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1-129/ Sellafield / La Hague /1291/ Atmospheric transport

Summary. 1291 concentrations in precipitation at Düben-

dorf/Zürich, Switzerland, have been detem1ined with monthly

resolution for a1most three years in the mid 1990s. The results

confirm that annual mean '291 concentrations jn precjpjtatjon

jn central Europe have remajned about constant sjnce the late

1980s. Ljqujd and gaseous emissions from the nuclear fuel

reprocessing plants at Sellafield and La Hague are discussed

as the only possible sources of 1291 in precipitation in central

Europe. Based on an upper limit estimate for iodine trans-

ferred from the sea to the atmosphere, the gaseous discharges

constitute the potentially bigger 1291 reservoir for precipita-

tion. Moreover, the time dependence of the annua1 gaseous

1291 releases from Sel1afield and La Hague correlates much

better with the 1291 concentrations in precipitatjon in centra1

Europe since the late 1980s than does the time dependence of

the liquid emissions from these sjtes. At monthly resolution,

the 1291 concentrations in the precipitation sampIes close to

Zürich exhibit a large variability. A meteorologica1 transport

analysis was carried out for four selected months with partic-

ularly low or high observed 1291 concentrations. It was found

that meteorologjcal transport alone, based upon assimilated

wind fields and observed precipitation values, can not direct1y

account for the large month-to-month variability.

1. Introduction

1291 is a long-lived (TII2 = 15.7 Ma) radionuc1ide whose

abundances in the environment have been elevated by sev-

era1 orders of magnitude by human action. The main sources

of the prenuclear 1291 inventory are spontaneous fission of

uranium in the 1ithosphere and interaction of cosmic ray

particles with xenon in the upper atmosphere. The prenu-

clear equilibrium 129If271 ratio in the surface hydrosphere

has been determined from measurements of recent prenu-

clear marine sediments at levels around 1.5 x 10-12 [1]. This

prenuclear ratio has been drastica1ly enhanced due to the

anthropogenic ernissions primarily from nuclear fuel repro-

cessing plants, which are discussed in detail below. A review

of modem 1291t271 ratios in the environment is given by

Schrnidt et al. [2]. Here, only the nearly continuous increase

of 1291 concentrations in an ice core from the Swiss Alps

from 1950 to 1986 is mentioned [3,4]. A ca1culated mean

1291/121J ratio for the years 1983 to 1986 for that ice core is as

high as 5 x 10-8 assuming an iodine content of 1.75 ~g/kg,

a mean concentration ca1culated for precipitation in southem

Germany (see below). When these data from a high alti-

tude sampling site are compared to data from Bachhuber

and Bunzl [5] for rain in Bavaria/Germany 1988/89 with

1291/121J ratios from 6.2 x 10-7 to 9.6 x 10-7, a further dra-

matic increase can be seen. Then, the environmentalI291/121J

ratios in centra1 Europe seem to have remained stable in the

early 1990s [6,7]. In spite of the fact that a11 these 1291 abun-

dances far away from the ernission sources are not seen as

radiologica1ly hazardous to people, a detailed observation of

the trends of 1291 concentrations in Europe is considered ne-

cessary. This necessity has become even more important due

to the fact that one of the main sources of 1291 releases into

the environment in the 1980s -the nuclear fuel reprocess-

ing facility in La Hague -has increased its liquid discharges

of 1291 into the English Channel drastica1ly after 1988 [8]

whereas the liquid releases from Sellafield were increased

much less from 1988 to 1996 [9,10]. Moreover, as shown

in detail below, both reprocessing plants continue with their

1291 discharges at a very high level.

The equilibrium mass of natural1y produced mobile 1291

in the compartrnents atrnosphere, biosphere, and hydro-

sphere was estimated at 260 kg [II]. This reservoir was

enlarged by atrnospheric nuclear weapons tests. For these re-

leases, 1291 masses of 50 kg [12], 80 kg ([13, 14]) or 150 kg

([13, 15]) are pub1ished. Eisenbud and Gesell [13] give

1.9 GBq 1291 ernissions per megaton atrnospheric bombs. For

the yields of atrnospheric bomb tests, the estimates vary

from 276 megatons [14] to 547 megatons [15]. The Cher-

nobyl accident gave only rise to an atrnospheric ernission

of 1.3 kg 1291 [16]. In contrast, Hanford (nuclear fuel re-

processing plant in the north-westem USA) ernitted from

1944 to 1972 around 260 kg 1291 into the atrnosphere [ 17]

with high peak ernissions in the mid 1940s to early 1950s,
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transpari

