of ocean currents for the region of 0-40° S and
120-160° W. The horizontal resolution is 0.5° of both latitude and longitude there were 20 layers
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from the surface to the bottom. A total of 12 data sets were available, each of which contains
monthly-averaged snapshot velocities (u, v, w) at all grid points. Annual-averaged values were
calculated for each compartment of 1° of both latitude and longitude and for a layer from the surface
to 450 m depth. The continuity of the calculated current data has been checked and a water mass
balance has been confirmed to be preserved in all compartments.

c) Other parameters

Other parameters needed for the model calculations are: i) the eddy diffusion coefficient, ii) the
depth of the thermocline, iii) the amount of suspended matter in seawater, iv) sedimentation rate of
the suspended matter, and v) the distribution coefficient between seawater and suspended matter.
Table XII gives the average values of the parameters for the area of interest (Wadachi, 1987; French
Liaison Office, Document No. 11, 1996; EC, 1994; IAEA, 1985). It is assumed that these values are
constant at any time over the entire model domain.

TABLE XII. PARAMETER VALUES USED IN THE EQUIDISTANT-GRID COMPARTMENTAL
MODEL

Parameter Value Reference

Eddy diffusion coefficient 100 (m2/s) Wadachi, 1987

Depth of the thermocline 400 (m) FLO, Doc. 11, 1996

Amount of suspended solid 1 x 10"4 (kg/m3) EC, 1994

in seawater
Sedimentation rate of 1 x 10"2 (kg/m2/a) EC, 1994

suspended solid
Distribution coefficient 2 x 102 (L/kg) for Sr
between seawater and 2 x 103 (L/kg) for Cs IAEA, 1985

suspended solid 1 x 105 (L/kg) for Pu

Source terms

Model calculations have been done using 7 source terms: i) Worst case CI, ii) Worst case CC,
iii) Worst case D, iv) Realistic case C, v) Realistic case T, new (final) source term, vi) Realistic case
T, old (preliminary) source term, and vii) Realistic case S. The Worst case CI treats an instantaneous
release of a total hypothetical 137Cs inventory of 3.2 x 1017 Bq; and the Worst case CC, with a
constant release of 10% of this inventory at a constant rate over 10 years. These cases have been
selected to compare the predicted results with those from the study of Ribbe and Tomczak (1990) and
Rancher et al. (1996). The total amount of released l37Cs is the same that used in the study of Ribbe
and Tomczak, though the release used by them was an assumed value and was, in fact, about 20 times
the actual 137Cs inventory at the atolls (see Vol. 3 of the current Technical Report). The Worst case D
calculates the concentrations of some selected radionuclides for a disruptive event which presumes an
instantaneous release due to a hypothetical slide in the carbonate zone (see Section 4.4). The Realistic

66



case C takes into account releases of some radionuclides from the Mururoa and Fangataufa lagoons,
which are estimated on the basis of the present concentrations and inventories of the radionuclides in
1996 within the lagoons (see Section 4.4). Although the release rates are expected to change with
time, constant releases of all radionuclides are assumed here. In the Realistic case T, a time-
dependent source term for some radionuclides from the geosphere, estimated by in Volume 4 of this
Report (see Section 4.4), has been combined with a more realistic source term from the lagoons.
There are two calculations in this case, which are based on the final source term (Fig. 48a) and a
preliminary version (Fig. 48b) of the source term. The Realistic case S simulates the plutonium
concentration for a severe storm event, which is estimated to take place once in every 10 years on an
average (see Section 3.2).

The Mururoa and Fangataufa atolls are located at the coordinates of 21°50' S, 138°54' W and
22°14' S, 138°45' W, respectively. In the present compartmental model, the atolls are included in
different but adjacent compartments. It is assumed in the present calculations that all radionuclides
are released from Mururoa atoll into surface seawater. It should also be noted that Mururoa atoll is
located at the southwestern corner in a compartment of 1 degree-grid which includes the atoll.

i) Worst case CI
- Radionuclide : 137Cs
- Release mode : Instantaneous release
- Amount: 3.2 x 1017 Bq (assumed by Ribbe and Tomczak)

ii) Worst case CC
- Radionuclide: 137Cs
- Release mode : Constant release
- Release rate : 3.2 x 1015 Bq/a
- Duration : 10 years

iii) Worst case D
- Radionuclide : 3H, 90Sr, 137Cs, 239Pu
- Release mode : Instantaneous release (hypothetical rock slide)
- Amount: Table XIII

iv) Realistic case C
- Radionuclide : 3H, 90Sr, I37Cs, 239+240Pu
- Release mode : Constant release (at current concentrations) for 30 years
- Release rate and duration : Table XIV (rounded figures from Table XI)

v) Realistic case T, 'final' source term
- Radionuclide : 3H, 90Sr, 137Cs, 239Pu
- Release mode : Time-dependent release
- Release rate : Table XV

vi) Realistic case T, 'preliminary' source term
- Radionuclide : 3H, 90Sr, I37Cs, 239Pu
- Release mode : Time-dependent release
- Release rate : Table XVI

vii) Realistic case S
- Radionuclide : 239+240pu

- Release mode : Periodical instantaneous release (storm release of sediment)
- Cycle : 1 event every 10 years
- Amount: 0.6 TBq/event with a half life of 7.8 years
- Duration : 100 years
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TABLE XIII. INSTANTANEOUS RELEASES OF RADIONUCLIDES DUE TO A DISRUPTIVE
EVENT (WORST CASE D)

Radionuclide Amount
(JBq)

3 H 1000
90sr 10
137Cs 30
239P u 10

TABLE XIV. CONSTANT RELEASES OF RADIONUCLIDES FROM THE MURUROA AND
FANGATAUFA LAGOONS (REALISTIC CASE C)

Radionuclide Release rate Duration
(GBq/a) (a)

3 H 6000 30
90sr 30 30
!37cs 10 30

239+240Pu io 30

Results

i) Worst case CI

Time-dependent concentrations of 137Cs in surface water are calculated for an instantaneous
release. Figures 50-55 show the predicted results of the concentrations at 20, 40, 60, 80, 100 and 120
months after the release. The results have been compared with those from Rancher et al. (1996) and
Ribbe and Tomczak (1990). Ribbe and Tomczak (1990) predicted the concentrations of 137Cs for an
instantaneous release into surface layer (from the surface to 50 m depth). The assumed total released
activity, 3.2 x 1017 Bq, was about 20 times the true value but the same source was used in the present
calculation, to enable comparison with their results.

In the French Liaison Office Document No. 11 (1996), a pollutant of a concentration of
1 Bq/m3 was released instantaneously into the surface layer (at a depth of 5 m in a layer of 10 m
thickness with a volume of 3.2 x 1011 m3) and also into the thermocline (at a depth of 364 m in a layer
extending vertically approximately 100 m with a volume of 3.7 x 1012 m3). The total amount of
injected radioactivity was 3.2 x 10" Bq and 3.7 x 1012 Bq, respectively, which were 6 and 5 orders of
magnitude lower than that used in the present calculation.

The general pattern of the concentration fields is similar between the calculations presented
here and those of the other authors. The contaminated seawater is mixed in the higher and lower
latitudes and transported rapidly to the west in the northern part of the South Pacific Ocean and to the
east in the southern part, faster than the center of the radioactive cloud.

Some differences are observed regarding the direction of the centre of the radioactive cloud.
The cloud predicted by the present model is directed to the west. Rancher et al. (1996) suggest that
the movement of the cloud is mainly eastward at a depth of 5 m, but westward at the depth of 364 m.
The maximum estimated by Ribbe and Tomczak (1990) is displaced in southwesterly directions
20 months after the release. But the cloud crosses the western South Pacific Ocean during the
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FIG. 50. Elevated concentration of I37Cs in surface water (Bq/m3) 20 months after an
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FIG. 51. Elevated concentration of 137Cs in surface water (Bq/m3) 40 months after an
instantaneous release of 3.2 x W7 Bq of 137Cs (Worst case CI).
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FIG. 52. Elevated concentration of I37Cs in surface water (Bq/m3) 60 months after an
instantaneous release of 3.2 x 1017 Bq of !37Cs (Worst case CI).
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FIG. 53. Elevated concentration of 137Cs in surface water (Bq/m3) 80 months after an
instantaneous release of 3.2 x 1017 Bq of I37Cs (Worst case CI).
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FIG. 54. Elevated concentration of 137Cs in surface water (Bq/m3) 100 months after an
instantaneous release of 3.2 x 1017 Bq of I37Cs (Worst case CI).
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FIG. 55. Elevated concentration of !37Cs in surface water (Bq/m3) 120 months after an
instantaneous release of 3.2 x 1017 Bq of !37Cs (Worst case CI).
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FIG. 56. Elevated concentration of I37Cs in surface water (Bq/m3) 10 years after a constant
release rate of 3.2 x 1017 Bq of MCs/a (Worst case CC).

following months. The discrepancies between the results of the 3 models considered are most likely
caused by the differences in model discretizations, which might produce different circulation fields.

The 137Cs concentrations calculated by the present model are lower during the first few years
after the release, but higher during the last few years when compared with the results of Ribbe and
Tomczak. The lower concentration at the beginning might be due to the assumption of instantaneous
mixing in a water column from the surface to the depth of 450 m. The higher concentration during the
last few years could result from the assumption in the present model that the radionuclides are
transferred below the thermocline only by sedimentation.

ii) Worst case CC

Concentrations of I37Cs in surface water are estimated for a 10-year constant release. Figure 56
shows the predicted result of the 137Cs concentration 10 years after the beginning of the release. Also
here, the result is compared with Rancher et al. (1996) and Ribbe and Tomczak (1990).

Rancher et al. (1996) assumed released activity to be released for 10 years at a rate of 100 Bq/s
per meter depth into the whole water column from the surface to the bottom near Mururoa atoll.
According to Ribbe and Tomczak, the release was 3.2 x 1015 Bq/a of 137Cs near Mururoa into the
surface layer (from the surface to 50 m depth) over a period of 10 years.

Contrary to an instantaneous release, all the 3 calculations give the same result that the
maximum concentration is always found in the close vicinity of the source. However, the shapes of
the concentration fields are. The concentration field of the present model has tails to both the west
and the east, but the tail to the west is longer. The concentration field predicted by the French report
on the French trials to the east at a depth of 5 m, but into the opposite direction at a depth of 364 m.
The study of Ribbe and Tomczak suggests an almost isotropic concentration field.
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iii) Worst case D

Predictions for concentrations of 3H, 90Sr, I37Cs and 239Pu in the ocean for periods of 20 years
have been performed for an instantaneous release simulating a hypothetical slide of the carbonate
rock. Figures 57-60 show the time-dependent concentrations of 4 radionuclides in the surface water
near 4 inhabited islands: Tureia, Hao, Tahiti, and Tubuai. (Two other islands, Temetangi and
Mangareva were also taken into account, but concentrations near the two islands are not shown here).
The concentration of 3H is highest, 30 times higher than the 137Cs level. 90Sr and 239Pu have nearly the
same concentration which is about one third of the 137Cs level. The differences in concentrations are a
reflection of the differences in source terms.

