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PSI CONTRIBUTION TO THE IAEA STUDY ON THE RADIOLOGICAL SITUATION AT
THE ATOLLS OF MURUROA AND FANGATAUFA

W. Pfingsten, J. Hadermann

Upon the definitive end of the French atomic bomb tests in the South Pacific, the International Atomic
Energy Agency (IAEA) was asked to evaluate the radiological situation at the atolls of Mururoa and
Fangataufa. The IAEA put up various working groups and invited PSI to participate in the group of
geosphere radionuclide transport. Together with the other members of the Working Group, PSI developed
models, performed calculations and assessed the radionuclide releases from the various sources and the
transport of radionuclides through the geological layers. There were 137 underground sources at Mururoa
and 10 at Fangataufa. Release via the groundwater has been assessed for radionuclides which were
judged of potential importance, 35 in number. Certain nuclides, notably 3H, 90Sr, "7Cs and239Pu were inves-
tigated in more detail. Data and, partially, model uncertainty was handled by varying the parameters and by
comparing differing model concepts. In cases of lack of data', assumptions were made such that nuclide
fluxes are deemed to be overestimated. Calculated results could partially be checked against experimental
information. Radionuclide concentrations observed at various test sites are consistent with results from the
solution source term model. Calculated releases to the lagoon are generally consistent with measurements.
The analysis of all test categories has shown that the radionuclide release to either the lagoon or the ocean
is dominated by a few tests.

1 INTRODUCTION

After the definitive end of the French atomic bomb
tests on the atolls Mururoa and Fangataufa, the Inter-
national Atomic Energy Agency (IAEA) and the Inter-
national Geomechanical Commission (IGC) were
asked for an independent, wide-ranging and objective
study on the impacts of the tests on both atolls. In
addition to the assessment of the present radiological
situation, assessment of long term effects was also
requested. IGC was responsible for analysis of the
rock stability and hydrology under the impact of the
tests. The various IGC and IAEA working groups
made an assessment of radionuclide inventories at the
test sites, how radionuclides are released from the test
sites, how they are transported with the circulating
groundwater to the atoll surface, and- how they are

distributed into the marine biosystem. The goal of the
IAEA Study [1] is to allow for an estimate on the po-
tential radiation burden for the next 10000 years, and
to review critically the French investigations to these
topics. The Waste Management Laboratory at the Paul
Scherrer Institute, Switzerland was invited by IAEA to
investigate release and transport of radionuclides.

Transport via the groundwater is the only natural
mechanism by which radionuclides from the explosion
cavities can reach the biosphere ([1], Vol. 4). Determi-
nation of the natural rate of movement of groundwater
through the geosphere and how the flow is changed
by the explosions - in particular, the effects of the
thermal drive produced by the heat energy generated
by the explosion - is an essential first step towards
establishing the rate at which the radionuclides will
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Fig. 1: Schematic view of the geological layers, important features, groundwater flow and the 7 different categories
of tests performed at the atolls of Mururoa and Fangataufa. Cat. ©: 121 'normal' tests; cat. ©: 4 'leaky' tests
(Enee, Lycos, Megaree and Nestor), where the volcanic cover on top of the chimneys did not perform as ex-
pected; cat. (D: 12 tests (CRTV), where the chimney reaches the top of the volcanics; cat. ©: 3 safety trials
in the carbonates; cat. ©: 4 safety trials without nuclear yield in the carbonates; cat. ©: 3 safety trials without
nuclear yield in the volcanics; cat. ®: 239Pu release from 2,1200m deep waste shafts.
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move towards the biosphere. Hydrology studies by
IGC summarised in [1], Vol. 4, yielded specific dis-
charges to be used in the evaluation of the solution
source term and radionuclide transport. Radionuclides
can undergo a variety of chemical and physical reac-
tions and processes as they come into contact with the
solid and liquid phases that make up the saturated
rock mass. Although these reactions and processes
are not all well understood, the net result is that some
radionuclides may effectively be released at lower
rates from the site of the source, and move through
the geosphere at a much lower rate than the ground-
water i.e. the radionuclides are retarded relative to the
groundwater. Chemical and physical interactions be-
tween the rock and the radionuclides can be strongly
dependent on both the magnitude and chemical nature
of the surfaces with which the radionuclides come into
contact. Sorption processes are described here by a
linear isotherm, i.e. a constant distribution coefficient.

Based on considerations of inventory, half-life, sorption
properties, and toxicity, 35 radionuclides were consid-
ered as contributors to the overall release (Tab. 2).
The estimation of the solution source term, the radio-
nuclide concentration in the water leaving the chimney
or the vicinity of a safety test (cat. 5 or 6) is described
in chapter 2. Particular attention is paid to plutonium,
95% of which is assumed to be initially immobilised in
the lava. (5% is assumed to be either "splashed" onto
the rubble as the collapsing rock falls into the pool of
molten lava, or in solution in the chimney water.) This
is especially important for the nuclide 239 Pu that has a
half-life of 24,000 years and so will persist for a long
period. Although initially mostly trapped in the solidified
lava, the plutonium will become available for solution
as the lava is leached over time.

Two factors influence the transport of radionuclides
through a geologic medium [2]: The mechanisms and
processes such as sorption and the geometry of the
pathways. The water conducting features might be
connected pore spaces or fractures. The first case
leads, in its simplest form, to single porosity models
when the pore distribution in the rock is more or less
uniform. Single porosity models are popular because
of their simplicity, and the ability to obtain analytical
solutions for simple boundary value problems. A single
porosity model was used by PSI for analysis of radio-
nuclide migration through the carbonates [3].

The single porosity model is not an adequate repre-
sentation of transport where flow occurs predominantly
along discrete fractures with preferred orientation, and
where much of the porosity (within the much more
conductive fracture network) is 'dead volume' contain-
ing stagnant water. The dual porosity model was intro-
duced to account for flow in such systems. In this
model, the fluid phase is divided into a mobile (through
the fractures) and an immobile component (the porous
matrix). Interchange between the mobile and immobile
phases and transport in the immobile phase occur only
by molecular diffusion. Sorbing nuclides interact with

the large specific surfaces of the rock matrix, but also
non-sorbing nuclides are retarded with respect to wa-
ter flow in the fractures by diffusion into the stagnant
waters of the rock matrix.