Fig. I. Schematic illustration of some 1291 emission and immission data

as annual averages from 1991 to 1996.

when in the early part of that period the gaseous emis-

sions did not pass a filter. The largest additions to the mo-

bile 1291 reservoir have been due to the liquid releases of

the reprocessing plants at Sellafield (approximately 720 kg

from 1961-1997) [8,10] and at LaHague (approximately

1310kg from 1966 to 1996) [18]. Compared to these re-

leases the gaseous discharges into the atmosphere of the two

sites are relatively sma1l, with approximate1y 160 kg from

Sellafie1d (1952 to 1999 without 1993) [9,10] and 58 kg

from La Hague (1966 to 1996) [18]. However, it has to be

mentioned that the gaseous amount released from Sellafield

is only roughly known because of 1arge uncertainties in the

emission data for the 1950s [9] .Some important emission

and immission data for 1291 are shown illustratively in Fig. 1.

A1though from the sum of a11 these releases 1291/121J ratios

of only approximately 3 x l0-II would be expected if tota1

mixing of the mobile reservoirs of both isotopes took p1ace,

the elevating effect on the iodine isotopic ratio is around 5

to 6 orders of magnitude mainly due to the fact that the deep

sea, which constitutes the main mobile 121J reservoir has not

yet equilibrated with the anthropogenic 1291 emissions [19].

The main goa1s of the present work are to test the con-

stancy of 1291 concentrations in centra1 European rains in

the 1990s, and to strengthen the scarce data base of mod-

em 1291 concentrations in centra1 Europe. Likely reasons for

the large month-to-month variabi1ity of the 1291 concentra-

tions in precipitation close to Zürich were investigated by

applying a detailed meteorologica1 transport ana1ysis.

suring the destruction of organic iodine compounds has to

be emphasized because organic iodine compounds play an

important role in coastal rain [21], but also in rain water far

away from the coast [22].

The rain was collected over approximately one month

periods after addition of at least 3 mg iodide carrier in an

alkaline (NaOH), reducing (NaHSO3) solution to avoid any

evaporative losses of the carrier. Then, solid NaOH and

NaHSO3 were added until pH = 14 and a 0.05 molar bisul-

fite solution was reached. The strongly alkaline solution

is necessary to ensure that possibly present organic iodine

compounds are destroyed by hydrolysis whereas the bisulfite

results in the reduction of iodate and the iodine originating

from the organic compounds, to iodide. In addition, it pre-

vents any evaporative loss of elemental iodine. After shaking

the reducing, alkaline water for at least one day (shaking
table), the water was acidified with nitric acid to pH = 1

and sodium nitrite was added to oxidize the only iodine

species present -iodide -to iodine. Iodide was extracted

into chlorofonn and back-extracted into diluted bisulfite so-

lution after reduction to iodide followed by the precipitation

as silver iodide after addition of silver nitrate solution. The

isotopic ratio 1291/1271 of this material was detennined by

accelerator mass spectrometry (AMS) using the PSI/ETH

facility in Zürich. Details of the AMS measurements are

given elsewhere [23]. TypicaI isotopic '~')I/'~7I ratios of thl'

sampIes measured after the addition or stahle iodine as (ar-

rier were 5 x 10-11 to 1 x 10-1°. Chemical processing blanks

exhibited 1291/1271 ratios ofaround 2 x 10-'3 to 3 x 10-13.

3. Results and discussion

The radionuc1ide concentrations of '291 detennined in the

rain water samples are shown in Table 1.

A large scatter in monthly data is observed. Similar vari-

ations have also been measured by Krupp and Aumann for

rainfall in Gennany [22] and at a shorter time resolution by

Lopez-Gutierrez et al. for rain in southem Spain [24]. A pos-

sible reason for this scatter will be discussed in connection

with the application of a meteorological transport model be-

low. The mass-weighted annual mean concentrations of 1291

are compared to literature data for central Europe in the

1980s and 1990s in Tab1e 2.