Following the time of occurrence of the rock slide, the concentrations of the selected
radionuclides show a peak within 1 year at Tureia and Temetangi, around 1 year at Hao and
Mangareva, 2-3 years at Tahiti and 4-5 years at Tubuai. At Tureia (nearest to the source), the peak
concentration is 20 Bq/m3 for 3H, 0.2 Bq/m3 for 90Sr, 0.5 Bq/m3 for 137Cs and 0.2 Bq/m3 for 239Pu,
respectively. The peak concentration of 239Pu is 70-200 mBq/m3 at Tureia and Temetangi, 10-
20 mBq/m3 at Hao and Mangareva, 7 mBq/m3 at Tahiti and 0.6 mBq/m3 at Tubuai. The time until the
concentration reaches a peak and the peak concentration are most likely related to the distance
between the Mururoa atoll and each island. This is because all the islands except Tubuai are located
within the dominant radioactive cloud which trails to the west. The distance is approximately 130 km
to Tureia, 190 km to Temetangi, 420 km to Mangareva, 470 km to Hao, 1100 km to Tubuai and 1200
km to Tahiti, respectively. Generally the longer the distance, the longer is the time and the lower is
the peak concentration. After several years, all the radionuclide concentrations decrease with time.
The concentration at Tubuai is exceptional since the island is outside of the dominant radioactive
cloud.

iv) Realistic case C

Concentrations of 3H, 90Sr, 137Cs and + Pu in the ocean were calculated for a constant
release from the lagoons during a period of 30 years. Figures 61-64 show the time-dependent
concentrations of radionuclides in surface water near the 4 inhabited islands. At the same location,
the concentration of 3H is the highest, 200 times higher than 90Sr. The 137Cs and 239+240Pu levels are
almost the same, approximately one third of that of 90Sr. The difference in concentrations are mainly
due to the differences in the source terms.

At Tureia (nearest to the source), the equilibrium concentration is 0.15 Bq/m3 for 3H,
0.8 mBq/m3 for 90Sr, 0.3 mBq/m3 for 137Cs and 0.3 mBq/m3 for 239+240Pu, respectively. The
equilibrium concentration at each island relative to that at Tureia is 65% at Temetangi, 25% at Hao,
15% at Mangareva, 10% at Tahiti and 1% at Tubuai, respectively. The concentration at Tureia and
Temetangi attains to equilibrium in a few years, 6-7 years at Hao and Mangareva, 8-10 years at
Tahiti and 10-12 years at Tubuai. Also in this case, the concentration at Tubuai is lowest.

v) Realistic case T, the final source term

Concentrations of 3H, 90Sr, 137Cs and 239Pu were predicted for the new time dependent source
term combining releases from the geosphere with a recalculated and more realistic time-dependent
release from the lagoons. The calculations were carried out for a period of 120 years for 3H, 90Sr and
137Cs, and 100 000 years for 239Pu. Figures 65-68 show the time-dependent concentrations of the 4
radionuclides in surface water near 4 inhabited islands: Tureia, Hao, Tahiti and Tubuai.

Text cont. on p. 82.
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The peak for 3H appears 4-10 years after the release started, 20-25 years for 90Sr 10-15 years
for l37Cs, and 3-10 years for the first peak of 239Pu followed by a second source and 6000 years later.
The size of the peaks in the concentrations are related to the magnitude of the source terms. In case
of 239Pu, the concentration of the first peak at 3-10 years is higher than that of the second peak at
6000 years.

For the surface waters in the area of the French Polynesia, the recent background concentration
due to global fallout from all atmospheric tests is 100-200 Bq/m3 for 3H, 1-2 Bq/m3 for90Sr, 2 -
3 Bq/m3 for 137Cs and 1-4 mBq/m3 for 239+240Pu, respectively (Bourlat et al., 1991).The concentrations
of the radionuclides at the inhabited islands predicted by the present compartmental model are smaller
than the background levels. Even the peak concentration at Tureia (the nearest to the source) is only
6 Bq/m3 for 3H, 8 mBq/m3 for 90Sr, 2 mBq/m3 for 137Cs, and 0.8 and 0.3 mBq/m3 for the first
and second peak in 239Pu, respectively.

vi) Realistic case T, the preliminary source term

Concentrations of 3H, 90Sr, 137Cs and 239Pu in seawater are estimated for the preliminary source
term of a time-dependent release from the lagoons and the geosphere. The predictions are performed

. 239Tfor a period of 50 years for 3H, 500 years for wSr and lJ'Cs, and 10 000 years for " T u . Figure 69 to
Fig. 72 show the time-dependent concentrations of the 4 radionuclides in surface water near the 4
inhabited islands.

The peak for 3H appears 20-25 years after the release started, 10-15 years for 90Sr and 137Cs,
and 3-10 years and 1500-2500 years for 239Pu. The peaks in the source terms correspond to those of
the concentrations. The 239Pu concentration of the second peak at 1500-2500 years are higher than
that of the first peak at 3-10 years, which is contrary to the final source term.
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FIG. 73. Simulation of elevated concentrations of 239+24opu jn surface water near inhabited
islands after storm events every ten years (Realistic case S).
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TABLE XV. TIME-DEPENDENT RELEASES OF RADIONUCLIDES FROM THE LAGOONS
AND THE GEOSPHERE (REALISTIC CASE T, FINAL SOURCE TERM)

Radionuclide

3H

90Sr

137Cs

239P u

Time
(year)

(Year in A.D.)

1980
1990
1996
2000
2020
2040
2060
2080
2100

Integrated
(Year in A.D.)

1980
1990
1996
2000
2020
2040
2060
2080
2100

Integrated
(Year in A.D.)

1980
1990
1996
2000
2020
2040
2060
2080
2100

Integrated
(Time after 1980)

0
10
16

100
1000
6000

10 000
50 000
100 000

Integrated

Via lagoon

8
10
13
14
12
7
5

2.4
0.8

0.9 (PBq)

14
12
18
21
27
24
19
14
10

2.3 (TBq)

34
19
13
11
4
3
1
1
1

0.7 (TBq)

40
19
13

0.1
0.4
5
2

0.2
0.1

80 (TBq)

Release rate (a-1)
Direct to ocean

(TBq)

315
200
150
130
60
22
10
3

0.5
7.4 (PBq)

(GBq)
130
290
300
300
200
110
60
30
20

16.3 (TBq)
(GBq)

27
52
47
43
26
16
10
6
4

2.5 (TBq)
(GBq)

0
0.2
0.2
0.6
0.5
5
2

0.1
0

73 (TBq)

Total

323
210
163
144
72
29
15
5.4
1.3

8.3 (PBq)

144
302
318
321
227
134
79
44
30

18.6 (TBq)

61
71
60
54
30
19
11
7
5

3.2 (TBq)

40
19.2
13.2
0.7
0.9
10
4

0.3
0.1

153 (TBq)
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TABLE XVI. TIME-DEPENDENT RELEASES OF RADIONUCLIDES FROM THE LAGOONS
AND THE GEOSPHERE (REALISTIC CASE T, PRELIMINARY SOURCE TERM)

Radionuclide Time Release rate
(year) (Bq/a)

0 9x lO 1 2

3H 20 4x lO 1 4

50 1 x 1Q10

Integrated 1.0 x 1016 (Bq)

0 1.3 xlO10

10 1 x 1 0 "
90Sr 100 1 x 105

500 1 x lQ2

Integrated 5.1 x 1012 (Bq)
0 8x 109

10 4x lO 1 0

!37Cs 100 4 x l O 4

500 1 x 1Q2

Integrated 2.0 x 1012 (Bq)
0 1.2x 1010

200 1.2 xlO4

1500 2x lO 1 0

239pu 2500 2 x 1O10

10 000 2 x l O 7

100 000 2 x 107

Integrated 1.1 x 1014 (Bq)

The peak concentration at Tureia, which is nearest to the source is 8 Bq/m3 for 3H, 2 mBq/m3

for 90Sr, 0.8 mBq/m3 for 137Cs, and 0.2 and 0.5 mBq/m3 for the first and second peak in 239Pu,
respectively. The concentrations of the radionuclides predicted by the present compartmental model
are well below the recent background levels due to global fallout.

The differences in predicted maximum concentrations between the two source term functions
are within the uncertainty of the model.

vi) Realistic case S

Time-dependent concentrations of 239+240Pu in the ocean for a period of 100 years are estimated
for a periodical instantaneous release simulating a severe storm event. Figure 73 shows the time-
dependent concentrations of 239+240Pu in surface water near the 3 inhabited islands: Tureia, Tahiti and
Tubuai.

The concentrations of 239+240Pu have a peak every 10 years at any location, and the shorter the
distance between the island and the source, the higher the concentration and the sharper the peak.
The first peak concentration at Tureia shows a maximum of 10 mBq/m3. Although the peak
concentration decreases with time with a half life of about 8 years, the first 3 peaks at Tureia are
higher than the recent background level due to global fallout.
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In the case of a storm event, plutonium will be released to the open ocean mostly in particulate
form. Larger particulates will be transported over longer distances than during normal conditions.
The present compartmental model does not take into account conditions specific to a storm (it is
assumed in the model that the amount and sedimentation rate of suspended matter in the water are
constant at any time). The calculations, therefore, give a conservative estimate of the plutonium
concentration at the selected islands.

4.6. THE INTERMEDIATE RANGE COMPARTMENTAL MODEL (MELPAC)

Model description

The MELPAC model was developed to simulate the dispersion of radionuclides released from
Mururoa and Fangataufa over a long time-span, up to thousands of years, and on an intermediate
spatial scale covering the area between 15° to 30° S and 160° to 130° W (approximately 1700 km x
3000 km). The model domain includes the Tuamotu and neighbouring archipelagos: Cook, Society,
Gambier and Tubuai (Fig. 74).

The model structure defines 88 water and 20 sediment compartments. Exchanges of water
between the model compartments have been calculated from monthly snap-shots of velocity fields
produced by a numerical model covering the Pacific and Indian Oceans (Masumoto and Yamagata,
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FIG. 74. Model boundaries (large rectangle). Area of nested model indicated by small square.

85



21.a

'•4-t

(0

Temetangi

22.0^

w 22.5^

Vanavana

Tureia
T
I
I

T

M

f
I
i

ururoa

T"

Fangataufa

^Matureivavao

S. Marutea

Maria

23.0-
Morane Mangareva^v

140.5 140.0 139.5 139.0 138.5 138.0 137.5 137.0 136.5 136.0 135.5 135.

V\festem longitude

FIG. 75. Nested model.

1996). A simple sedimentation model (Evans, 1985; Section 4.3 of this report) accounts for removal
of radionuclides from the water column to bottom sediment. The parameters used in the sediment
model are taken constant throughout the whole model domain. The values recommended in this study
for the distribution coefficients are used, whereas sedimentation rate and suspended sediment load are
from a report by the European Commission (1994).

The main features of the model are:

(1) High resolution in the area of the sources and nearest inhabited location: The 0.5° x 0.5° (about
55 km x 51 km) spatial resolution in the region 20.5° to 22.5° S, 140° to 138° W (Fig. 75) allows the
two atolls to be distinguished as sources of radionuclide releases to the ocean, and to the near-source
concentration gradients to be represented more adequately. This high resolution area includes Tureia,
the closest inhabited atoll. Outside this region the horizontal resolution is 5° x 5°.

(2) Vertical structure resolving oceanographically distinct layers and vertical dispersal of
radionuclides released at various depths: The delimitation of vertical layers at depths of 10 and
450 m is based on the analysis of flow data resulting from the Masumoto and Yamagata model. The
defined vertical structure permits releases to the ocean occurring through the passes of the atolls and
through the karstic layer to be distinguished.

