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Abstract

The paper deals with the three-dimensional simulation of resuspension and transport of
sediments from the Mururoa lagoon into the Pacific Ocean. These sediments were contaminated
mainly by plutonium during French nuclear tests (from 1966 to 1996). Two cases were simulated:
'Normal conditions', taking into account permanent action of trade winds and tides and 'storm
conditions', where the effect of a tropical cyclone with maximum wind velocity of 150 km/h and with
a frequency of 1 storm per 10 years is simulated. The final results show, that the normal conditions
cause an annual outflow of 8 x 104 tons of sediment and 8 GBq of plutonium, while one tropical
cyclone would cause outflow of 3.9 x 106 tons of sediment and about 0.7 TBq of plutonium.

1. INTRODUCTION

Between 1966 and 1996, France conducted 46 atmospheric and 147 underground experiments
at the Mururoa and Fangataufa Atolls in French Polynesia. Recent measurements in both lagoons have
shown that the sediment is contaminated primarily by isotopes of plutonium, which for the most part
is the consequence of the atmospheric tests. As part of the study The Radiological Situation at the
Atolls of Mururoa and Fangataufa under the International Atomic Energy Agency, modelling of the
transport of the contaminated bottom sediment of the Mururoa lagoon was undertaken to asses its
radiological impact.

The Mururoa atoll is situated in the Tuamotu Archipelago. Its maximum dimensions are approx.
25 x 10 km (see Fig. 1). The maximum depth of the lagoon is 55 m, its average depth being 33 m. The
exchange of water with the Pacific Ocean is enabled mainly through the pass in the NW rim, which is
8 km long with average depth of 8 m. The main objective of this part of the study is to provide
answers to the following questions:

(a) What amount of bottom sediments in the 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)?

(b) What is the outflow of radionuclides transported with the sediments out of the lagoon per
year and by each typical cyclone.

The need for using modelling tools is obvious. It is practically impossible to carry out extensive
measurements, which could provide us with the necessary answers, especially in the case of storm
conditions. However, measurements necessary for calibration and verification of the model results.
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2. METHODOLOGY

A three-dimensional (3D) model PCFLOW3D, developed at the Ljubljana University, was used for
the simulation of water circulation in the lagoon and for the sediment resuspension and transport
inside the lagoon and out of it (Rajar and Cetina [1]). The integrated model is composed of several
modules. Only hydrodynamic and sediment transport modules were used in this study.

The hydrodynamic module, which simulates water circulation in the lagoon in different
conditions is three-dimensional (3D) and non-linear. A one-equation turbulence model of Koutitas is
included for the calculation of vertical turbulent viscosity. The finite-volume numerical method is
used for the solution of the basic equations. The module is baroclinic, but for the Mururoa case the
simulations were carried out with uniform water density.

Sediment transport module is based on the equations of Van Rijn [2]. Resuspension of sediment
from the bottom depends on the bottom shear stress, caused by current velocities and waves. The
transport and dispersion of sediments inside the lagoon and out of it (through the pass) was simulated
depending on the combined action of currents and waves.

It was estimated that a significant amount of sediment can also be washed out of the lagoon
over the SE and S rim during cyclones. To determine the water discharge over the rim, all the
available data on the observations of the phenomena (wind, waves, storm surge) in the Mururoa and
similar lagoons were taken into account [3] together with an empirical procedure for the calculation of
water discharge due to wave overtopping of the rim described in Sylvester [4].

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

(a) Only 239+240pu w a s taken into account, as the most important element bound to sediment.
(b) The decay rate was neglected.
(c) With the concentration of radionuclides in sediment Csed (Bq/kg) given as input data, the

outflow discharge of the sediment bound radionuclides R (Bq/year) was calculated to be R (Bq/year)
= Csed (Bq/kg) * Qsed (kg/year), where Qsed is the outflow discharge of sediment.

Data on bottom sediments were taken from the report of Masse and Mussa, [5], based on
measurements. The D50 particle diameter is 0.1 mm.

3. SIMULATED CASES AND RESULTS

3.1 Normal conditions: Effect of trade winds and tides

Normal' conditions, governing the circulation during the greater part of the year were taken
into account first: trade wind, easterly of 8 m/s, together with the influence of tides, with an amplitude
of 0.3 m and a period of 12.4 h.