Mass-weighted average relative standard deviations (one

sigma) for the annuall291 concentrations at Dübendorf range

from 3.7% to 4.3%. Because the original 1271 concentration

of the rain was not analyzed, an estimate of the inherent

1291/1271 ratio of the samples should be based on an as-

sumption of the 1271 concentration. The compilation of Fuge

and Johnson [25] gives a range from 0.5 to 10 ~g/kg I in

rain, whereas from the data from Krupp and Aumann [22]

an average concentration of 2 ~g/kg can be calcu1ated

for southem Gennany, compared to about 1.5 ~g/kg for

a site in Bavaria calculated from the data of Bachhuber and

Bunzl [5]. Consequent1y we choose 1.75 ~g/kg I as basis

to estimate the inherent 1291/1271 ratio of the samples ana-

lyzed. Moran et al. [26] determined 1.7 ~g/kg as median

iodine concentration of precipitation samples in the US. The

mass-weighted means for the inherent 1291/1271 ratios are:

3.8 x 10-7 for 1994, 3.2 x 10-7 for 1995 and 4.0 x 10-7 for

2. Experimental methods

Any experimental procedure to separate total iodine from

a water sampIe has to ensure that all chemical iodine com-

pounds, e.g. iodide, iodate and organic compounds contain-

ing iodine, are transformed into a single chemical form, in

order to attain isotopic equilibrium between the carrier (1271)

and the inherent iodiDe species in the sampIe. The method

described below equilibrates all iodine species as iodide. It

has been tested using ethyl iodide as a model substance for

organo-iodiDe compounds that approximates the chemical

behavior of methyl iodide. Methyl iodide is one of the most

abundant organic iodine compounds in rain [20]. In these

test experiments more than 90% of the iodine present as

ethyl iodide were recovered as iodide. The importance of en-
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Table I. 1291 atom concentrations in water

sampies from Dübendorf/Zürich, Switzer-

land.

Date 1291 [108/kg]Date

February 1994

April 1994

May 1994

June 1994

Ju1y 1994

August 1994
September 1994

October 1994

November 1994

December 1994

January 1995
February 1995

March 1995

April 1995
May 1995

June 1995

Ju1y 1995

August 1995

September 1995
August 1996

September 1996
October 1996

November 1996

December 1996

January 1997

February 1997
March 1997

May 1997
June 1997

26.1:i:l.3

16.3 :i: 0. 7

26.9 :i: 1.1

10.1 :i: 0.4

5.35 :i: 0.3

14.9:i:0.5
52.0 :i: 2.0

39.8 :i: 0.8
7.45 :i: 0.20

70.4 :i: 3.0

25.4:i:2.7
92.8 :i: 4.4

445 :i: 13

22.2 :i: 0.4

1291 [las / kg]

3.60:j:0.18

17.3 :j: 0.87

359 :j: 12

37.3 :j: 1.3

2.16:j:0.11

4.97 :j: 0.61
127 :j: 5

22.9 :j: 0.9

2.42:j:0.11

5.99 :j: 0.35

6.94 :j: 0.47
29.5 :j:0.1

12.9 :j: 0. 7

103 :j:4

41.5:j:l.7

Table 2. 1291 atom concentrations in precipitation in central Europe.

1291 [lOS / kg]Location, year Reference

3.30-4.66

12.1-62.6

[4]

[7]

37.5

76.6

31.6

26.3

33.1

60.7-88.7

[5]

[5]

[This work]

[This work]

[This work]

[22]

Swiss Alps 1983-86

Hannover, Lower Saxony

1986-87

Bavaria 1988

Bavaria 1989

Dübendorf/Zürich 1994

Dübendorf/Zürich 1995

Dübendorf/Zürich 1996/97

Southem Germany

(3 locations) 1995

Lower Saxony

open-field inland 1997

Lower Saxony

open-field inland 1998

Lower Saxony open-field

inland 1999 (Jan-Jun)

Krupp and Aumann [22] for rain in southern Germany in

1995 (6.9 x 10-7 to 9.7 x 10-7) and those by Bachhuber and

Bunz1 [5] for rain in Bavaria in 1988 and 1989 (6.2 x 10-7 to

9.6 x 10-7). Szidat et al. [7] determined mean 1291/1271 ratios

for open-fie1d rain at different inland locations in north-

ern Germany (1997/98) from 3.6 x 10-7 to 6.6 x 10-7. The

statement by Szidat et al. [6,7] that the 1291/1271 ratio has

not increased further since the late 1980s thus seems to

be confirmed by this work, within the lIncel1ainties of ollr

measurement.