(3) Time variable flow fields: From the Masumoto and Yamagata data set, water fluxes and exchange
coefficients between MELPAC compartments have been calculated for each month of the year. The
model uses the resulting 12 sets of coefficients sequentially, thus simulating the yearly variation in
the water circulation patterns and volume flows which controls dispersion at the scale covered by
MELPAC.

Model testing and validation

MELPAC reproduces accurately the flow pattern predicted by the Masumoto and Yamagata
model and mass balance is kept to below 1%, accountable for by numerical imprecision. The basic
flow information built into the model allows a time resolution for predictions of one month. The
monthly sequence of transfer coefficients used is repeated for successive years, therefore no
interannual variation is reproduced by the model. A time step of 0.1 months was generally employed
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FIG. 76. Elevated 3H concentrations in seawater (yearly means, depth averaged over 0-450 m) at
selected locations after an instantaneous release (1 PBq $H) at Mururoa into the 10 m
ocean surface layer: disruptive release scenario.
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in computer simulations and the conservation of the radionuclide inventory was accurately observed
within the numerical precision. Tests of the sensitivity of the model predictions to the exchange rates
between the South Pacific and World Ocean generic compartments embedding the model domain
have been performed. They show that increasing the value of these parameters by 100% results in
decreases of maximum of 30% in the predicted radionuclide concentrations in water at the locations
of interest for this Study.

Results

For any given source term, the model predicts the time evolution of radionuclide concentrations
in each of its compartments. In the following, only the results required for the assessment are
presented: concentrations in water in the compartments which include Tureia, Tematangi, Hao, Tahiti,
Cook, Tubuai, Gambier and Rapa Iti. In order to allow comparison with predictions of other models,
the reported concentrations are generally averaged annually and over depth from surface to 450 m.
All results presented below correspond to releases of radionuclides from the Mururoa Atoll into the
surface 10 m layer of ocean water.

The simulations were performed over timescales of 100 years following the instantaneous
release or the beginning of the continuous release for 3H, 90Sr and 137Cs, and over 10 000 years for
239Pu.

Disruptive event release scenario

Simulations were performed for the cases of instantaneous releases of 1 PBq of 3H, 10 TBq of
90Sr, 30 TBq of 137Cs, and 10 TBq of 239Pu.

Maximum increases in depth-averaged radionuclide concentrations in the 0-450 m depth water
layer (Table XVII) are attained at practically the same time for all radionuclides at any given location
within the model domain. Figure 76 illustrates the time trend in yearly mean depth-averaged 3H
concentrations. The time trends are similar in fact for all radionuclides, the differences being mainly
due to the differences in half-life. The scavenging of radionuclides by suspended particulates and
their removal from the water column through sedimentation are relatively weak (as illustrated by
Table XVII for 90Sr and 239Pu, released in equal amounts but having significantly different sediment

TABLE XVII. MAXIMUM INCREASES IN RADIONUCLIDE CONCENTRATIONS IN THE 0 -
450 m DEPTH WATER LAYER FOR AN INSTANTANEOUS RELEASE FOLLOWING A
HYPOTHETICAL SLIDE OF CARBONATE ROCK

Location

Tureia
Tematangi

Tubuai
Hao
Rapa
Tahiti
Cook

Gambier

Concentrations

3H

6(1)
0.4(2)

0.07 (3)
0.1 (3)
0.04(1)
0.1(3)

0.02 (6)
0.9(1)

(Bq/m3) and

90Sr

0.06(1)
0.004 (2)

0.0007 (3)
0.001 (3)

0.0004(1)
0.001 (4)

0.0002 (7)
0.009(1)

year of occurrence (in

137Cs

0.2(1)
0.01 (2)

0.002 (3)
0.004 (3)
0.001 (1)
0.003 (4)

0.0007 (7)
0.03 (1)

brackets)

239Pu

0.05(1)
0.004 (2)

0.0007 (3)
0.001 (3)

0.0003 (1)
0.001 (4)

0.0002 (7)
0.008(1)
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TABLE XVIII. INCREASES IN 3H CONCENTRATIONS IN Bq/m3 (YEARLY MEAN, DEPTH-
AVERAGED OVER 0^50 m) AT SELECTED TIME-POINTS FOLLOWING AN
INSTANTANEOUS RELEASE OF 1 PBq AT MURUROA INTO THE 10 m OCEAN SURFACE
LAYER

Year

1

2
5
10
20
50

1
2

3

2
1

Tureia

3x
,3x
.3x
.7x
.8x
.1 X

0°
10°
IO-1

io-2

io-3

10"4

Rapa Iti

1.6
1.9
8.1
3.0
4.3
3.6

X

X

X

X

X

X

io-2

10"2

l O " 3

io-3

10"4

10'5

Cook

.6

.4

.3

.0

.6
1.4

X

X

X

X

X

X

l O " 4

l O " 3

io-2

io-2

io-3

10'4

Tubuai

1.2
5.4
4.4

1.6
1.9
1.3

X

X

X

X

X

X

io-2

IO-2

io-2

io-2

io-3

IO-4

Tematangi

2.0
3.3
1.1
2.3
2.3
1.2

X

X

X

X

X

X

IO-1

IO-1

lO"1

io-2

io-3

10"4

Gambier

7.3
6.9
2.5
4.6
3.4
1.3

X

X

X

X

X

X

lO"1

10"1

10"1

lO"2

lO"3

io-4

Tahiti

6.0
5.7

8.1

1.6
1.3
7.4

X

X

X

X

X

X

io-3

lO"2

l O ' 2

lO" 2

io-3

2
1

Hao

3
1

8.0
1
1

6

4
I
1

X

X

X

X

X

X

io-2

10-'
io-2

io-2

io-3

io-s

TABLE XIX. INCREASES IN 90Sr CONCENTRATIONS IN Bq/m3 (YEARLY MEAN, DEPTH
AVERAGED OVER 0-450 m) AT SELECTED TIME-POINTS FOLLOWING AN
INSTANTANEOUS RELEASE OF 10 TBq AT MURUROA INTO THE 10 m OCEAN SURFACE
LAYER

Year Tureia Rapa Iti Cc>ok. Tubuai Tem..atanS' 9 a m!? ' e r Ta!?'1' Hao

1
2
5
10
20
50
100

3.0 xlO" 2 1.6 x lO" 4 1.6 xlO" 6 1 .3x10"

2.7 xlO" 3 9.3 x lO" 5 1.5 x lO" 4 5.1 x 10"4

4.9 x 10"4 4.1 x 10"5 1.4 x 10"4 2.1 x 10"4

5.2 x 10"5 8.1 x 10"6 3.0 x 10"5 3.6 x 10"5

L C. £. £.

1.8 x 105.4 x 10

1.3 x 10"'

7.0 x 10"° 6.2 x 10

4.4 x 10"7 1.8 x 10"6 1.5 x 10-6

2.0x10
1.3 xlO" 2 2.0 x lO" 4 1.5 xlO" 5 5.7 XlO"4 3.5 xlO"3

1.3 x 10
3.1 x 10
4.3 x 10
5.8 x 10
1.5 x 10

7.5
7.2
2.9
6.2
6.4

6.5
1.6

X

X

X

X

X

X

X

10"3

10°
10"3

10"4

10"5

10"6

10"6

6.2
6.0
9.4
2.1
2.5
3.6
8.9

X

X

X

X

X

X

X

10"5

10"4

10"4

I0"4

IO"5

10"6

10"7

2.4
1

9
1
2

3
7

.1

.2

.9

.1

.0

.5

X

X

X

X

X

X

X

10"4

10"3

10"4

I0"4

10'5

10"6

10"7

TABLE XX. INCREASES IN 137Cs CONCENTRATIONS IN Bq/m3 (YEARLY MEAN, DEPTH
AVERAGED OVER 0-450 m) AT SELECTED TIME-POINTS FOLLOWING AN
INSTANTANEOUS RELEASE OF 30 TBq AT MURUROA INTO THE 10 m OCEAN SURFACE
LAYER

Year

1

2
5
10

20

50
100

Tureia

9.1

4.0
8.0
1.5

1.6

1.7
4A

X

X

X

X

X

X

X

10'2

10"2

10"3

10"3

10"4

10"5

10"6

Rapa Iti

4.8
6.1
2.8
1.2

2.5
5.5
1.5

X

X

X

X

X

X

X

10"4

lO"4

10"4

10"4

10"5

10"6

10"6

Cook

4.9
4.5
4.4
4.3

9.0
2.2
5.9

X

X

X

X

X

X

X

10"6

JO"5

10"4

10"4

10"5

lO"5

10"6

Tubuai

3.8
1.7
1.5
6.5

1.1

2.0
5.2

X

X

X

X

X

X

X

10"4

10"3

10"3

10"4

10"4

10"5

10"6

Tematangi

6.1
1.0
3.8
9.4

1.3

1.8

4.9

X

X

X

X

X

X

X

10"3

10"2

10"3

10"4

10"4

10°

I0"6

Gambier

2.2
2.2
8.8
1.9
2.0

2.0

5.4

X

X

X

X

X

X

X

10"2

io-2

10"3

K)"3

10"4

10"5

10"6

Tahiti

1.9
1.8
2.8
6.4

7.5

1.1
3.0

X

X

X

X

X

X

X

10"4

1()-3

10"3

I0"4

io-s

K)"5

I0"6

]

7.0

3.4

2.8
5.7

6.5
9.5

2.5

rlao

X

X

X

X

X

X

X

10"4

H)"3

10"3

I0"4

IO-5

1()"6

K)"6
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TABLE XXI. 239Pu CONCENTRATIONS IN Bq/m3 (YEARLY MEAN, DEPTH AVERAGED
OVER 0-450 m) AT SELECTED TIME-POINTS FOLLOWING AN INSTANTANEOUS
RELEASE OF 10 TBq AT MURUROA INTO THE 10 m OCEAN SURFACE LAYER