Hydrodynamic simulation of current velocities was carried out first (Fig. 1). The resulting
velocity fields are very near to the results of Tartinville et al. [6]. The wave height caused by east
wind of 8 m/s increases from east to west in the lagoon and attains a maximum value of nearly 1 meter
near the westernmost coast.

Near the pass, the velocities are of the order of 20 cm/s. Most of the sediment resuspension
occurs in the vicinity of the pass, and some in the shallow water along the southern coast. There is a
resuspension and transport of suspended sediments out of the lagoon during ebb tide. The simulation
results show that during one tidal cycle a mass of 1.1 * 105 kg is washed out of the lagoon. This
results in a rate of sediment outflow due to wind and tide of about 80 000 tons/year, which
corresponds to about 3 kg/s over the whole cross section of the pass).
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The outwashed mass of 80 000 tons would mean an erosion of 0.4 mm/year over the whole
lagoon. This value is given only for illustrative purposes, because the erosion would not be distributed
uniformly over the lagoon, and some sediments are also formed and deposited by various processes.
No measurements of this phenomenon were available for the Mururoa lagoon.

"TIDE; Z = 0.3 n, T = i2.4
WIND: S n/s. Ecst

FIG. 1. Depth-averaged velocities at ebb tide: Normal conditions.

3.2 Storm Conditions

There is evidence of tropical cyclones in the region of Mururoa and also of their impact on the
sediment transport. The forcing conditions for this case were determined mainly from [3]. The
"maximum historically probable cyclone" in this region has been defined as a NW wind of 80 knots
(150 km/h or 42 mis). Fig. 2 shows the assumed time development of wind speed for such a storm.
The duration of maximum wind speed was estimated to be 4 hours. The NW direction of the wind was
assumed, although during the passage of the cyclone it is changing.
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FIG. 2. Wave height, wind speed and sediment outflow through the pass : Storm conditions.

The frequency of such cyclones was estimated from [3] to be about 0.1 per year (one cyclone
per 10 years). Although the statistical data show smaller frequency during the last 100 years, there
were 5 cyclones in the first half of 1983 in the Tuamotu Archipelago (though not all of them touched
Mururoa). Gabrie and Salvat [7] describe the frequency in the region of Mururoa to be "four to eight
per century".
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Resulting flow of water and sediments through the pass. The 3D hydrodynamic simulations
have shown surface velocities of the order of 1.3 m/s and maximum depth-averaged velocities (Fig. 3)
to the order of 40-50 cm/s, which, for the most part, is in agreement with the values from [3]. Wave
height is described to be almost 10 m in the ocean and about 5 m in the central part of the lagoon (due
to transmission through the pass, and due to wave diffraction, refraction and reflection). This was
taken into account in the hydrodynamic and sediment transport simulations.

FIG. 3. Depth-averaged velocities for Storm conditions (wind NW, 150 km/h)

Mururoa Lagoon
Storm case (wind 150 km/h )
Taub / Taubcr (8 h)

FIG. 4. Ratio of bottom shear stress to critical shear stress: Storm conditions.

Fig. 4 shows the distribution of the ration of the bottom shear stress to the critical shear stress.
Wherever this ratio is greater than 1.0 resuspension of the sediment will occur. The final results of the
modelling are shown in Fig. 2. The time integration of the sediment discharge over the storm duration
shows that about 720 000 tons of sediment are transported out of the lagoon during one storm event.

Flow of water and sediment over the SE rim of the atoll. For wind of 150 km/h in the lagoon,
from the NW, the height of the waves along the SE and S rim of the atoll, was estimated to be 5
metres (Ref. [3]). The height of the rim above the mean water level is between 1 and 3 metres. It is
expected that a cyclone would cause overtopping of the rim, with significant discharge of both water
and sediment over the rim into the ocean. This is confirmed by observations from similar atolls.
Lachenaud [3] describes observations on several atolls during cyclones, mostly with the "greatest part
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of the atoll submerged". A combination of data from the aforementioned paper and an empirical
procedure from Sylvester [4] was used to determine the water discharge and another procedure from
[2] was used to determine the sediment concentration and further on the sediment outflow.