The dual porosity model has been chosen for model-
ling radionuclide transport through the volcanic rocks
in the study because of their intensively fractured na-
ture. It is possible that the fracturing could be suffi-
ciently pervasive that the rock mass tends to behave
effectively as a homogeneously permeable medium, to
which a single porosity may be applicable. However,
for similar circumstances, double porosity or fracture
flow models lead to higher water velocities and tend to
predict earlier release of radionuclides, with less retar-
dation than predicted by the single porosity models. It
was felt, therefore, that the dual porosity model, by
over-predicting releases, would be a conservative way
to estimate releases to the biosphere at Mururoa and
Fangataufa.

2 THE SOURCE TERM FOR GEOSPHERE
TRANSPORT CALCULATIONS

Depending on the type of test performed, various test
categories had been defined (Fig. 1) to take into ac-
count test specific properties relevant for the solution
source term and the transport calculations. For radio-
nuclides in the cavity water, two sources contribute to
this release rate:

• the radionuclides dispersed in the chimney and,
for a subset of elements, sorbed on the rubble.

• the radionuclides incorporated into the lava me-
niscus at the bottom of the chimney.

For tests without nuclear yield and the waste shafts
where waste was deposited, no cavity developed and
the solution source was based on a solubility limited
radionuclide concentration.

2.1 Release of radionuclides initially dispersed in
the chimney

After a nuclear test (cat. 1 to 4), radionuclides that are
not incorporated into the lava meniscus are initially
dispersed in the chimney. We assume a homogene-
ous distribution within the chimney brought about by
convection cells during the initial thermal phase. The
radionuclides are distributed between the liquid phase
and the rubble surfaces, according to a sorption distri-
bution ratio, KD.

Based on the results of hydraulic modelling ([1], Vol. 4,
Sect. 3) we assume that the chimney can be consid-
ered as a well mixed compartment due to differences
in hydraulic conductivity and temperature and hydrau-
lic heads, the flow field in the chimney area behaves
as a convection cell with a net outflow of nuclide con-
taminated water at its top and a net inflow in the lower
part of the chimney (see Fig. 2). The well-mixed as-
sumption is a key one in the sense that fresh water
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entering from the chimney bottom and sides contrib-
utes to instantaneous dilution in the chimney [3]1.

X=Z+vD/(hp{\-s)KD (5)
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Fig. 2: Conceptual model for source term calculation
for nuclear tests. A chimney is created con-
taining rubble (crushed volcanic rock with
higher porosity and hydraulic conductivity) and
molten volcanic rock (lava) at its bottom. The
geometry of the chimney is a function of the
test yield Y (radius ftc=12V"3, height h=5R).
Water flow velocities are results from hydrau-
lic modelling.

The concentration in chimney water is given by

A
C =

VER'
(1)

where A is the nuclide's activity in the chimney, Vthe
chimney volume, e its porosity, and R the retardation
factor, given by

(2)

Here, p is the rock density and KD is the liquid-solid
equilibrium distribution ratio. From mass balance con-
siderations we deduce the following relationship for the
change in chimney concentration with time

dC

c, (3)

where h is the chimney height, X the decay constant,
and vD the specific discharge (or Darcy velocity) from
the chimney. The first term on the right describes ra-
dioactive decay within the chimney; the second term
the removal of activity in the chimney by advection.
The solution to Eq. 3 is readily found to be

C = Coe-Xt, (4)

where Co is the initial concentration in chimney water,
Eq. (1)att = O, and

1 A second model, describing plug flow through the chim-
ney, has also been investigated. The differences are
minor.

Table 1 : Comparison of decay constant X and modi-

fied constant X (Eq. 5) for the values

h = 400m, p = 2430 kg/m3 and 8 = 0.3 [5].

nuclide

3H

90Sr

129|

135Cs

137Cs

237Np

239pu

240pu

2 4 1Am

decay
constant
X[yf1]

5.622-10"2

2.39-10"2

4.332-10"8

3.013-10"7

2.31-10"2

3.300-10"7

2.875-10"5

1.060-10"4

1.604-10"3

sorption
coefficient
KD[m3/kg]

0

0.01

0.

0.3

0.3

0.2

0.5

0.5

0.5

decay constant modified by
sorption and Darcy flow

X [yri]

vD=10'1m/y

5.75 ' lO-2

2.39 • 10"2

8.33 • 10"4

7.91 • 10"7

2.31 ' 10-2

1.06 • 10"6

2.90 • 10'5

1 .06 -10 4

1.60-10"3

vD=1m/y

6 .50 ' 10"2

2.40 • 10"2

8.33 ' 10"3

5.20 • 10"6

2.31 * 10-2

7.67 • 10"6

3.17 • 10"5

1.09 • 10"4

1.61 ' 10'3

v D = 10 mfy

1.40-10"1

2.53 • 10'2

8.33 • 10"2

4.93 • 10"5

2.31 • 10-2

7.38 • 10"5

5.81 ' 10"5

1.35-10"4

1.63-10"3

Obviously, the second term on the right hand side of
Eq. 5 is a modification to the radioactive decay term X
and which depends on the rate of water flow through
the chimney. It is seen (Tab. 1) that X differs from X
only for very long-lived sorbing nuclides (for the pa-
rameters assumed). This means that most of the ac-
tivity of the sorbing radionuclides decays within the
chimney and is not transported to the surrounding
rock. This is especially the case for most of the short-
lived nuclei. For non-sorbing nuclides, the situation is
different; even short-lived tritium is transported out of
the chimney in appreciable amounts.