Year

1
2
5
10
20
50
100
200
500
1000
2000
5000

10 000

Tureia

2.8
1.2
2.5
4.8
5.8
1.2
9.3
7.6
2.8
1.2
2.9
4.8
5.0

X

X

X

X

X

X

X

X

X

X

X

X

X

io-2

io-2

io-3

lO"4

io-5

io-5

lO"6

io-6

io-6

10'6

io-7

io-9

10"12

Rap£

1.2
1.6
8.6
3.9
8.9
3.9
3.1
2.4
9.1
3.8
9.6
1.6
1.6

X

X

X

X

X

X

X

X

X

X

X

X

X

ilti

10"4

lO"4

io-5

io-5

10'6

10"6

10"6

10"6

io-7

io-7

10'8

io-9

io-12

1

Cook

.5
1.4
1
1
.4
.4

3.4
1
1
1
3
1
4
6

.7

.3

.0

.9

.6

.1

.7
6.9

X

X

X

X

X

X

X

X

X

X

X

X

X

lO"6

io-5

10"4

10"4

lO5

lO"5

lO"5

io-5

10"6

lO"6

io-7

lO"9

io-12

Tubuai

1.1
5.2
4.8
2.1
4.
1.4
1.1
8.8
3.3
1.4
3.4
5.6
5.8

X

X

X

X

X

X

X

X

X

X

X

X

X

lO"4

lO"4

lO"4

10"4

io-5

io-5

lO"5

10"6

106

io-6

io-7

io-9

lO"12

Tematangi

1.8
3.2
1.2
3.1
4.8
1.3
1.0
8.1
3.0
1.3
3.2
5.1
5.3

X

X

X

X

X

X

X

X

X

X

X

X

X

lO"3

io-3

lO"3

io-4

io-5

lO"5

lO"5

10"6

10"6

10"6

io-7

io-9

io-12

Gambier

6.6
6.4
2.6
5.9
7.0
1.5
1.1
9.0
3.4
1.4
3.5
5.7
5.9

X

X

X

X

X

X

X

X

X

X

X

X

X

io-3

io-3

io-3

lO"4

io-5

io-5

lO"5

106

io-6

io-6

io-7

io-9

10"12

Tahiti

5.8
5.6
8.8
2.1
2.8
8.4
6.4
5.1
1.9
7.8
2.0
3.2
3.3

X

X

X

X

X

X

X

X

X

X

X

X

X

io-5

10"4

10"4

IO-4

lO"5

io-6

lO^6

10"6

10"7

io-7

io-9

io-12

Hao

2.2
1.1
8.5
1.8
2.4
6.9
5.4
4.2
1.6
6.6
1.6
2.7
2.8

X

X

X

X

X

X

X

X

X

X

X

X

X

10"4

io-3

io-4

10"4

io-5

10"6

10"6

10"6

lO"6

lO"7

io-7

io-9

io-12

reactivities) due to the low suspended sediment load (10-7 t/m3) and sedimentation rate
(5 10-5 t/m2 a'1). They represent the main mechanism of depletion of the inventory of dissolved 239Pu
however. Annual means of 0-450 m depth-averaged concentrations at selected time-points are given
in Tables XVIII-XXI for several locations.

Amongst the considered end-points, the highest concentrations are predicted for Tureia. The
estimated maxima are, with the exception of239Pu, below the present measured levels.

Time-dependent release scenario

The final time dependent source term (Fig. 48a and Table XV) was used as input in this
modelling. The maximum increases in concentrations of 3H, 90Sr, 137Cs and 239Pu in the 0-450 m
depth water layer and the year in which these maxima are attained (year zero corresponding to 1980,
considered as the time when releases begin), are given in Table XXII. The estimated values are very
low, several orders of magnitude below the present measured levels. For a 10 000 years simulation of
239Pu dispersal, a secondary maximum of the concentration of dissolved 239Pu at the nearest inhabited
location (Tureia) is predicted to occur around AD 8000. The resulting maximum in concentration
increase is 3 times lower than the first maximum given in Table XXII, which is in turn one order of
magnitude below present-day concentrations measured in the region.

The time evolution of yearly and depth-averaged concentration increases of 3H, 90Sr, 137Cs and
are presented in Figs 77-80. Values at selec

model domain are given in Tables XXIII-XXVI.

239Pu are presented in Figs 77-80. Values at selected time-points for all locations of interest within the

Scenario including the effect of storms: One storm event would result in increases of 239Pu in
water one order of magnitude less than those given in Table XXII.
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FIG. 77. Elevated 3H concentrations in seawater (yearly means, averaged over 0-450 m depth) at
selected locations: time-dependent release scenario.
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FIG. 78. Elevated 90Sr concentrations in seawater (yearly means, averaged over 0-450 m depth) at
selected locations: time-dependent release scenario.
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FIG. 79. Elevated I37Cs concentrations in seawater (yearly means, averaged over 0-450 m depth)
at selected locations: time-dependent release scenario.
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FIG. 80. Elevated 2&Pu concentrations in seawater (yearly means, averaged over 0-450 m depth)
at selected locations: time-dependent release scenario.
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TABLE XXII. MAXIMUM INCREASES IN RADIONUCLIDE CONCENTRATIONS IN THE 0-
450 m DEPTH WATER LAYER FOR TIME-DEPENDENT RADIONUCLIDE RELEASE

Location Concentrations (Bq/m3) and year of occurrence (in brackets)

90,Sr 137Cs 239Pu

Tureia
Tematangi

Tubuai
Hao
Rapa
Tahiti
Cook

Gambier

2(5)
0.4(7)
0.1 (9)
0.2 (8)

0.04 (7)
0.1(9)

0.02(12)
0.7(7)

0.002(21)
0.0006 (22)
0.0002 (23)
0.0002 (23)

0.00006 (23)
0.0002 (24)
0.00003 (32)

0.001 (22)

0.0005(11)
0.0001 (12)

0.00003 (14)
0.00005 (13)
0.00001 (13)
0.00004(14)

0.000006 (20)
0.0002(12)

0.0002 (5)
0.00005 (6)
0.00001 (8)
0.00002 (7)
0.000004 (6)
0.00002 (9)

0.000002(11)
0.00008 (6)

TABLE XXIII. 3H CONCENTRATION INCREASES, IN Bq/m3, (YEARLY MEAN, DEPTH
AVERAGED OVER 0-450 m) AT SELECTED TIME-POINTS FOR THE TIME-DEPENDENT
RELEASE SCENARIO

Year

1
2
5
10
20
50
100

6
1
1
1
1
3
4

Tureia

.0
.3
.7
.5
.1
.2
.3

X

X

X

X

X

X

X

lo-1

10°
10°
10°
10°
lO"1

10"2

Rapa

8.9
1.8
2.9
3.2
2.5
9.0
1.4

X

X

X

X

X

X

X

Iti

10"3

10"2

10"2

10"2

10"2

10"3

10"3

2
3
6
1
1
5

Cook

.1

.8

.0

.4

.3

.5
8.9

X

X

X

X

X

X

X

lO"5

10"4

10"3

10"2

io-2

10"3

lO"4

Tubuai

3.9
2.2
7.9
1.0
7.5
2.4
3.4

X

X

X

X

X

X

X

io-3

10"2

10"2

10"1

10"2

10"2

10"3

Tematangi

7.1
1.9
3.8
3.8
2.7
8.2
1.1

X

X

X

X

X

X

X

io-2

10'
10"'
10"1

10"1

10"2

10"2

Gambier

9.9
3.3
6.3
6.1
4.3
1.3
1.8

X

X

X

X

X

X

X

lO"2

101

10"1

10"1

lO"1

10"'
lO"2

Tahiti

8.7
1.4
1.0
1.3
9.9
3.1
4.4

X

X

X

X

X

X

X

lO"4

io-2

lO" 1

101

io-2

l O " 2

l O " 3

3
3

Hao

.6

.1
1.3
1
1
3

.5

.1

.5
4.9

X

X

X

X

X

X

X

io-3

io-2

IO-1

10"'
10'
lO"2

io-3

90rT A B L E XXIV. w S r C O N C E N T R A T I O N INCREASES, IN Bq/m3 , ( Y E A R L Y M E A N , D E P T H
A V E R A G E D O V E R 0 ^ 5 0 m) A T S E L E C T E D T I M E - P O I N T S F O R T H E T I M E - D E P E N D E N T
R E L E A S E S C E N A R I O

Year

1
2
5
10
20
50
100

Tureia

2.9
6.8
1.2
1.9
2.2
1.3
3.6

X

X

X

X

X

X

X

lO"4

lO"4

io-3

io-3

io-3

lO"3

lO"4

Rapa

4.3
9.4
2.0
3.5
5.0
4.0
1.5

X

X

X

X

X

X

X

Iti

10"6

10"6

io-5

l O " 5

io-5

io-5

lO"5

9
1
3
1

Cook

.9

.9

.6

.3
2.4
2,.6
1.2

X

X

X

X

X

X

X

io-9

l O " 7

1 0 " 6

io-5

io-5

io-5

io-5

Tubuai

1.9
1.1
5.2
1.0
1.5
1.1
3.3

X

X

X

X

X

X

X

io-6

lO"5

lO"5

10"4

10"4

10"4

lO"5

Tematangi

3.4
1.0
2.6
4.3
5.6
3.5
9.9

X

X

X

X

X

X

X

io-5

lO" 4

lO" 4

10" 4

l O " 4

10" 4

io-5

Gambier

4.7
1.7
4.4
7.0
8.9
5.5
1.5

X

X

X

X

X

X

X

io-5

io-4

io-4

10"4

10"4

10"4

lO"4

Tahiti

4.2
7.0
6.5
1.4
2.0
1.4
4.2

X

X

X

X

X

X

X

io-7

io-6

io-5

io-4

io-4

io-4

io-5

Hao

1.7
1.6
8.6
1.6
2.3
1.5
4.6

X

X

X

X

X

X

X

10"6

lO" 5

io-5

io-4

io-4

l O " 4

l O " 5
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TABLE XXV. 137Cs CONCENTRATION INCREASES, IN Bq/m3 , (YEARLY MEAN, D E P T H -
AVERAGED OVER 0-450 m) AT SELECTED TIME-POINTS FOR THE TIME-DEPENDENT
RELEASE SCENARIO

Year

1
2
5
10
20
50
100

Tureia

1.2
2.7
4.1
4.8
4.1
1.8
4.8

X

X

X

X

X

X

X

lO"4

10"4

lO"4

lO"4

10"4

10"4

10"'

Rapa

1.8
3.7
6.8
9.6
9.9
6.1
2.2

X

X

X

X

X

X

X

Iti

10'*
10"*
10"6

10"6

10"*
10"*
10"*

4.
7,

Cook

,1
.7

1.4
4.0
5.
4,
1,

.5

.1

.7

X

X

X

X

X

X

X

10"9

10"8

10"*
10"*
10"6

io-6

10"*

7,
4,
1.
3.
3.
1

Tubuai

.7

.5

.8

.0

.0

.5
4.7

X

X

X

X

X

X

X

lO"7

10"*
10"'
10"'
10'
10"'
IO-6

Tematangi

1.4
4
8
1
1.
4,
1

.0

.9

.2

.1

.9

.3

X

X

X

X

X

X

X

10"'
10"'
10"'
lO"4

10"4

10"'
10"'

Gambier

2.0
6.8
1.5
1.9
1.7
7.7
2.1

X

X

X

X

X

X

X

10"'
10"'
10"4

10"4

10"4

io-5

10"'

Tahiti

1.7
2.8
2.4
4.0
4.0
2.0
5.8

X

X

X

X

X

X

X

io-7

10"6

10"'
io-'
10"5

IO-5

10"*

Hao

7.1
6.3
3.1
4.6
4.5
2.2
6.3

X

X

X

X

X

X

X

io-7

10"6

10"'
10"'
10"'
io-5

10*

TABLE XXVI. 239Pu CONCENTRATION INCREASES, IN Bq/m3, (YEARLY MEANS, DEPTH-
AVERAGED OVER 0-450 m) AT SELECTED TIME-POINTS FOR THE TIME-DEPENDENT
RELEASE SCENARIO