Whereas the inherent isotopic ratios of this work can

only be estimated, the annua1 deposition rates for 1291 in

mBqm-2 a-l can be ca1culated. In Table 3 the results are

compared to the data from Krupp and Aumann [22], Bach-

huber and Bunzl [5], and Szidat et al. [7], respectively. How-

ever, it has to be mentioned that we scaled up the annual

deposition rates ofthis work from the e.g. 10 months of sam-

pling to the comp1ete year. Therefore it is very difficult to es-

timate standard deviations for these data. The decrease in the

annua1 deposition rates for Dübendorf only reflects less pre-

cipitation in the months for which sampies in 1996/97 were

taken compared to 1994/95. This becomes obvious from

the comparison of the average annual 1291 concentrations in

Table 2. For the deposition rates calculated by Wagner [4],

20-52 [28]

33-49 [28]

20-30 [28]

1996/97. with relative standard deviations of about 4% for

each ratio.

These annual mean isotopic ratios are of the same order

of magnitude but slightly lower than those determined by

Table 3. Annual deposition rates of 1291 in pre.

cipitation in mBq m-2 a-l. YearLocation Deposition rate Reference

Fiescherhorn,

Switzerland

Mappenberg, Bavaria

Mappenberg, Bavaria

Southern Gennany

D übendorf near

Zürich

D übendorf near

Zürich

D übendorf near

Zürich

Lower Saxony

(inland), Gennany

Lower Saxony

(inland), Gennany

Lower Saxony

(inland), Gennany

1983-86 0.6-0.9 [4]

1988

1989

1995

1994

4.0

6.6

5.8-10.6

5.34

[5]

[5]

[22]

This work

1995 3.83 This work

1996/97 2.31 This work

1997 1.8-5.7 [28]

1998 3.9-6.6 [28]

1999 (Jan-Jun) 1.9-3.4

( ca1cu1ated from

first 6 months)

[28]
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annua11y transferred to the atrnosphere, 1.0 x 109kg, is trans-

ferred at regions of high biologica1 activity that arnount to

only 10% of the globa1 marine surface. Below we will treat

the North Sea as a biologica11y active region and use Ras-

mussen's data to estimate the mass of 1291 annua11y trans-

ferred from the sea to the atrnosphere. Treating the North

Sea and the English Channel as areas of high biologica1

activity may justify neglect of the transfer of iodine com-

pounds other than methyl iodide.

3.1 Relative contributions of liquid and gaseous 1291

emissions

The answer to the question whether liquid or gaseous re-

leases dorninate the 1291 concentrations in precipitation in

central Europe is of general interest in the near future be-

cause the time dependence of these two types of ernissions

has been quite different (see below).

Investigations into the following four questions may help

solve the above puzzle: 1) Are the 1291/1271 ratios in the

North Sea and in the English Channel sufficient to explain

iodine isotopic ratios in the precipitation in central Europe?

2) Is the amount of 1291 that is transferred from the sea to

the atmosphere with a sufficiently high 1291/1271 ratio enough

for the precipitation in central Europe and how does this

amount compare to the mass of 1291 dirccI1~' rcleased inlo Ihl'

atmosphere? 3) Do the 1291 concentrali(ms il1 prccipitatiol1 il1

central Europe correlate better with the time dependence of

the liquid or that one of the gaseous emissions of the two

reprocessing plants? 4) Can the large scatter in monthly 12'11

concentrations be explained by different source regions of

the air masses especially at the days with precipitation dur-

ing the respective months?

The first question cannot be answered unambiguously.

If one took the isotopic ratios determined by Rais-

beck et al. [ 12] as late as 1991 and 1993 in the central

North Sea and close to southern Norway as representative.

the North Sea cou1d not be the dominant source of 1291 in

precipitation. Consequent1y, a substantial. if not dominant.

contribution from the gaseous releases would be needed to

reach an 1291f271 ratio of about 5 x 10-7. However, if the

iodine isotopic ratios in the early 1990s were already as

high as determined by Szidat et al. in the late 1990s close

to Cuxhaven [7], 1291/1271 ratios and 1291 concentrations in

precipitation could be explained with a marine input alone.