The model has two main weaknesses,
(i) It assumes sorption equilibrium between the liquid
phase and the bulk rock in the chimney. The size of
the blocks of rock in the rubble chimney varies consid-
erably, so that considerable time may be required
before overall equilibrium is reached. It is not possible,
given the lack of details of the chimney rubble sizes,
and associated sorption process to quantify the time
required to achieve equilibrium. In the assessment,
this uncertainty is compensated to some extent, by
neglecting irreversible sorption and choosing relatively
low /^-values.

(ii) The source term model and the double porosity
model used for the transport calculations assume a
constant rate of water flow into the overlying rocks. In
reality, temperature increases in the vicinity of each
explosion and that increases the upward component of
the natural groundwater velocity. The increase de-
clines exponentially as the heat is dissipated. In the
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volcanic rocks the pre-test velocity of 8 mm/yr, for
cat. 1 tests, is increased to between 0.1 m/yr to
1.3 m/yr during the first year, before reducing to about
half of this value after 10yr and to approximately
3 cm/yr after 500 years. The velocity in the carbonates
above the volcanics is not significantly affected by
these tests. For cat. 2 or 3 tests, the initial velocities
are increased by a factor of almost 50, and the veloci-
ties in the carbonates increase from 2 m/yr prior to the
tests, to the order of 60 m/yr after one year, declining
to 5 m/yr after 500 years ([1], Vol. 4, Sect. 3). For the
assessment a conservatively high specific discharge
has been selected.

Eq. 3 is valid for a single decaying nuclide, only. For
the actinides, which are members of decay chains, it
has to be modified to

dC'
dt

Vn

R' h-E-R'
(6)

where / now denotes the nuclide in a decay chain

This is a system of modified Bateman equations, for
which an analytical solution can be obtained [4].

2.2 Radionuclide release from the iava

The lava is assumed to consist of uniformly sized
spheres with a constant dissolution rate and a congru-
ent release of nuclides [4]. With these assumptions the
release rate is given by

Vava/t\_ i- Javait), (7)

where L is the leaching rate, pL is the lava density,
S(t) and V(t) are, respectively, the surface area and
volume of the lava spheres, and Alava(t) is the nu-
clide inventory in the lava. The activity balance can
then be written

dAlava

dt
3 A'ava(t)-AAlava

Z-t
for t<z. (8)

Here, z = pLr0 IL is the lava lifetime and r0 the initial

radius of the lava spheres. The analytical solution is

Alava(t)=-
3Alava(t = < t_

T
e~xt for t<r. 0)

The nuclides released from the lava are assumed to
be distributed instantaneously and homogeneously
between the liquid and solid phase in the chimney
according to the sorption ratio KD. This is a very con-
servative approach for those nuclides that are strongly
sorbing since their transport to the top of the chimney
would, in reality, require considerable time.

Taking the French estimates (pL = 2430kg / m3,

L = 3 • 10"6 kg I m2 I yr and r0 = 5 • 10"4 m) which are

considered to be reasonably conservative (i.e., will
over-estimate the rate of dissolution), one calculates a
lava lifetime of 405,000 years2. Thus, release from the
lava continues over very long times.

2.3 Combined release and boundary condition to
geosphere transport calculations

The total concentration of radionuclides in the chimney
water is determined by contributions from both the
dissolving lava (if there is any) and the rubble in the
water-filled chimney (Fig. 2). Thus, the mass balance
equation for the concentration of an individual nuclide
(Eq. 3) in the chimney includes an additional source
term Alava(t), Eq. 9, to take into account the lava con-
tribution. The mass balance equation for the total ac-
tivity in the chimney, sorbed on the rubble and in the
chimney water, A^, may then be written

dAch

dt
= -XAcn-Q-Con'm+A'ava{t). (10)

Again, Eq. 10 and its generalisation to decay chains
have analytic solutions. The derivation is straight-
forward but the expressions are too lengthy to be re-
produced here3.

Using the values of the parameters defined in Table 2,
the radionuclide concentration in the chimney is cal-
culated as a function of time for each nuclide; it de-
pends on the distribution ratio KD (Fig. 4), chimney
geometry parameters, Darcy velocity and the nuclide
inventory (Fig. 3) and its distribution between lava,
rubble and chimney water (Fig. 5). The concentrations
were used as input values for the transport calcula-
tions below. The nuclide release rate from the chimney
is calculated from Eq. 11, below, in accord with the
model assumptions and the mass balance as de-
scribed by Eq. 3. It indicates simply that the total re-
lease rate, j', is equal to the product of the volume of
groundwater leaving the chimney per unit time, and
the radionuclide concentration in that volume

Vn C . (11)

2 When comparing this lifetime to that of waste glass in a
deep geological repository, e.g., 150,000 years in Kristal-
lin-1 [6], p. 209, one should note that, except for an initial
period of some tens of years, the ambient temperatures in
an explosion cavity are considerably lower (around 20° C
compared to around 60° C in the repository), but the sur-
face to volume ratio of the lava spheres is higher. In addi-
tion, for the waste repository, the backfill bentonite con-
stitutes a silica sink, further increasing the leach rate.

3 The reader is kindly referred to reference [3].
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Table 2: Radionuclides considered in the calculations with their nuclide dependent parameters.*3)

Nuclide
3H
14C

36fJl

55Fe

59Ni

60Co

63N|

79Se

9°Sr
93Zr

"Tc
106Ru

107pd

121Sn
125Sb
126Sn
129|

134Cs
135Cs

137Cs
147Pm
^Sm
152Eu

154Eu

155Eu

236y

237Np

238pu

239pu

240pu

241pu

241Am

242pu

229Th
233U

Half-life [yr]

12.33

5730

301'000

2.73

76'000

5.27

100.1

650'000

28.78

1.53-106

21V100
1.023

6.5 106

55

2.758
100'000

15.7-106

2.06

2.3-106

30.1
2.62

90
13.54

8.60

4.76

3.42-106

2.14-106

87.7

24*110
6'564

14.35
432.1

373'300
7J880
1.592-105

Inventory [TBq] for different tests yields [kt]'b'