Year

1
2
5
10
20
50
100
200
500
1000
2000
5000
10000

Tureia

7.0
1
1
1
8
5
8
5
5

.5

.9

.5

.8

.7

.2

.6

.6
6.3
1
5
2

.8

.7

.9

X

X

X

X

X

X

X

X

X

X

X

X

X

10"5

10"4

10"4

10"4

io-'
10"'
10"*
10*
10*
10"*
10"'
10"'
10"5

Rapa Iti

9.3
1.9
3.2
3.3
2.4
2.2
1.3
9.6
6.2
6.0
1.3
4.7
3.1

X

X

X

X

X

X

X

X

X

X

X

X

X

10"7

10*
10"*
10"*
10"6

10"6

10"*
lO"7

10"7

10"7

106

io-*
10"*

Cook

2.4
4.4
7.6
1.8
1.6
1.6
1.3
9.2
5.7
5.4
1.1
4.2
2.9

X

X

X

X

X

X

X

X

X

X

X

X

X

10"9

10"8

10"7

10"*
10"*
10"6

10"6

10"7

io-7

io-7

10"6

10*
10"*

Tubuai

4.4
2.6
9.8
1.2
7.4
5.1
1.8
1.2
8.7
8.8
2.2
7.3
4.4

X

X

X

X

X

X

X

X

X

X

X

X

X

lO"7

10"6

10"6

10'
10"*
IO-6

10"6

10"*
10"7

10"7

10'6

10"*
IO-*

Tematangi

8.1
2.3
4.5
4.1
2.4
1.5
3.2
2.1
1.8
2.0
5.4
1.7
9.4

X

X

X

X

X

X

X

X

X

X

X

X

X

10"6

10"'
io-'
10"'
io-'
io-'
10"*
10"*
10*
10"*
10"*
10"'
10"*

Gambier

6.3
1.2
1.5
1.2
7.1
4.6
6.9
2.7
2.5
2.8
7.7
2.4
1.3

X

X

X

X

X

X

X

X

X

X

X

X

X

io-5

lO" 4

10" 4

io-4

10'
10"'
10"*
10"6

10*
10"6

10"*
10"'
10"'

Tahiti

1.0
1.7
1.3
1.6
9.6
6.5
2.0
1.3
9.9
1.0
2.6
8.5
5.0

X

X

X

X

X

X

X

X

X

X

X

X

X

io-7

10'*
io-5

io-'
10'6

10'*
10"*
10"*
10"7

10*
10"*
10"*
10*

Hao

4.3
3.7
1.6
1.8
1.0
7.0
2.1
1.4
1.0
1.1
2.8
9.2
5.4

X

X

X

X

X

X

X

X

X

X

X

X

X

io-7

IO-6

io-'
10'
10"'
10"*
10"*
10"*
10"*
10*
IO-6

10"*
10"6

4.7. THE SOUTH PACIFIC COMPARTMENTAL MODEL

The South Pacific compartmental model has been designed to bridge any gap between finely
resolved intermediate field and far field models. The model spans the South Pacific, with domain 0-90°
S and approximately 160° E to 70° W (Australian coast to South American coast), although not all areas
are equally well resolved. Two main sources of data have been used to define the model, namely
monthly snap-shots of velocity fields produced by the Masumoto and Yamagata model (Masumoto and
Yamagata, 1996) and yearly velocity fields from the Hamburg world ocean model (see far field
modelling section for further detail). The model is more coarsely defined than the intermediate scale
models but has a larger domain. Near source, it is more finely resolved than the world ocean model, but
at far field it is more coarsely defined. However, it is possible to run the model over long timescales.
Thus the model functions at the interface between intermediate and far field and since it makes use of
two independent sources of velocity field information, can be used to provide a check on the agreement
between the intermediate model results at the more distant locations and the far-field model results at
those same locations.
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Model description

oFor this model, Mururoa and Fangataufa are located in a single compartment of dimension 1° x 1
and are not spatially resolved. The source compartment is then nested within a series of compartments
which allows resolution of some of the near source inhabited islands of interest (140° W to 133° W and
20° S to 25° S). The structure also allows development of a concentration gradient over this spatial scale.
In total, there are 7 water compartments of typical dimension 3° x 3°.

Outside this region, a further 15 water compartments are defined spanning 0°—40° S and 160° W
to 120° W. These compartments represent large areas implying a high degree of spatial averaging at this
scale. Separate compartments include Tahiti, Tubai and Rapa.

Beyond these boundaries, the model is extended by a further series of 4 large scale compartments
to encompass the South Pacific basin.

The model also has vertical structure, and the water column has been divided into three layers (0-
50 m, 50-500 m and a layer below 500 m.

Exchanges of water between the model compartments have been calculated using two
independent sources of data; monthly snap shots of velocity fields produced by the Masumoto and
Yamagata model, whose domain covers the intermediate field at 0.5° resolution (used in MELPAC and
the equidistant grid model) and yearly velocity fields from the Hamburg world circulation model at 3.5°
resolution. The fine scale results have been used to calculate exchanges of water in the region 140° W to
125° W and 20° S to 25 °S, while the Hamburg results have been used for all other compartments.

As all models, this particular model provides a compromise between a highly detailed structure
and the timescale required for predictions. As such it has a number of limitations, including:

• The use of only three depth layers. The model will however still allow distinction between a surface
release and release at depth (at the karstic layer).

• The surface layer (0-50 m) does not differentiate the wind field circulation in the top surface layer
and the geostrophic circulation below. The data availability has also constrained the resolution of the
vertical layers (first layer of Hamburg model is 50 m compared to Masumoto and Yamagata layer of
depth 10 m).

• The flows are based on annual average velocity fields, so if there is seasonal variation, the model
cannot reproduce this.

• Mururoa and Fangataufa are not distinguishable given the model resolution.

• The spatial resolution means that concentration gradients cannot develop over quite large distances.

• The model has not been interfaced with a sediment model, therefore it has not been used for
plutonium predictions.

Despite these limitations however, the model provided predictions for 3H, 137Cs and ^Sr which
can be used in the dose assessment, particularly for the typical sea-food consumers located on the basin
margins.

Results

The preliminary source term applied in this case (Fig. 48b and Table XVI). For two scenarios
(disruptive and time-dependent release at the surface), and for each model compartment, predictions of
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concentrations in seawater have been made for the radionuclides 3H, 137Cs and 90Sr. The predictions
have been graphed over time and maximum concentrations in each model compartment extracted.
Concentrations (Bq/m3) in surface seawater (0-50 m) at Tureia, Tahiti, Tubuai, Hao, Temetangi, and
Rapa (all in separate compartments of model) are shown in the tables below.

Disruptive event scenario:

Table XXVII shows the maximum concentrations of 137Cs and ^Sr in ocean water (averaged over
the top 50 m) and the time of arrival of the peak for six locations. Of these locations, Tureia is the only
one where the concentration estimates are based on the relatively high resolution model of Masumoto
and Yamagata (1996); for the other sites the lower resolution Hamburg model was used.

This model predicts the highest concentrations at Temetangi, and predicted concentrations are
slightly above the current background for 137Cs at both Temetangi and Tureia. All other results are below
the background.

TABLE XXVII. MAXIMUM CONCENTRATIONS AVERAGED OVER 0-50 m (AND YEAR OF
OCCURRENCE) FOR RADIONUCLIDE RELEASE FOLLOWING HYPOTHETICAL SLIDE OF
CARBONATE ROCK (SOUTH PACIFIC MODEL)

Location

Tureia
Temetangi

Tubuai
Hao

Rapa Iti
Tahiti

Caesium-137
Cone. (Bq/m3) At

2.9
4.7
0.7
0.2
0.5
0.1

Year

5
3
4
4
5
6

Strontium-90
Cone. (Bq/m3) At

1
1.5
0.2
0.07
0.1
0.04

Year

5
3
4
4
5
6

Time-dependent scenario:

Table XXVIII shows the maximum concentrations of 3H, 137Cs and '"Sr in ocean water (averaged
over the top 50 m) for six regional locations. All concentrations are well below current background
levels and would not be measurable in the environment.

TABLE XXVIII. MAXIMUM CONCENTRATIONS AVERAGED OVER 0-50 m FOR TIME-
DEPENDENT RADIONUCLIDE RELEASE FROM LAGOONS (SOUTH PACIFIC MODEL)

Location

Tureia
Temetangi

Tubuai
Hao

Rapa Iti
Tahiti

Tritium
(Bq/m3)

4.6
5.7
1.1
0.4

0.8
0.2

Strontium-90
(Bq/m3)

1.7
1.8
0.4
0.1
0.3
0.1

Caesium-137
(Bq/m3)

0.6
0.7
0.1

0.05
0.1

0.04

98



4.8. THE FAR-FIELD MODEL

In the French Liaison Office Document No. 11 (1996) results of a largescale model are
described showing the dispersion of radioactivity in the South Pacific ocean. The models used in
Document No. 11 are very similar to the corresponding model applied in this report (Hamburg Model,
see below).

The spatial distributions of radioactive concentrations due to an instantaneous release at
Mururoa are shown as function of time up to 9 years after the injection into the surface layer and at
364 m depth. The initial concentration was scaled to be 1 Bq/m3. In other words, it was assumed that
a source produces immediately after the release a homogeneous concentration of 1 Bq/m3 in the ocean
water volume of the initial model grid-cell (separately for the surface and sub-surface scenario).
During 9 years the contamination spreads mainly towards south east in the surface-layer. After this
period maximum concentrations are about 10"4 times lower than the initial concentration. In the
subsurface layer, however, the initial concentration of 1 Bq/m3 due to an instantaneous release
propagates with the subsurface flow towards west into the direction of Australia, where maximum
concentrations occur after 9 years, which are 1000 times lower than the initial concentration of
1 Bq/m3. These results agree well with the results shown below in this report and the associated
Technical Document.

The Hamburg model

The Hamburg model consists of a prognostic world ocean circulation model (OGCM) and a
tracer dispersion model developed at the Max-Planck-Institute for Meteorology, Hamburg, to study
global climate changes, similar to the large-scale model described in the French reports. The model
has a spatial resolution of 3.5 x 3.5 degrees in the horizontal and 22 layers in a vertical direction.
Tracer dispersion is simulated by means of a Lagrangian transport model, which uses the three-
dimensional circulation model data as input. This model requires a transformation of the model flow
data from the Eulerian OGCM grid to the Lagrangian coordinates of the tracer.2 The horizontal and
vertical spreading due to circulation and subgrid-scale mixing is treated by means of Lagrangian
particle tracking combined with a Monte Carlo method. The dispersion of the tracer is determined by
a slowly varying part of the velocity field (the advection) and a quickly varying part (the diffusion).
The model is forced by standard boundary conditions, such as climatological wind stress (Hellermann
and Rosenstein, 1983); air temperature from Comprehensive Ocean-Atmosphere Data Set (COADS)
(Woodruff et al., 1987) with a relaxation time of two months and annual means of sea surface salinity
(Levitus, 1982). It has been recently used to study the advection/dispersion of dissolved and
particulate matter in the world ocean over long time-scales (Maier-Reimer, 1993; Segschneider,
1996).

The circulation model

Figure 81 depicts the annual mean velocity and direction of the simulated world ocean currents in
the surface layer (0-50 m depth) and in the intermediate layer between 350 and 450 m depth. The model
circulation in the surface layer reflects the known large scale major currents described in Section 4.1 and
agrees largely with the circulation pattern of the French model (French Liaison Office, Document No.
11, 1996). The general agreement also holds regarding the subsurface circulation around 400 m depth.
The French dispersion simulations in the ocean are confined, however, to the South Pacific from 5°-40°
S and do not exceed 10 years. In this Study, the model domain was expanded to allow consideration of
longer timeframes and distances from the source.