Because the sea water flow from the English Channel into

the North Sea is dominated by currents close to the coast and

neither sea water nor seaweed sampIes close to the Dutch

and German coast from the end of the 1980s and begin of

the 1990s have been analyzed, an attempt to estimate the

1291/1271 ratios in that region shou1d be worthwhile especially

because it should constitute a zone of relatively high biolog-

ical activity also due to 1arge flat tidal areas. An easy attempt

to carry out this task is to take the coastal sampie from that

time period that is closest to that region and scale it using

a transport model. This sampie is the sampIe No.11 in [ 12]

close to Gravelines, where 3.1 x 10-7 as 1291/1271 ratio was

found in 1991. For scaling, the ratio of the isotopic ratios

between the respective boxes (Nos. 105 and 109) ofthe box

model from Nielsen [33] as applied by Szidat [28] is taken

yielding in an 1291/1271 ratio of 1.6 x 10-7 for the northem

it has to be mentioned that they may be too low due to wind

erosion at the high Alpine sampling site and also due to the

loss of some organic iodine compounds (see above).

As stated above, the chemical procedure of this work en-

sures the analysis of all iodine species, whereas for instance

a technique using ion exchange without previous destruction

of organic iodine compounds willlead to 1291 concentra-

tions that are too low. In order to estimate the part of 1291

that is present in organic compounds in rain, the sampIe of

November 1996 was divided into two subsampIes. One of

these subsampIes was treated in the way described above

whereas the second one was subjected to anion exchange as

described by Wagner et al. [3]. A first estimate of the part

of 1291 present in organic compounds in rain water close to

Zürich is 15%. Of course more analyses are necessary to

confirm this number. Our first result is by far lower than the

results obtained by Krupp and Aumann [22] of 37 to 56%

organic 1291 in rain in southern Germany.

The distribution of liquid 1291 discharges from the two

major European reprocessing plants has been investigated

by Raisbeck et al. (e.g. [8,12]). They found 1291 from these

emissions even in the Kara Sea and proposed 1291 as tracer

for deep water formation in the North Atlantic [27]. The

drastic increase in liquid 1291 emissions from La Hague from

1988 to 1995 was observed in Utsira (southern Norway)

without delay at a time resolution of one year [8]. Whereas

these authors found as early as 1984 1291/1271 ratios up to

10-6 in the English Channel they determined isotopic ratios

from 3 to 5 x 10-8 as late as 1991 and 1993 in the central

North Sea and close to southern Norway [12]. In contrast

to these relatively low isotopic ratios, Szidat et al. [7, 28]

found 1291f271 ratios of about 1.5 x 10-6 in sea water near

Cuxhaven (close to the coast of the German Bay) in 1999

and 2000. Because the liquid emissions from La Hague and

SeIlafield exceeded their direct atrnospheric ernissions by

around a factor of 20 from 1988 to 1995 [9,10,18] some

authors assumed that the transfer of 1291 from the sea into

the atrnosphere constitutes the dominating source of 1291 for

the precipitation in central Europe [22]. The other possibil-

ity is that the gaseous 1291 releases are the most important

sources for 1291 in centra1 European precipitation. Examples

of gaseous 1291 emissions dominating 1291 in environmen-

tal sampIes are mosses downwind the SeIlafield plant ana-

Iyzed by Rucklidge et al. [29]. Later, Moran et al. stated

that 1291 in some environmental sampIes in the United States

was the result of the gaseous discharges from SeIlafield and

La Hague [26]. In the same paper these authors estimated

the global mass of 1291 transferred annually from the sea into

the atmosphere at only 20 g. Moran et al. also proved at-

mospheric emissions of the Savannah River plant as the 1291

source for some environmental sampIes in the Southeast of

the United States [30].