5

1300

0.2

0.0016

76
0.006

200

0.75

1.5 10"5

11

410-4

0.0045

680

0.001
0.0029

10

4.2-10'4

1.5-10"5

0.077

5.2 • 10"4

35

110

1.4
2.8

0.55

7

7.2-10"4

5.6-10"4

1.6
7.9

2.1

85
2.7

6-10"5

chain
members

25

2668

114.1

156.1

7.9

60

5256

302

365.7

7.9

100

8200

0.25

0.045

1500
0.12

4100

15

3.9-10-4

520

0.011

0.083
2700

0.0035

0.0038

120

0.0043

1.7-10"4

0.1

0.0085

600

2400

15

56
11

36
0.0026

0.0042

1.6
7.9

2.1

85
2.7

6-10"5

chain
members

Enee

4770

265

318

7.9

Lycos

7134

0.25

0.039

1305
0.1

3567

13.05

3.4-10-4

452

0.0096

0.072

2349
0.003

0.0033

104.4

0.0037

1.7-10"4

0.1

0.0074

522

2088

13.05
48.7

9.6

31

0.0023

0.0037

1.6

7.9
2.1

85
2.7

6-10"5

chain
members

Megaree

4860

270

324

7.9

Nestor

4230

235

282

7.9

KD[m3/kg](c>

0

0

0

0.01/0.03

0.01/0.03

0.01/0.03
0.01/0.03

0/0.01

0.008/0.1

0.5

0/0.01

0.01/0.03
0.05

0.01/0.03

0/0.01

0.01/0.03

0

0.3

0.3

0.3
0.05

0.05

0.05

0.05

0.05

0.01

0.2/0.5

0.5

0.5

0.5
0.5
0.05

0.5

0.01
0.01

a) A blank space in the table indicates that for these tests and nuclides no calculations were performed.
b) kt is kiloton TNT equivalent.
c) The first value is the base case value; the second value is a variation.

T h e calculat ions for tests in the volcanics were done
for yield c lusters of 5 kt, 25 kt, 60 kt and 100 kt tests
conducted at nominal depths of vo lcanic cover be-
tween 25m and 250m. For some parameter variations,
generic calculations were also performed for yields of
10kt and 150kt, respectively [3].

2.4 Results and discussion

From the comprehensive results presented in refer-
ence [3], we briefly discuss a few specific nuclei and
mention only the salient features of the others.

For 3H, the specific discharge to the geosphere has
little influence because of the short half-life of this iso-
tope (Fig. 3). The same is true for the other isotopes of
short half-life (e.g. 90Sr). For 90Sr (Fig. 4) or 137Cs the
source term is fully dominated by the contribution from
rubble; contributions from lava can be neglected since
those nuclides will decay within the lava. For 239Pu, the
contribution from rubble inventory dominates for the
first 1000 years, whereas at later times the lava contri-
bution becomes more important and eventually domi-
nates (Fig. 5).
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Fig. 3: 3H source concentration as a function of yield.
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Fig. 4: Sr source concentration as a function KD and

test yield.
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Fig. 5: 239Pu source concentration as a function of

radionuclide distribution between rubble (5%)
and lava (95%).

For the other isotopes, some general conclusions can
be drawn. For isotopes with short half-lives the contri-
bution of the lava to radionuclide concentrations in the
chimney water can be neglected. These short-lived
isotopes are ^Fe, 60Co, BNi, 90Sr, 106Ru, 125Sb, 134Cs,
137Cs, 147Pm, 151Sm, 152Eu, 154Eu, 155Eu, 238Pu, 241Pu and
241 Am (see App. B and H in [3]). For those with longer
half-lives, the lava contribution dominates at large

times (79Se, *Tc, 126Sn, 129I, 236U, 237Np, 239Pu and 240Pu,
see [3], App. B and H). Varying the sorption distribu-
tion ratio KD affects the chimney concentration directly,
for example for 90Sr (Fig. 4) The lower KD, the less
activity is sorbed and the higher the chimney concen-
tration.

In general, it is seen that the rubble inventory starts to
decrease significantly (provided that half-life is long
enough) at times comparable to the time that the nu-
clide resides in the chimney, which is given by

02)tw=e-hR/vL

while the lava contribution extends to the lifetime T of
the lava, as defined earlier. There are two main differ-
ences between the present approach and that which
had been used by the French scientists in describing
the source term:

(i) the contribution of Pu and Am from the rubble
dominates over that from the lava,

(ii) the sorption distribution ratio used by French
scientists is appreciably higher.

The model concept and implied results can be partially
tested by comparing with experimental data. Meas-
urements of the concentrations of 3H, 90Sr and 137Cs in
the chimney have been made by French scientists for
some of the tests4. These are compared to the present
calculations (Tab. 3).

Table 3: Comparison of French measurements in
chimney water with results of present cal-
culations. (Concentrations in Bq/m3.)

Nuclide

3H
9°Sr

137Cs

LYCOS

5.5-109

4-105

1.4-105

Measured at test sites [7

ARISTEE

1010

8-105

2-105

BOROS

4-108

107

2-106

AJAX

-

7-105

1.3-106

Calculated initial
concentration

1010

6-105/8-106

2.5-105

The LYCOS and ARISTEE tests are confined within
the volcanics; the calculated concentration agrees well
with measurements. BOROS and AJAX are CRTV
tests. The concentrations calculated for these two
tests underpredict the measured 137Cs concentration
for BOROS. The reasons for this difference are un-
clear: actual sorption coefficients might be lower than
assumed; sorption equilibrium in the chimney may not
have been reached; the chimney volume may have
been smaller than expected. However, since the com-
parison is made without any free fit parameters and
the calculation is for a generic test of 100kt with ge-
neric parameters, the agreement is considered to be
satisfactory. Some idea of the natural variation in
sorption can be seen from the comparison presented
in [1], Vol. 2, p. 88, exhibiting a factor of about 10 dif-

4 On-site measurements within the IAEA Study have cor-
roborated these results.



85

ference for Cs sorption distribution ratio evaluated
from measurements at two different test sites.