2 The ocean currents are calculated at defined grid points in a fixed co-ordinate system (Eulerian co-ordinate
system). The movement of a tracer in the marine environment is presented in a co-ordinate system moving with
the tracer itself (Lagrangian coordinate system).
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FIG. 81. Mean current vector field of the Hamburg model in the surface layer (above) and at 400 m
depth (below).
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FIG. 82. Three dimensional pathways of the ocean circulation regardless of depth variations
starting all at the same time within the surface layer 0-50 m. Simulation period: 10 years,
time step : 30 days.

30 E 60 E 90 E 120 E 150 E 180 150 W 120 W 90 W 60 W 30 W 0

FIG. 83. One individual 3D-trajectory starting in the surface layer nearby Mururoa with time marks
every 5 years. Simulation time: 300 years (The thick line indicates that the depth of the
"regarded water parcel" is temporarily below 500 m.).
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FIG. 84. Elevated tritium activity concentration (10~2 Bq/m3) after an assumed land slide of the
carbonates (instantaneous release) at the depth of 400 m after 5 years (above) and 10 years
(below). Isolines: above: 1, 10, 100, 250, 500, 750, 1000 (10-2 Bq/m3);
below: 1, 10, 100 (10-2 Bq/m3). The present background concentration in the surface layer
is 100-200 Bq/m3.
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Figure 82 shows 3D-trajectories of virtual water parcels or Lagrangian tracers, which flow with
the mean circulation. AH model particles start within the surface layer at the same time and move in
three dimensions over a period of 10 years. Over 300 years an individual model trajectory starting in the
surface layer at Mururoa/Fangataufa would move several times across the South Pacific back and forth
with the mean circulation until it eventually reaches the South Atlantic. During this period the parcel
undergoes considerable temporary vertical displacements due to the sinking and ascending motions in
the ocean (Fig. 83).

A striking feature of the results of the model is the convergence of the trajectories around the
region 110° W, 30° S near Easter Islands. This kinematic behaviour causes a long-term trapping of water
bodies or contamination in the surface layer within the convergence. This means radioactive material
released at Mururoa, which reaches the region around Easter Islands by means of the circulation tends to
concentrate in this part of the South Pacific ocean (regional concentration maximum). In the French
analysis (French Liaison Office, Document No. 11, 1996) the same feature is described as a counter-
clockwise rotating ocean gyre in which "the residence time of the water trapped can be several years".

Results

Disruptive event scenario

Figure 84 shows the tritium concentration field for the land slide event scenario involving a
release (1400 TBq) at the depth of 400 m. This was a preliminary estimate of the tritium release
following the rock slide; it was later rounded down to 1000 TBq, as shown in Table XIII. Maximum
concentrations due to the disruptive event are below 10 Bq/m3 after 5 years half-way towards Australia,
and about 1 Bq/m3 off Australia 5 years later. The plume for other radionuclides (^Sr, 137Cs and
239+240Pu) will be similar to that for tritium, except that the concentrations will be lower and
approximately in proportion to their relative concentration in the source term (see Table XIII):

Time-dependent scenario

The simulated releases are assumed to take place within the surface layer (0-50 m) and at 400 m
depth. The simulation at depth follows a similar scenario described in French Liaison Office, Document
No. 11 (1996). The subsurface release is assumed to arise from highly permeable karstic channels.
Within the stratified thermocline layer in the ocean between 100 and 500 m, the subsurface flow and
mixing (vertical and horizontal) are relatively weak. A radioactive injection released within this layer
spreads and dilutes more slowly than the same release into the surface layer.3

Spatial distributions

The source is a continuous, time-dependent release according to the preliminary source functions
represented in Fig. 48b. The preliminary sources are close to the final source functions used in the
Eqidistant-grid — and the MELPAC model (see above) regarding the simulated peak concentration,
but their shapes, i.e. the time functions, differ. The concentrations obtained refer to mean concentrations
in the surface layer (0-50 m) and in the subsurface layer extending from 350-450 m depth.

The dispersion of tritium released at the atolls (Mururoa and Fangataufa) has been simulated at
time steps of 5, 10, 30, and 50 years after the beginning of the release into the surface layer and at 400 m
depth.

3 The thermocline denotes an ocean layer, where the water temperature changes rapidly with depth. In many
cases other environmental parameters such as salinity, nutrients etc. may undergo pronounced vertical changes
within this layer, as well. Also the vertical profile of radioanuclide concentrations exhibits, in general, striking
differences above and below the thermocline (see French Liaison Office, Document No. 3, 1996)
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Five years after the release the plume has moved south-eastwards in the surface layer and to the
west in the subsurface layer. Maximum activity concentration (up to ~0.2 Bq/m3) occurs immediately
around Mururoa and Fangataufa (Fig. 85).

Ten years after the initial release (see Fig. 86) the plume has widened in the surface layer mainly
into easterly directions whereas at depth it reaches Australia, but the regional concentrations are
extremely low (0.01 Bq/m3) present background concentration in the surface layer is 100-200 Bq/m3.
The more unidirectional flow to the west at 400 m depth causes the subsurface release to propagate
apparently over longer distances than in the surface layer within the same period of time.

Thirty years after the beginning of the release (Fig. 87), maximum activity concentrations
(~3 Bq/m3) in the surface layer concentrate around Easter Island. As the strength of the assumed tritium
source reduces after 20 years, the maximum concentration in the surface layer does remain around
Mururoa/Fangataufa, but has shifted to the area around Easter Islands in the surface layer. Also at
400 m depth highest concentrations of the continuous time-dependent tritium injection has propagated
away from the source. Maximum concentrations along the western ocean boundary (east coast) off
Australia amount to (~1 Bq/m3). The concentration pattern distinctly mirrors the various principal ocean
circulation branches in this region (i.e. subsurface westward current, East Australian current towards
south, South Pacific currents towards east, Equatorial undercurrent and North Equatorial Counter
Current towards east). Fifty years after the initial release, maximum concentrations still occur around
Easter Island (0.5Bq/m3) in the surface layer. Everywhere else, concentrations are negligible. The
maximum concentrations in the subsurface layer (0.1 Bq/m3) are also far below background levels (Fig.
88).

The following figures show the same sequence of large-scale concentration distributions
regarding plutonium 5, 10, 30, and 50 years after the start of the release at Mururoa/Fangataufa into the
surface layer and at depth (Figs 89-92). The concentration patterns resemble those of the figures shown
above for tritium, because the circulation is the main engine to spread the contamination in the open
ocean. The initial conditions, i.e. the source term and the different half-life of the radionuclides, are the
important factors. Again the prelimiary continuous and time-dependent source term was used (Fig. 48b).

Five years after the release, the plume moves south-eastward in the surface layer, and to the west
at 400 m. Maximum concentrations in the surface layer occur immediately around Mururoa and
Fangataufa (up to 0.2 mBq/m3). The present background level in the surface layer is 1-4 mBq/m3. The
same maximum concentration extends just west of the release site at depth (Fig. 89).

Ten years after the initial release the plume has widened in the surface layer, mainly in an easterly
direction. Maximum concentrations of 0.1 mBq/m3 spreads eastwards beyond Easter Island where an
absolute maximum of 0.2 mBq/m3 has formed due to the convergent circulation in this region. At depth
the activity reaches the Australian continent with a maximum concentration of less than 0.1 mBq/m3

(Fig. 90).

Thirty years after the beginning of the release (Fig. 91), maximum activity concentrations
(0.2 mBq/m3) in the surface layer still concentrate around Easter Island. At 400 m depth highest
concentrations of the continuous time-dependent plutonium injection has also propagated away from the
source. Maximum concentrations along the western ocean boundary off Australia amount to 0.02-
0.05 mBq/m3.

Fifty years after the initial release, the concentration around Easter Island is about 0.1 mBq/m3 in
the surface layer. Everywhere else, concentrations are even lower. Also in the subsurface layer the
maximum concentrations (0.1 mBq/m3) are far below the background levels (Fig. 92). We resign to
reproduce the corresponding distributions for caesium and strontium because their distribution patterns
exhibit the same features as those shown above. -r . , , ,

text cont. on p. 113.
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FIG. 85. Elevated activity concentration plume 5 years after the time-dependent continuous release
(Fig. 48b) of tritium in the surface layer (above) and at the release depth of 400 m (below).
Isolines: 1, 10, 100, 250 and at depth additionally 500 (mBq/m3). The present background
concentration in the surface layer is 100-200 Bq/m3.
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FIG. 86. Elevated activity concentration plume 10 years after the time-dependent continuous release
of tritium in the surface layer (above) and at the release depth of 400 m (below). Isolines:
1, 10, 100, 250, 500, 750, 1000 (mBq/nfi).
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FIG. 87. Elevated activity concentration 30 years after the time-dependent continuous release of
tritium in the surface layer (above) and at the release depth of 400 m (below). Isolines: 1,
10, 100, 250, 500, 750, 1000 and in the surface layer additionally 2000, 3000 (mBq/m*).
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FIG. 88. Elevated activity concentration 50 years after the time-dependent continuous release of
tritium in the surface layer (above) and at the release depth of 400 m (below). Isolines: 1,
10, 100, and in the surface layer additionally 250, 500 (mBq/m3).
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FIG. 89. Elevated activity concentration 5 years after the time-dependent continuous release of
plutonium in the surface layer (above) and at the release depth of 400 m (below).
Isolines: 1, 10, 100, 250, 500, 750, 1000 and in the surface layer additionally 2000 (10-4
mBq/ms). The present concentration in the surface layer is 1-4 x

109



30 E 60 E 90 E 120 E 150 E 180 150 ¥ 120 ¥ 90 ¥ 60 ¥ 30 ¥ 0

30 E 60 E 90 E 120 E 150 E 180 150 W 120 ¥ 90 ¥ 60 ¥ 30 ¥ 0

FIG. 90. Elevated activity concentration 10 years after the time-dependent continuous release of
plutonium into the surface layer (above) and at the depth of 400 m (below). Isolines: 1, 10,
100, 250, 500, 750, 1000, 2000 (10-4
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FIG. 91. Elevated activity concentration 30 years after the time-dependent continuous release of
plutonium into the surface layer (above) and at the depth of 400 m (below). Isolines: 1, 10,
100, 250, 500, 750, 1000 and in the surface layer additionally 2000 (10"> mBq/m*).
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FIG. 92. Elevated activity concentration 50 years after the time-dependent continuous release of
plutonium into the surface layer (above) and at the depth of 400 m (below). Isolines: 1, 10,
100 and in the surface layer additionally 250, 500, 750, 1000 (10-4 mBq/m3).
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Timeseries

Instantaneous release:

The following Figs 93-98 show time series (model test runs) of activity concentrations due to an
instantaneous release at Mururoa. The areas selected for the representation are Mururoa/Fangataufa, the
eastern margin of Australia, Easter Islands, and other Polynesian Islands. The reason for picking the
eastern margin of Australia and Easter Islands was to allow concentrations to be predicted in relative
remote regions from Mururoa as a function of time.
Assumptions:

source: 1015Bq
release: instantaneous, at 25 m and at 400 m depth
assumed release year: 1996
simulation time: 40 and 50 years
half-life: 30 years

Every figure describes the temporal variation of the concentration at 3 sites, after the
instantaneous release at the surface or at the depth of 400 m (indicated as surface or 400 m at the top of
the Fig.). For all sites denoted in the figures simulations were carried out over the same period. Where
no signal emerges no concentrations occur during the simulation period.