The amount of iodine that is transferred annually from

the sea to the atrnosphere is not known exactly. Reifenhäuser

and Heumann [31] determined 8 x 108 kg I as annual mass

that enters the atrnosphere globally as methyl iodide derived

from measurements in Antarctica. The highest value for the

global annual transfer of methyl iodide with 1.3 x 109 kg

was obtained by Rasmussen et al. [32] whose data included

regions of relatively high biological activity. These authors

stated that the major part of the methyl iodide globally and
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Dutch and Gerrnan coasta1 area. Other possibilities as to

scale up the results from Raisbeck et al. [8] for the seaweed

samples at Utsira (southem Norway) to that region close to

the Dutch and the Gerrnan coast are considered much more

complicated due to the effect of water masses passing re-

gions of very different depths and will not be carried out

here. So we estimate ratios higher than those determined by

Raisbeck in the centra1 North Sea [12] but lower by about

factor of 3 than the ratios needed to exp1ain 129V271 ratios

in precipitation in centra1 Europe for the northem Dutch

and Gerrnan coastal regions. For the Be1gian and western

Dutch coastal region, the experimental resu1t of 3.1 x 10-7

for 1291f271 at Gravelines [12] is taken as an upper lirnit for

the begin of the 1990s, which is around a factor of 2 lower

than the isotopic ratio needed.

Be1ow we want to use these estimates to determine

the sea surface that could give rise to the transfer of an

1291/1271 ratio of 5 x 10-7 to the atmosphere in the early

1990s. The underlying areas in the English Channel and

coastal regions of the North Sea are shown in Fig. 2. As de-

scribed above, 1.6 x 10-7 is used as 129V271 ratio for area

IV of 19000km2 and 3.1 x 10-7 is used for area III which

amounts to 18 000 km2. Based on the measurements of Rais-

beck et al. [12] we used 2.5 x 10-6 as 1291/1271 ratio for area I

(5000 km2) and 5 x 10-7 for the 29000km2 ofarea II. A sea

surface of 70000 km2 with an isotopic ratio of 5 x 10-7 in

the early 1990s affected by liquid emissions from La Hague

is the resu1t of our calcu1ation.

Because the marine discharges from La Hague amounted

to 73% of the totalliquid emissions of the two reprocessing

p1ants from 1988-1992 [8,18], this area may be sca1ed up

to 96000 km2 to include areas of the lrish Sea affected by

liquid discharges from Sellafield. Furtherrnore, an 129V271

ratio of 5 x 10-7 is considered a lower 1imit for the iodine

isotopic ratio in precipitation in the ear1y 1990s in central

Europe. For the iodine flux from the sea to the atmosphere,

the publication of Rasmussen et al. [32] is used as basis.

These authors give a flux of 1 x 10+9 kg I/a from areas of

high biological activity that amount to only 10% of the

global sea surface, i.e. 3.5 x 107 km2. Using that flux dens-

ity of 28.6 kg l/km2, the affected sea surface of 96000 km2

calculated above and an isotopic ratio of 5 x 10-7, 1.37kg

1291 are estimated as an upper limit for the mass annually

transferred from the affected sea area. We would like to em-

phasize that we treated the whole area in Fig. 2 as we11 as

a region in the Irish Sea as regions of high biological ac-

tivity. For the precipitation in central Europe about 760 9

1291 per year are needed, when an area of 106 km2 and an

annual deposition rate of 5 mBq m-2 a-l are used as basis.

For a more reliable estimate, the iodine transfer in the North

Sea and the English Channel itself has to be studied. Nev-

ertheless, about 6.5 kg 1291 [9,10,18] emitted annually from

Se11afield and La Hague to the atmosphere from 1991 to

1996 ( without 1993 for which we have no data for Se11afield)