2.4 Release of plutonium from the safety trials
without nuclear yield

It is appropriate to consider the release of Pu from the
safety trials without nuclear yield as a special case.
Due to the amount of Pu at the source and the rela-
tively low groundwater flow, the release is assumed to
be solubility limited and the nuclide flux, jPu, into the
geosphere is given by

jPu=QCL. (13)

where CL is the solubility limit; two values were used:

10'9 mol/l or 10'7 mol/l, respectively. The inventory of a
safety trial is fixed at 4 kg of 239Pu. The total water flow
Q at the source was calculated as follows: The Darcy
velocity was taken to be 2 m/yr (with alternative values
of 10 and 100 m/yr). The area A through which the
water (coming into contact with the Plutonium con-
taminated region) flows was estimated to be approxi-
mately 20 m2 (see Fig. 6).The total mass M and nu-
clide flow, Eq. 13, are related through conservation of
mass. If radioactive decay can be neglected, the sim-
ple relationship holds

\QCL dt=M (14)

which defines the leach time T. In the actual calcula-
tions, radioactive decay was considered; this is in fact
important when the low solubility limit is taken, i.e.
when the period of release is long compared to the
half-life of the plutonium. The time dependence of 239Pu
inventory at the test location is shown in Fig. 7 for
various Darcy velocities and two solubility limits. Note
that the amount released from the volume scales line-
arly with solubility limit, Darcy velocity and area A.

damaged area in tfie carbonates?{ieca) safety test shaft

Q

groundwater flow lines contaminated groundwater

Fig. 6: For safety tests without nuclear explosion no
lava is created, a zone of higher conductivity
than the original rock is assumed to be created
in the vicinity of a non-nuclear explosion. Pu,
the only nuclide taken into account for this test
category, is assumed to be solubility limited in
groundwater flowing through the disturbed
zone A with enhanced flow Q due to higher
hydraulic conductivity.
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Fig. 7: 239Pu inventory at a safety test location for
varying Darcy flow and Pu solubility limit.

3 GEOSPHERE TRANSPORT

Having established the source term, i.e., the flow of
each of the radionuclides out of the chimney, the next
step is to determine transport through the geosphere,
i.e., radionuclide movement from the top of the chim-
ney vertical through the volcanics (where appropriate),
and through the carbonates to either the lagoon or the
ocean.

3.1 Transport from the explosion cavities through
the volcanics

3.1.1 Model concept

Modelling of mass transport requires detailed consid-
eration of the geometry of the water carrying features
and also of the transport processes themselves.

From the evolution of the atolls it is clear that both the
volcanics and the carbonates contain many fractures
on varying scales (see [1], Vol.4, Sect. 2) and that
transport takes place in a fractured medium. This is a
fortiori the case in the neighbourhood of the chimney.
Therefore, a model for transport in a double porosity
medium - fracture porosity and rock matrix porosity,
respectively - is appropriate. In a double porosity me-
dium, transport in the fractures is relatively fast, and
retardation of the transported radionuclides is pro-
duced principally by diffusion into and possibly sorption
in the rock matrix [2].

Fig. 8 shows the geometric model together with the
base case values. Note that a fracture width of 1mm
and a fracture frequency of 10 per metre is assumed,
yielding a fracture porosity of 0.01 and a velocity of
water in the fractures that is 100 times the Darcy ve-
locity.
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fracture frequency fracture porosity fracture flow velocity

matrix depth fracture width long, dispersion length
0.0495m 2i = lmm aL = 2.5m [...,25m]

Fig. 8: The dual porosity model used to model radio-
nuclide transport. Parameter values given are
those for the base case calculations.

The transport equations, including decay and build-up
of radionuclides are given by Eqs. 15 and 16 [8]

dC1 1_
dt ~R>

2Cd2C
a,v-

-X C'

dC' £p Dp dC'p |

~V~lz"V~b !x~\*=b

R1
- C M

for transport in the fractures, and

an' * a2 n'
dL>D 1 ~ " ^o „; „ ; ,\
dT p dx2

(15)

(16)

for transport in the rock matrix5. The index p denotes
matrix quantities; aL is the longitudinal dispersivity, b
the fracture half-width, Dp the diffusion constant, and
Rp is defined by Eq. 2. The water velocity is given by

v=vDlsf, (17)

where ef is the fracture porosity, and can be calcu-

lated by the expression

£f=n-2b. (18)

where n is the fracture frequency (rn1).

In Eq. 18, 2b represents the hydraulic aperture,
whereas in Eq. 15, 2b is the mass transport aperture.
The values for these two quantities might differ [9] but
we assumed the same value. For all calculations, we
have neglected sorption on the fracture surfaces, i.e.
R'= 1, since the fracture surface is much smaller than
the inner matrix surfaces.

The assumed boundary conditions are as follows:
upstream, the nuclide flux is given by the source term;

5 Concentrations in the transport equations are in particle
units (e.g. mol/m3) and not in activity units (Bq/m3).

downstream, we assume infinite dilution in the carbon-
ates, and, within the matrix, a no-flow boundary at the
plane of symmetry between the two fractures (Fig. 8).

As mentioned above, matrix diffusion (and sorption
within the matrix) presents a powerful retardation
mechanism. Provided that the residence time in the
geosphere is long compared to the release time, and
the rock matrix does not become saturated with the
radionuclide in question, the retardation by matrix dif-
fusion A can be expressed as

-fro-a/v)-1 (19)

where L is the migration distance and the time shift r0

[10] is given by the expression

(20)

The code used to solve Eqs. 15 and 16, RANCHMD,
has one disadvantage: the water velocities v have to
be assumed constant6. For some years following an
explosion (up to several hundred of years for the high
yield tests), the actual velocity varies, decreasing ex-
ponentially from an initially high value. For this reason,
we have taken high values and parametrically varied v
in a broad range.