Figure 93 depicts the fast decrease of concentration (until about 1999) due to a surface injection at
Mururoa. A noticeable concentration peak (15 Bq/m3) occurs around the year 2000 near Easter Islands.
It decreases down below 1 Bq/m3 around 2008. The simulation of the concentration released at the depth
of 400 m at Mururoa suggests a rapid decrease to zero during the year of injection at the release site (Fig.
94). A concentration peak (4 Bq/m3) emerges at 400 m depth along the eastern Australian margin around
2005. This concentration disappears about 5 years later.

A negligible maximum — but in the surface layer — of 0.2 Bq/m3 arises around 2020 in the
Mururoa area. Due to vertical mixing and ascending motions in the ocean the source at Mururoa in
400m depth influences the surface waters in the same area after about 23 years of travelling with the
largescale circulation.

Figures 95 and 96 show the effect of an instantaneous release at Mururoa into the surface (Fig.
95) and at 400 m depth (Fig. 96) upon other locations. The surface source causes a sharp peak at
Gambier Islands (Fig. 95). The other simulated concentrations (Tureia, Austral Islands, surface, 400
m) in this figure are zero. The same instantaneous release, but at 400 m depth, leads to a peak of the
same concentration at Tureia about 6 months after the injection that disappears over a period of a
further 6 months. The other sites (Gambier Islands and Austral Islands) exhibit no concentration
traces at 400 m depth. A surface release at Mururoa has an impact upon Gambier Islands because the
ocean currents are towards East in the surface layer (i.e. towards Gambier Islands). Whereas a
subsurface release at 400 m spreads mainly towards West due to the westerly ocean currents in the
source depth. But part of the concentration released arrives at Tureia in 400 m depth by dispersion, as
well.

In Fig. 97 two peaks emerge for a release at 400 m depth. They occur at Hao and with a time shift
of two years at Tahiti.

Figure 98 shows the concentration due to an instantaneous release in 400 m depth at Mururoa 6
years after the release around Fiji (distinctly diluted).
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FIG. 93. Time series of 50 years simulated radioactivity concentration (Bq/m3) at the site East of
Australia and South of Easter Is. due to an instantaneous release of 1015 Bq into the
surface layer at Mururoa.

ffl

Q0 = 10 Bq at Mururoa (400m)
T/2 = 30 years

Mururoa (400 nt)

MURUROA (SURFACE)
EAST OF AUSTRALIA (SURFACE)
SOUTH OF EASTER ISLAND (SURF.)
MURUROA (400 m)
EAST OF AUSTRALIA (400 m)
SOUTH OF EASTER ISLAND (400 m)

East of Australia (400 m)

! Mururoa (surface)

1996 2006 2016 2026 2036 2046
YEAR

FIG. 94. The same as in Fig. 93 for an instantaneous release oflO15 Bq at 400 m depth.
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FIG. 95. Time series of 50 years simulated elevated radioactivity concentration (Bq/in'j at Tureia,
Gambier Is. and Austral Is. Instantaneous release of I0'5 Bq at Mururoa into the surface
layer. The only peak is at Gambier Is.
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FIG. 96. The same as in Fig. 95 but for a subsurface release at 400 m depth. The only signal is at
Tureia.
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FIG. 97. Time series of 50 years simulated radioactivity concentration(Bq/m3) at Hao, Tahiti and
s. Cook Is. Instantaneous release of 1015 Bq at 400 m depth. The salient signals are at
Hao and Tahiti.
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FIG. 98. The same as in Fig. 97 but for the sites N.Cook Is., Fiji and New Zealand.
The only signal is at Fiji.
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Constant release:

Simulations are presented here also for an assumed constant release of plutonium (release rate:
1010 Bq/a). A continuous release into the surface layer causes a distinct concentration signal at the
surface at Gambier Is. of about 0.1 mBq/m3 (Fig. 99). A secondary signal at the surface arises about 20
years after the release has started at Tureia due to recirculation.

As one can see in Fig. 99 the activity concentration at Tureia increases within 1-1.5 years after
the release at the depth of 400 m at Mururoa and reaches a saturation concentration of about
0.2 mBq/m3 after this time without changing during the following 40 years. Secondary activity
concentrations in the surface layer occur at Tureia and Gambier Islands (Fig. 99), which appear about
23 years after the continuous source has started. These are again signals in the surface layer as
described above in the context of the instantaneous releases. A very feeble signal at Gambier Is. is
discernible during the end of the simulation time at the subsurface release depth.

Figure 100 suggests an increase of the activity concentration at the depth of 400 m in the area of
Hao (up to 0.4 mBq/m3) about 18 months after the assumed start of the continuous release from Mururoa
at 400 m depth and at Tahiti further 18 months later (0.3 mBq/m3). Over 40 years these concentrations
remain unchanged.

At Fiji the concentration signal, which stems from the same assumed subsurface source at
Mururoa stays below 0.1 mBq/m3 at depth (Fig. 100).

Summarizing: a constant release of 10 GBq of plutonium per year produces the following
concentrations (mBq/m3) after the source has started:

Tureia Gambier Is. Hao Tahiti Fiji
surface subsurface subsurface subsurface subsurface

2 1-2 4 3 0.5
after 1 year after 1 year after 1-2 years after 3-4 years after 8 years

Time-dependent release:

The following figures show the time-series of simulated activity concentrations over a period of
70 years at a number of sites due to a time-dependent release at 400 m depth near Mururoa. The
radioactive source is as given in Fig. 48a. The simulation period extends from 1980 to 2070. The initial
concentration due to the release distributes at once homogeneously over the layer 350-450 m depth.
From then on circulation and mixing take over and disperse the radioactivity in all three dimensions
within the ocean.

Tritium (Fig. 101)

The maximum concentration associated with a relatively sharp peak (9 Bq/m3) was predicted at
Hao around 1981. After that time the concentrations at this site are precicted to decrease during the
course of the simulation period. A concentration peak of 6 Bq/m3 was predicted to occur at Tahiti, about
2 years later than at Hao. The Tureia peak (5 Bq/m3) appears around the same time as at Hao. The
precited concentration is approximately half that for Tureia, despite the greater proximity of Tureia to
Mururoa. The reason is that, at the release depth, the ocean circulation is in a westerly direction, thus
towards Hao and Tahiti rather than Tureia (to the North of the source, and therefore not in the main
stream of the subsurface circulation).
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FIG. 99. Time series of 40 years simulated elevated plutonium activity concentration (mBq/m3) in
the surface layer (0-50 m, above) and at subsurface depths (350-450, below) at Tureia,
Gambier Is. and Austral Is. Source continuous release ofI010Bq/a. Above: main signal is
at Gambier Is., below: main signal is at Tureia.
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FIG. 100. Time series of 40 years simulated elevated plutonium activity concentration (mBq/m3) at
subsurface depths (350-450 m). Source: Continuous release of 1010 Bq/a at 400 m depth
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FIG. 101. Predicted sub-surface tritium concentrations (Bq/m3) at selected sites denoted in the figure
according to the source term shown in Fig. 48a (release at depth of 400 m) .
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FIG. 102. Predicted sub-surface strontium concentrations (Bq/m3) at selected sites denoted in the figure
according to the source term shown in Fig. 48a (release at depth of 400 m).
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FIG. 103. Predicted sub-surface caesium concentrations (Bq/m3) at selected sites denoted in the figure

according to the source term shown in Fig. 48a (release at depth of 400 m).

Strontium (Fig. 102)

As a consequence of the source-time function, the predicted peak concentrations for strontium
occur in the mid 1990s. Again the maximum appears at Hao (9 mBq/m3) followed by Tahiti (6 mBq/m3)
and Tureia (4 mBq/m3).

Caesium (Fig. 103)

The sequence of peak concentrations among the selected sites is similar to those represented in the
previous two figures. Hao is maximum (1.5 mBq/m3) and the Tureia concentration is half of that. Most
of the predicted peaks occurred in the late 1980s.

4.9. INTERCOMPARISON OF THE REGIONAL AND FAR-FIELD MODEL RESULTS

Four regional models have been applied in this Study to evaluate the spreading in the South
Pacific ocean over distances of up to more than 3000 km. Three different circulation models have been
introduced to study the dispersion. Only one of the three includes the effect of seasonally varying winds
upon the ocean circulation (Section 4.2). The data of the other two circulation models are annually
averaged for the purpose of the regional modelling or use the mean yearly circulation. The seasonal
variations of the wind influence only the top 50 m of the ocean. At depth, all models suggest as initial
flow regime towards west. The conclusion of Section 4.2 is summarized in Fig. 42. The model results
show that in the surface layer the trajectories starting at Mururoa move along seasonally dependent
pathways in southern directions. In other words, radioactive material released at Mururoa into the
surface layer would not be expected to reach neighbouring islands north of Mururoa (e.g. Tureia), but
would rather pass islands to the south of the release site. Since the model does not include any dispersion
of materials, i.e. it disregards mixing of matter in the water it was not used to simulate the spread of
material emanating from Mururoa.
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In addition, three other models (compartmental models) were used to investigate the dispersion in
the regional field. Taking into account the assessments of a number of different models may add to the
robustness of the final conclusion and may add credibility to the final results. Also the range of predicted
outcomes from the different models can indicate the uncertainty attached to assessed concentrations.

Two large-scale circulation models serve as input for the regional models: the model by
Masumotu and Yamagata (Sections 4.5^.7) and the Hamburg model (Section 4.7 and 4.8). Each of the
three regional models has a different model domain and model structure. In Section 4.5 the dispersion is
treated in a one layer upper ocean extending to a depth of about 450 m. The horizontal discretization is
1° x 1° (approximately 110 x 110 km). The circulation input data (averaged over the depth and year)
stem from the Masumotu and Yamagata model. In Section 4.6 three ocean layers are considered: the top
10 m layer wherein the source is located, a middle-depth layer down to 450 m, and a deep layer down to
the ocean bottom. For the purpose of comparison with the other models, data are reported for the top 2
layers only. The circulation model data are again by Masumotu and Yamagata. In order to simulate the
dispersion of the radionuclides from Mururoa to Tureia as well as possible, the size of the compartments
in the immediate vicinity of Mururoa have the same horizontal resolution as the circulation input model
(0.5° x 0.5° corresponding to about 55 x 55 km). Except for this interior field, all other sites of interest
are located within 5° x 5° (557 x 557 km) compartments. For this, the model data of 10 neighbouring
horizontal grid cells of the circulation model were averaged. Thus, for example, there were 2-3 regional
grid cells between Mururoa and Tubuai in the southwest and Tahiti in the northwest direction,
respectively (Figs 64 and 65).

The third regional model (Section 4.7) used both circulation models, thus taking advantage of the
fine resolution of the Masumotu and Yamagata model in the centre of the model domain to simulate the
spread from Mururoa to Tureia. Outside of this central region, the compartments are divided in various
size classes, increasing in size with increasing distance from Mururoa. The next size class of the regional
model compartments correspond to the resolution of the Hamburg model being 3.5° x 3.5° (357 x
357 km). The flow data of this model form the input for the regional model outside the central region.
The flow data of compartments covering a multiple of the Hamburg model resolution have been
averaged.