Basic data and assumptions for the calculations are given in Fig. 5. The height of the rim above
the mean water level is taken to be 1.5 m. As the wind shear stress would cause storm surge of about
0.5 m at the SE side of the lagoon, we have taken into account the average height of the rim over the
storm water level (SWL in Fig. 5) to be only 1 meter. According to [4], it was calculated that the wave
run-up over the mean water level is Ro = 3.5 m. Due to the fact, that the atoll is about 300 to 400 m
wide, we estimated the effective wave run-up to be diminished to 2.7 m. (Together with a 0.5 m rise of
the water level due to storm surge the total rise of the water level over the mean is 3.2 m which is in
agreement with observations from [3]). According to Sylvester [4], with the aforementioned values of
parameters we obtain a discharge of water of 0.5 m3/s/m. Over the length of 20 km and over 6 hours
of the storm duration, a volume of 2.16 * 108 m3 of water would flow over the rim.

FIG. 5. Parameters for computation of overflow over the atoll rim: Storm conditions.
MWL: mean water level, SWL: storm water level, Ro: wave run-up, Q:water discharge over rim.

For the conditions described, the sediment concentration near the bottom of the lagoon would
be about 50 kg/m3. As high mixing over the depth is to be expected, we have assumed that the depth-
averaged concentration will be 0.6 of this, i.e. 30 kg/m3. This results in a mass of 6.5 * 106 tons of
sediments washed out of the lagoon over the 20 km of the rim during one storm event. However, this
outflow of sediment could only be realistic if the whole area of the shallow sea near the SE to S rim,
the beach and the nearby part of the atoll were all completely erodible. As there are parts of the
described region which are not, or are only partly erodible (corral reefs, carbonate, structures...) we
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 would be 3.3 * 106 tons. This is roughly 4.5
times the mass, which would be washed out of the lagoon through the pass during the same storm
event.

A simple calculation shows that this would cause a beach erosion about 0.5 m deep, which is
calculated over the whole 20 km length of the rim and over 300 m width (this would be partly in the
shallow sea near the beach, along the beach itself and partly on the atoll). In fact the erosion would be
concentrated along some weaker, more erodible sections. Cases of total erosion of some parts of atolls
by cyclones confirm that such erosion is realistic (The Caye Caulkner Atoll in Belize was recently cut
in two by a cyclone and a channel was formed in between).
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In total, the amount of sediment washed out of the lagoon during one storm is roughly 4 x 106

tons. This is equivalent to a removal (erosion) of a layer about 2 cm thick over the entire lagoon
bottom. In reality this erosion would be distributed very non-uniformly.

4. OUTFLOW OF RADIONUCLIDES

The average 239+240pu concentration in the top 10 cm of the bottom sediment in the Mururoa
lagoon has been estimated, on the basis of French data and results obtained from the Study, to be 500
Bq/kg. For the regions near the pass and in the vicinity of the SE rim, the concentration is estimated to
be much lower, about 20 Bq/kg. As during both cases (normal and storm conditions) the sediment is
partly, but not entirely, mixed over the lagoon, we estimated the concentration near the pass and in the
vicinity of the SE rim to be about 100 Bq/kg.

The final result is: The amount of radioactive material washed out through the pass by
permanent action of the trade winds and tides would be about 8 GBq/year, and the total outflow of
plutonium during one storm event (through the pass and over the rim) is 0.7 TBq/storm.

The estimated outflow of sediment and plutonium from the Mururoa lagoon to the open ocean
is summarised in Table I. The dominant release of plutonium will occur during storm conditions. Due
to some not precisely known data (thickness of sediment cover on the bottom, topography of the atoll
rim) and to some rough estimations in the calculations (empirical formulae for calculation of the
overtopping of the rim due to storm surge and waves) the estimates of the outflow of sediments and
plutonium are considered to be accurate to within a factor of three.

TABLE I: SEDIMENT AND PLUTONIUM OUTFLOW FROM MURUROA LAGOON

Through pass
Over SE rim
TOTAL

Wind-tide
Sediment
(t/year)
8xl(f

8xlO 4

case
239+240pu

(Bq/y)
8xlO9

8xlO 9

Sediment
(t/storm)
7.2x10*
3.2 xlO6

3.9 x 106

Storm case
239+240pu

(Bq/storm)
3.6x10"
3.3x10"
6.9 x 10"
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