3.1.2 Parameters used

Site-specific information on the important parameters
is scarce. This is especially so for the parameters
characterising the flow paths. In this context, it is im-
portant to note that the solution to Eqs. 15 and 16 is
determined by four independent parameters. Hence, it
is more or less a matter of choice as to which of the
physical parameters to fix, and which to vary. We have
chosen to fix UaL= 10, where L is the transport dis-
tance in the volcanics. Though dispersion is not fully
understood, this seems to be a reasonably good
choice, based on a wealth of field experiments (see
e.g. [11]). We also decided to fix the fracture frequency
n= 10 m'1. The actual value of the fracture frequency
is unknown. The report [12], (p. 103), mentions fre-
quencies between 100/m and 25/m but such a high
frequency seems unlikely to be widespread ([7],
Doc. 5). We assume that all water is flowing through
these fractures. The fracture aperture was fixed at
26 = 0.001 m. This results in relatively fast advective
transport of radionuclides. Diffusion in the matrix was
fixed at Dp= 10'11 mVs, a value based on a wealth of
laboratory measurements, though not site-specific.
Sorption distribution ratios identical to those of the
chimney rubble (see Table 2) were used. There is no
reason to assume different values since the rock ma-
trix is of the same material (except for the possible

6 The code was developed primarily for nuclear waste
repository analysis, where groundwater flow velocities
tend to be more constant in time.
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existence of alteration layers in the water conducting
fractures in the rock-mass which would tend to en-
hance sorption). The parameters to be varied were (i)
Darcy velocity (ii), the depth of penetration for diffusion
into the matrix, and (iii) some of the sorption distribu-
tion ratios. As was the case for the source term, for the
four nuclides 3H, 90Sr, 137Cs and 239Pu detailed calcula-
tions were made over a wide range of parameters.

3.2 Transport through the carbonates

3.2.1 Model concept

The development of a model to describe radionuclide
transport through the carbonates is seriously limited
due to a lack of information on the geometrical struc-
ture of the flow paths, and a lack of understanding of
the influence of tidal effects in the karst layers in the
carbonates. There are, however, several possible
approaches that could be taken to estimate the flux of
radionuclides into the lagoon or the ocean, for
example:

(i) one could assume that transfer from the top of the
volcanics - or a source in the carbonates - to the la-
goon (or ocean) occurs instantaneously, i.e. there is
no delay in the carbonates. This is not an appealing
option. It is obviously incorrect physically, and neces-
sarily results in an unphysical result. Short-lived nu-
clides from cat. 2, 3, and 4 tests would be released to
the lagoon or the ocean instantaneously and contrib-
ute to the overall dose. However, it is well known from
experience that even a minor geologic barrier will re-
sult in the complete decay of these nuclides during
transport through the geosphere. Direct transfer to the
lagoon also contradicts the experimental evidence
from measurements in the lagoon (see [1]).

(ii) one could assume a mixing tank model for radio-
nuclide behaviour in the carbonates. This is discussed
in detail in [1], Vol. 4, Sect. 3 and App. II.

We have instead opted to use a standard one-
dimensional advection-dispersion single porosity
model in the absence of site-specific information on
fractures, and in view of the considerable uncertainty
concerning the influence of the karsts.

It should be noted that the one dimensional advection-
dispersion model must strongly overestimate the radio-
nuclide concentrations in the carbonates since dilution
by transverse dispersion and mixing with uncontami-
nated waters are not taken into account. Each of these
two mechanisms will reduce the concentrations. As a
net result of this simplifications and of using conserva-
tive parameters, the fluxes into the lagoon (or ocean,
depending on scenario) are overestimated.

3.2.2 Parameters used

Since there is very little data for the carbonates and
their natural variability, we have assumed a porosity of
30 % and a 'generic' thickness of 300 m for the car-
bonates even though the actual cover thickness is
variable. We have further assumed that the sorption

distribution ratios for the carbonates have the same
values as for the volcanics, since there are apparently
no reliable sorption data for carbonates in saline wa-
ters. The assumed Darcy velocities have been varied
between 1 m/yr and 100 m/yr.

3.3 Transport of plutonium from the safety trials
without nuclear yield

In their analysis, French scientists have assumed ([7],
Doc. 10), the existence of a 4 m thick diffusion barrier
in their analysis of Pu transport from the source. This
assumption seems to suggest that trials have been
conducted in a large rock block with a hydraulic con-
ductivity many (6 to 8) orders of magnitude lower than
the average conductivity of carbonates. No details
have been provided and so we consider the single
porosity advection dispersion model to be the most
rational to use. We also expect Pu would sorb onto the
carbonates; again, a value of KD = 0.5m3/kg is as-
sumed. This leads to very slow migration of Pu. During
the slow movement of the plume, the concentration
remains essentially at the solubility limit.

A Pu concentration of 8 Bq/m3 was measured [7],
Doc. 8, at a distance of 10 m from a safety trial,
15 years after the trial. Using the single porosity
model, we have calculated (Fig. 9, for the high solubil-
ity limit) the nuclide breakthrough at various distances
from a source of Pu in the carbonates. After 15 years,
the breakthrough curve is still rising very steeply. This
part of the breakthrough curve is strongly dependant
on the actual choice of parameters. It turned out that a
low specific discharge is not compatible with the ob-
servations - but results with specific discharge
vD > 50m I yr are compatible and support the present

model concept.
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Fig. 9: Breakthrough curves for 239Pu for a safety test
without nuclear explosion at different distances
from the device and related measured value at
10 m distance (horizontal line); \/D=100m/yr,
CL(

239Pu)= 10"7mo///.
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3.4 The base case: results and discussion

We will discuss here the results in terms of release to
the carbonates and release to the lagoons. The dis-
cussion is based on the base case parameters, i.e. low
sorption distribution ratios and the following Darcy
velocities:

For cat. 1, 1 m/yr in the volcanics and the carbonates;
for cat. 2 and 3, 20 m/yr for nuclides 3H, 90Sr, 137Cs and
237Pu. (This is to take account of the initial thermal
pulse, to allow for a comparison with measured data
during this time span and in order to overestimate the
consequences, especially for these nuclides.) We as-
sume 2 m/yr for the other nuclides. We assume for
cat. 4, 2 m/yr, for cat. 5, 100 m/yr and for cat. 6 and 7,
1 m/yr in volcanics and carbonates. These values are
consistent with the results of the hydrological model-
ling but err on the conservative side.