TABLE XXIX. COMPARISON OF RESOLUTIONS USED IN OCEAN DISPERSION MODELS

Model

Equidistant-grid
Compartment
(Section 4.5)

MELPAC
Compartment
(Section 4.6)

Circulation
model

Masumoto &
Yamagata

Masumoto &
Yamagata

Horizontal

llOx 1

inner: 55
outer: 557

Resolution

10km

x 55 km
x 557 km

Depth layer to which
concentrations refer

0-450m

0-10 m
10-450m

450 m-bottom

Release Depth

top layer

top layer

South Pacific
Compartment
(Section 4.7)

Masumoto & inner: 110 x 110 km
Yamagata

Hamburg outer: variable

0-50 m

0-50 m

top layer

top layer
Far-field

(Section 4.8)

French
(FLO, Doc. 11,

1996)

Hamburg

Universite Paris
(LODYC)

357 x

200 x

357 km

200 km

0-50 m

350-450 m
surface

at subsurface

top layer

400 m
5m

364 m
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Table XXIX lists structure and origin of the different models used in this study. The French large
scale model is given for comparison purposes.

Various release scenarios have been considered in order to simulate the dispersion by means of the
regional and far-field models: instantaneous, constant, time-dependent and periodical sources have been
used. Simulations commonly performed in this Study refer in particular to:

the instantaneous release assuming a land-slide of parts of the carbonates and
the time-dependent release according to the source term functions (either the preliminary source
term (Fig. 48a) or the final source term (Fig. 48b).

Table XXX summarizes maximum concentrations simulated by the different models resulting
from disruptive event, the rock slide. The intercomparison of the model results reveal differences in the
simulated concentration values. However, as shown in Table XXX, the models largely predict
concentrations below the present background level in the surface layer for the various sites selected.
Only the plutonium release gives higher concentrations. The results in Section 4.5 and 4.6 show
maximum concentrations at Tureia, with a significant decrease at greater distances from Mururoa. The
results in Section 4.7 and 4.8 suggest, in general, higher maximum concentrations and a slower rate of
decrease with increasing distance from the source than the other two models. The reasons for these
differences are:

• different model parameters of each circulation model used, which may alter the regional circulation
pattern to a certain extent;

• different thicknesses of the layers, in which the source is placed. As soon as the release occurs the
resulting concentration in the water distributes instantaneously and homogeneously over the whole
initial model grid-cell, with the result that the larger the initial water volume, the lower the mean
concentration.

TABLE XXX. MAXIMUM CONCENTRATIONS (Bq/m3) FOR INSTANTANEOUS RELEASE DUE
TO HYPOTHETICAL CARBONATE SLIDE

Section 4.5

0-450 m

Section 4.6

0-450 m

Section 4.7

0-50 m

Section 4.8

350-450 m

Nuclide

3H

"Sr

137Cs

Pu

3H

"OSr

I37Cs

Pu

90Sr

wCs

3H

^Sr

137Cs

Pu

Tureia

10

0.1

0.4

0.1

5.6

0.06

0.2

0.05

1.0

2.9

20

0.2

0.6

0.2

Temetangi

5

0.05

0.2

0.05

0.4

0.004

0.01

0.004

1.5

4.7

Hao

1

0.01

0.05

0.01

0.1

0.001

0.004

0.001

0.07

0.2

34

0.3

1.0

0.3

Tahiti

0.6

0.006

0.02

0.006

0.1

0.001

0.003

0.001

0.04

0.1

25

0.2

0.8

0.2

Tubuai

0.04

5 x l 0 4

0.002

5x 10"1

0.07

7x10^

0.002

7X10"4

0.2

0.7

Rapa

0.04

4x 10"4

0.001

3x 10"4

0.1

0.5
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The modelling of time-dependent releases are based on two different source-terms for each
radionuclide considered: the preliminary and the final (new) source term. These source terms differ from
each other, especially with respect to the time-development of releases (Fig. 48a, b). In Section 4.5
model results are presented for both — preliminary and final source term. All simulated concentrations
remain below the background levels. In Section 4.6 simulations of the time-dependent releases refer to
the final source-term. The model results in Section 4.7 are based on the preliminary source term. In
Section 4.8 (far-field) contours of concentrations in the South Pacific ocean for tritium and plutonium
were based on the preliminary source term and the simulated time series of tritium, strontium and
caesium at subsurface depth (350-450 m) were based on the final source-term. In all cases, the simulated
concentrations remain below the background levels of the surface layer, irrespective of which time-
dependent source term is used.

Table XXXI shows the maximum concentrations estimated by the various models for time-
dependent releases.

The relatively high 3H concentrations predicted by the Hamburg model in the subsurface layer
(350-450 m) at Hao and Tahiti are largely due to the less intense dispersion regime at depth. The
reason that the simulated concentrations at Hao and Tahiti are higher than at Tureia is related to the
subsurface flow, although Tureia is much closer to Mururoa than the other islands, it is not in the
'main stream' of the radioactive release, which propagates with the flow towards westerly directions
at subsurface depth. As a consequence, the simulated concentrations are slightly higher at Hao and
Tahiti than at Tureia.

TABLE XXXI. MAXIMUM CONCENTRATIONS (Bq/m3) FOR THE TIME-DEPENDENT
SOURCE TERM (concentrations have been rounded)

Section 4.5

0-450 m

Section 4.6

0-450 m

Section 4.7

0-50 m

Section 4.8

350-450 m

Nuclide

3H
90Sr

137Cs
Pu

3H
90Sr

137Cs
Pu

3H
90Sr

137Cs

3H
90Sr

137Cs
Pu

Tureia

6
8 x 10"3

2 x 10"3

8x10"*

2

3 x 10"3

5x10"*
2x10"*

5
2x 10"3

7X10"4

5
5x 10"3

1 x 10"3

1 xlO"4

Tematangi

5
1
5

4
6
1
5

2
7

4
x 10"3

x 10"3

x 10"*

x 10"'
x 10"*
xlO"4

xlO"5

6
x 10"3

x 10"4

2
4
2

2
2
5
2

1
5

8
1
2

Hao

X

X

X

X

X

X

X

1

io-3

10"*
10"*

lO"1

IO-*
10"'
10"'

0.4
X

X

X

X

X

10"*
10"'

9

10"3

10"3

10"*

Tahiti

0.6
9x 10"*
2x 10"*
8x 10'

1 x 10"'
2 x 10"*
4 x 10"'
2 x 10"'

0.2
1 x 10"*
4 x 10"s

7
6 x 10"3

1 x 10"3

1 x 10"*

Tubuai

0.06
1 x 10-*
2x 10"'
9x10"*

1 x 10"'
2x 10"4

3 x 10"'
1 x 10"'

1

4x 10"*
2X10"4

4
7
1
4

3
1

Rapa

-
-
-

x 10"2

xlO"'
xlO"'
x 10"6

0.8

x 10"*
xlO"4
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4.9. SUMMARY AND CONCLUSIONS

By means of three-dimensional circulation models for the Mururoa and Fangataufa lagoons the
turnover time of the lagoons were estimated to be 98 ±37 days (Mururoa) and 33 ±12 days (Fangataufa).
After these periods the water volumes of both lagoons are completely renewed.

The application of the circulation models to the observed tritium concentration in Mururoa
lagoon (1987-1996) gave estimated tritium fluxes from the lagoon into the open ocean of 0.7- 3.6 x
10BBq/a.

In case of Fangataufa the estimated tritium flux is one order of magnitude smaller based on fewer
measurements (1991 and 1996).

In Section 3.2 aspects of the plutonium discharge associated with sediment transport from the
Mururoa lagoon into the open ocean are discussed. The plutonium removed as sediment through the pass
of Mururoa by winds and tides amount to 8 GBq/a.

Considering the effect of an individual storm upon the particulate plutonium flux from the
Mururoa lagoon into the ocean yields an approximate value of 0.7 TBq/storm event . The frequency of
an extreme storm over Mururoa is assumed to be one in ten years. Most of the plutonium-containing
sediement leaving the lagoon in the particulate phase will sink immediately once it is in the open ocean.
Only a very small portion of it scavenged by the finest suspension grain fraction has a chance to float
with the ocean circulation over larger distances.

The source term due to storms is expected to decrease with time, due to depletion of plutonium-
bearing sediments and gradual burial of these sediments. The discharge of plutonium into the ocean
due to a storm is an order of magnitude below that would be released in the hypothetical rock slide.

On the ocean scale, dispersion simulations were carried out in this Study assuming
instantaneous, constant, time-dependent and periodical releases from Mururoa into the ocean. Three
regional compartmental ocean models and a world ocean dispersion model were used to gather
information on activity concentrations in the Pacific ocean to be expected as a consequence of these
releases. The overall outcome with respect to the modelling results is: that despite the differences in
the models involved, almost all simulations of concentrations in the ocean due to these releases stay
below the present background level for the radionuclides here considered (tritium, strontium,
caesium, plutonium). The only case indicating a distinct elevation in concentration above the existing

TABLE XXXII. COMPARISON OF ESTIMATED MAXIMUM CONCENTRATIONS AT TUREIA
WITH THE CURRENT BACKGROUND (Bq/m3)
(Model results apply to average of 0-450 m and are rounded to the nearest factor often)

Nuclide

3H

90Sr

137Cs

239+240pu

Disruptive
event

10

0.1

1

0.1

Time-dependent
release

10

0.01

0.001

0.001

Typical regional background
at surface

100-200

1-2

2-3

0.001-0.004
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background level, due to glocal fallout, is the assumed land-slide of carbonate rock (disruptive event)
at Mururoa, which is assumed to result in a major release of plutonium in the ocean (Table XXXII).
Plutonium concentrations at Tureia rise to 100 times the existing very low levels, but would fall to
background levels within a few years.

The time-dependent plutonium releases were simulated for the longest time period of 100 000
years. A first maximum concentration peak at Tureia is predicted to occur during the first 10 years
after the release starts in 1980. A second peak is predicted at 6-7000 years later (Fig. 68). In both
cases peak concentrations stay below the present background levels of 239Pu in the open ocean.
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LIST OF SYMBOLS AND DEFINITIONS USED IN SECTION 3

A S T R Institut d 'Astronomie et de Geo-physique G. Lemaitre, Universite catholique de Louvain,
Louvain-la-Neuve, Belgium

c tracer concentration
c average over a lagoon of c
cb background value of c
cA measured value of c

c* c-cb

CEA Commissariat a l'Energie Atomique (France)
ez vertical unit vector, pointing upward
ds random number
dh random horizontal vector
IPCC Intergovernmental Panel on Climate Change
K number of field data
Kh horizontal eddy diffusivity
Ky vertical eddy diffusivity
K eddy diffusivity tensor
m tracer content of a lagoon
M steady-state value of m
V gradient

V • divergence
q R T flux from a lagoon to the Pacific
Q steady state value of q
q turnover t ime
r data-model correlation coefficient
r position-vector of a RT parcel
R T radioactive tracer
s tracer source, i.e. rate at which a R T is released in a lagoon
S steady-state value of s
ST reference value of S

(=1013Bq/a)
SM simplified model, corresponding to Eq. (10)
SMSRB Service Mixte de Surveillance Radiologique et Biologique de l'homme et de

I'environnement (CEA)
t time
/ residence time
V lagoon volume
v velocity vector
x position-vector
z vertical coordinate, increasing upward
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