For cat. 2, 3, and 4 tests, the nuclides are released
directly from the chimney into the carbonates.

The aim of the base case is to overestimate nuclide
release rates. The parameter variations performed
show that Darcy velocity, flow path characterisation,
migration distance and sorption distribution ratio have
a major influence on the results ([3], App. D and E).

Using these parameters for transport calculations we
assess the release to the biosphere for two scenarios
mentioned above: (a) release to the lagoon - this is the
realistic scenario, since water flow is towards the cen-
tre of the atoll; and (b) release to the ocean. Here the
assumption is that the carbonates do not present a
barrier to nuclide migration. Nuclides are assumed to
be transferred instantaneously by tidal mixing, in the
karst, to the ocean when they reach the top of the
volcanics. For tests in the carbonates the depth is
unknown, and a distance of 10 m to the karst is as-
sumed. In this scenario, the cat. 2 and 3 tests domi-
nate the releases because of the near complete lack of
a geological barrier. This scenario should be consid-
ered as an unrealistic worst case, except perhaps for
those tests which have been performed under the rim.
We note that releases to the ocean in scenario (b) are
identical to the releases to the carbonates in scenario
(a).

The total releases of the four isotopes of special con-
cern, 3H, 90Sr, 137Cs and 239Pu, to the biosphere at both
atolls have been calculated by summing the releases
from all test categories and assuming that all tests had
been performed at the same time7. The reasons be-
hind this simplification were a lack of information on
specific details such as exact location with yield and

7 Most of the dominant tests (cat. 2 and 3) had been per-
formed at Mururoa in between 1975 and 1980, except for
Megaree (1985), at Mururoa, and Lycos (1989), at
Fangataufa. Therefore, zero point for the time axes in the
figures is 1975 for Mururoa and 1989 for Fangataufa,
respectively.

inventory as well as of site data. The same reason led
us to define clusters of tests of different yield (5 kt,
25 kt, 60 kt and 100 kt, Tab. 2) for all the cat. 1 tests.
For each of the four yield classes, several representa-
tive depths in the volcanics were chosen: (5kt tests at
25 m, 75 m, 100 m, 150 m and 250 m; 25 kt tests at
75 m, 150 m and 250 m, 60 kt at 75 m, 150 m and
250 m; 100 kt at 150 m and 250 m). In this way the
migration distance in the volcanics is underestimated
for each test. With this clustering of tests, the exact
dates of the original test are no longer relevant.

Considering that, in the base case, conservative pa-
rameters have been chosen, this procedure leads to
an overestimate of peak releases to ocean or lagoon.
For sorbing nuclides where the travel time from the
cavity to the ocean or lagoon is long compared to the
period in which the underground nuclear tests had
been performed, the influence of this approximation is
negligible. It is especially conservative for non-sorbing
species with relatively short migration times, for exam-
ple for 3H or 36CI, because the temporal distribution of
tests will smear out the releases to the ocean or to the
lagoon and will lower the peak releases. The total
release period will be slightly longer. Both effects were
demonstrated for tritium [3].

We will now present as examples results for 3H, 9°Sr,
137Cs and 239Pu (Figs. 10 to 13) and discuss some gen-
eral features.

Tritium releases for the first decades are dominated by
cat. 2 and cat. 3 tests at both atolls, Fangataufa and
Mururoa (Fig. 10). The peak release has already oc-
curred in the past, in agreement with the observed
lagoon concentrations (see [1], Vol. 2, Fig. 51). How-
ever, when comparing with measured data, we over-
estimate the fluxes to the lagoon (by about a factor of
10). Measurements of concentrations in the lagoon do
not show the strong decrease seen in the calculations:
This difference is only partially attributable to the
above-mentioned neglect of different test times.

The 90Sr isotope is relatively short-lived (about 30
years half-life) and sorbing. Retardation in almost any
geological barrier is sufficient to reduce the break-
through significantly. Consequently, the releases to the
carbonates (and thus to the ocean) are dominated by
cat. 2 and cat. 3 tests. For the lagoon scenario
(Fig. 11) we see that 90Sr still remains contained in the
carbonates with breakthrough to be expected only
several decades from today. This implies that the con-
centrations measured in the lagoons (see [1], Vol. 2,
Figs. 52 and 59) are a relic of the atmospheric tests.
Neglecting sorption on lagoon sediments or assuming
that sorption sites become saturated over time, we
would calculate a maximum concentration in the
Mururoa lagoon of 1 Bq/m3, in 100 years . The same
order of magnitude applies for Fangataufa. This value,
a gross overestimate, is similar to the present day
concentrations in the lagoons. The contribution of
'normal tests' can be neglected.
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Fig. 11: 90Sr breakthrough curves at Mururoa: For
'normal' tests at the top of the volcanics; for
Enee, Megaree, Nestor and CRTV tests
calculated for a "300m consistency carbon-
ate cover".

The 137Cs isotope is also relatively short-lived, but more
strongly sorbing than Sr. As a consequence, almost
any geological barrier deserving of the name will re-
duce the break-through of Cs to an insignificant level.
No break-through to the lagoon has been observed.
All 137Cs is retained in the carbonates and decays
there. Consequently, the measured concentrations
(see [1], Vol. 2, Figs. 53 and 60) are interpreted as
relics of the atmospheric tests.

The Z39Pu isotope has three properties which differen-
tiate it from the other three important nuclides. (i) It is
relatively long-lived, (ii) it sorbs appreciably and (iii) the
major part of the inventory is in the lava. As a conse-
quence the release to the geosphere extends over
very long times. The early release is dominated by the
cat. 3 tests and, to a lesser extent, by cat. 2 and cat. 4
tests (Fig. 13). For times greater than a few 100 years,
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Fig. 12: 137Cs breakthrough curves for different tests
at the top of the volcanics.

releases from these tests are overestimated because
of the assumption of a constant high water flux through
the chimney and in the carbonates.

In the ocean scenario, over time scales from 1000 to
10000 years, cat. 4 tests dominate (Fig. 13, upper
part). This is a consequence of a high Pu solubility and
a 10 m migration distance to karst in the carbonates.
The breakthrough to the lagoon is later than 1000
years. Therefore, the presently measured Pu concen-
trations in the lagoons are, again, relics of the atmos-
pheric tests (see [1], Vol. 2, Figs. 55 and 62). The
releases to the lagoons are dominated by cat. 3 tests
(Mururoa) and the Lycos test (Fangataufa). It is to be
noted that cat. 5 tests do not contribute appreciably to
releases to the lagoon at Mururoa (Fig. 13, lower part).
The reason is that dispersion smears out the break-
through curve and the total Pu inventory for these tests
is small compared to the other categories.

For the other isotopes, release rates into the carbon-
ates were calculated for typical tests, i.e. for Lycos in
the volcanics, for a CRTV test and for two cat. 1 tests
at two different depths with different yields. From this it
was possible to estimate the total releases [3]. A scal-
ing procedure and summation lead to an estimate of
release rates to the lagoons. These estimates are
reasonable with respect to maximum release rates but
yield a too rapid decrease (which is deemed to be of
minor importance).

The other isotopes may be divided into two classes as
discussed in more detail in [3]: non-sorbing and sorb-
ing nuclides. For non-sorbing nuclides, MC, 36CI, 79Se,
"Tc, 125Sb and 128I, a Darcy velocity of 20 m/yr for cat. 2
and 3 tests leads to a rapid transfer out of the chimney
and the contribution from lava leaching, if any, can be
neglected.



90

1E+12

1E+11 -•

1E+10-

lE-tS -

1E+7-

1E+9

1E+S

IE+7

1E+6

1E+5-]

1E44-J

1E+3-.

1 E + 2 - ,

1E+1

IIJ i i | i • i n i i i j . i n i i i i | i i i t i n i j

a39Pu release into the carbonates at Mururoa

- total

normal tests / / , \ V

Enet

/ I
12CRTV

— Safety tests, carbonates/

— Safety tests? carb., no nucl. yield

— Safety teste. vole, no nulc. yield

1E+1 1E+2 1E+3 1E+4 1E-t5
time [yr]

"1 ' ' """I • ' """I "'I ' I
239Pu release into the lagoon at Mururoa

Enee

Megaree

Nestor

12CRTV

3 safety tests, caitoonates

Safety tests, cart)., no nucl. yield

Safety tests, vole, no nucl. yield,

rnni(— 1
1E+3

time [yr]

TT1I|

1E+4

Fig. 13: 239Pu release into the carbonates and the
lagoon at Mururoa for different tests.

Likewise, the transfer through the carbonates into the
lagoon is rapid. These nuclides are all much longer
lived than 3H, and so the full inventory is transported
(neglecting the lava contribution) to either the lagoon
or the ocean. In principle, the rubble portion of the
inventory exhibits the same shape as the 3H break-
through curves and in particular the maximum release
has occurred in the past. No measurements of con-
centrations in the lagoon are available.

For the sorbing isotopes, wherever two values are
given in Table 2 we have chosen, for the base case,
the lower sorption distribution ratio in order to overes-
timate the fluxes into the carbonates and into the la-
goon. Since even a small sorption distribution ratio
delays transport appreciably, and advective transport
is slower after a few 100 years when the thermal
phase is over, we have assumed a Darcy velocity of
2 m/yr in the carbonates. The short-lived nuclides 65Fe,
60Co, "Ni, 106Ru, 121Sm, 134Cs, 147Pm, 15lSm, 152Eu, 154Eu,
15SEu, 23ePu, 241Pu and 241Am do not survive transport in
the carbonates, but the inventory transferred to the
carbonates from cat. 2 and 3 tests in the first years
following the tests might be appreciable.

For the long-lived nuclides 59Ni, 93Zr, 107Pd, 126Sm, 135Cs,
236U, 237Np, and 242Pu, the release rates into the lagoon
are very low. The same is true for the actinide chain
241 Am, 237Np, 233U and 229Th.

4 CONCLUSIONS

It is not possible to quantitatively estimate the con-
servatism contained in the results presented. It should
be remembered that very little site-specific information
is available; model parameter values have been as-
sumed with no consideration of temporal or spatial
variability, and - most importantly - the transport model
concepts have not been tested in the context of the
atolls. The model concepts are, however, based on a
huge amount of work done in the context of civilian
radioactive waste disposal. The intention of the base
case calculations was to overestimate the conse-
quences by using a conservative method and pa-
rameter values, while avoiding the mistake of building
conservatism upon conservatism such that the end
result becomes totally unrealistic.

Recognising these limitations of the modelling calcula-
tions, we think that the releases presented here are
reasonable estimates of the overall radionuclide re-
leases to the biosphere8.

Although direct evidence with which to test the validity
of the modelling assumptions and the predictions is
limited, several encouraging confirmations have been
established:

Radionuclide concentrations in the chimneys observed
by the French scientists and during the IAEA sampling
within the study are not inconsistent with those calcu-
lated.

Pu concentration measurements in the vicinity of a
safety trial indicate strong retardation of Pu in the car-
bonates and are consistent with the calculated results.
Predicted radionuclide releases to the lagoons are
generally consistent with the concentrations measured
by the French scientists and in the recent IAEA sam-
pling campaign.
3H and the other non-sorbing radionuclides form an
underground source for the lagoon presently, but their
release will decrease from present-day values.

Sorbing nuclides will break through to the lagoon in the
future if their half-life is sufficiently long, albeit at a low
level.

Pu and other strongly sorbing nuclides will be confined
in the carbonates for very long times.

8 For the reader it might be of interest that the bottom line
of the Study was: Additional doses from the underground
nuclear tests are far below the natural background doses
at the atolls. No remedial action is needed on radiological
protection grounds. This is in marked contrast to nuclear
test sites elsewhere.
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