can preliminarily be compared to this 1.37 kg. Based on this

comparison, it is very likely that the gaseous emissions do

contribute substantially to the precipitation in central Eu-

rope even when the large uncertainties of the comparison

are taken into account. It is emphasized again that a more

precise determination of the transfer factor for iodine from

the sea to the atmosphere at the locatio11 or i11terest itselr

is 11eeded to better estimate the relative l:o11trihutio11s of li-

quid and gaseous discharges to the precipitation in central

Europe.
To answer the third question about the correlation of

the time dependences of gaseous and liquid 1291 emissions

with the 1291 concentrations in precipitation in central Europe

since 1988 the respective data are plotted in Fig. 3. In that

figure, 1291 concentrations in precipitation as we11 as both

types of releases are normalized to their respective values

in 1988. The 1iquid discharges were enhanced by a factor

of 6.4 from 1988 to 1996. This increase has been observed,

as stated above, in seaweed samples at the coast of south-

2

~ b, I " o I,

1988 1990 1992 1994 ~~i
Year

Fig. 3. Liquid and gaseous discharges from La Hague plus Se1lafield

normalized to their respective values at 1988 and 1291 concentrations

in precipitation in central Europe also normalized to the concentra-

tion in 1988. One scale unit corresponds to 50.5 kg 1291 for the liquid

ernissions and to 6.89 kg 1291 for the gaseous ernissions, for the 1291

concentrations one scale unit is equal to 3.75 x 109 atoms 129I/kg pre-

cipitation. Data points connected by a verticalline show the range of

the respective data.

8

199E 1998 2000

Fig.2. Areas of the English Channel and coastal areas of the North

Sea used as basis to estimate the area with an 129If27I ratio of around
5 x 10-7 at the early 1990s. The '29If27I ratios taken for the different

zones are: 2.5 x 10-6 forzoneI. 5 x 10-7 forll. 3.1 x 10-7 forIIl, and
1.6 x 10-7 for IV.



Fig.4. An illustrative example for atrnospheric transport from the
La Hague region to D übendorf. Shown are 19 backward trajectories

starting at 18 UTC 8 May 1997 in D übendorf on different verticallev-
els and the assumed source regions for 1291 in La Hague (atmospheric

and marine) and Sellafield (sirnilar boxes for atmospheric and marine).

Some of the trajectories travel through the La Hague source regions
I to 2 days before arriving at D übendorf.

Table 4a. The number of days which satisfy the following criteria:

(a) The backward trajectory started from Dübendorf hits one of the

four source regions, and (b) the precipitation in Zürich exceeds I mm.

Note that the months May 1994 (9405) and Ma! 1997 (9705) sho\,

high 1291 concentrations, and that the montlls :\(I,.:ntn.:r I Y94 (Y411,

and December 1996 (9612) low 1291 values.

9405 9411 9612 9705

4

3

I

I

3

2

I

I

Table 4b. The percentage of monthly precipitation in Zürich which i~

associated with condensation in air masses coming from one of thc

four source regions. The ana1ysis is based upon the same trajectorie~

as the ones used in Table 4a.

9612 9705

19

15

7

7

33

19

10

10

gives the number of days per month where these two cri-

teria are fulfilled. During the high 1291 months May 1994

and May 1997, the La Hague source region is more often

"connected" to the measurement site than during the low

1291 months Nov. 1994 and Dec. 1996. On the other hand,

this is not true for Se1lafield, for where no significant differ-

ences can be discerned. Further information can be gained

from Table 4b which answers the question how much of the

month1y precipitation can be potentially loaded with 1291. For

instance, 22% of the precipitation which was measured in

May 1994 in Zürich, was due to condensation in air masses

coming from the La Hague marine region. If differences

in the source regions and atmospheric transport conditions

ern Norway [8]. In contrast to this the gaseous emissions

from Sellafield and La Hague remained approximately con-

stant during that period and exhibited only an increase by

a factor of 1.4 from 1988 to 1996 [9, 10, 18]. The 1291 con-

centrations determined in central Europe since 1988 show

only a weak, if any, time dependence. Consequently, the 1291

concentrations in precipitation are in much better agreement

with the time dependence of the gaseous emissions of the

two reprocessing plants than with their liquid releases.

The month-to-month variations in 1291 concentrations

(cf. Table 1) might be related to differences in the source re-

gions and atmospheric transport conditions of the air masses

that lead to the sampled precipitation close to Zürich. For

instance, large monthly 1291 concentrations might be a con-
sequence of many rain events during the months with ad-

vection directly from La Hague or from Sellafield and with

no or only a few rain events with transport from a dif-

ferent source region which would dilute the measured 1291

precipitation concentrations. Additionally for the air masses
advected from the La Hague/Sellafield region it is import-

ant that no ( or little) precipitation occurs before they reach

the measurement site. On the other hand, low monthly 1291

concentrations can be expected when the air mass advection

is not from the La Hague/Sellafield region on rainy days in

Zürich, or when the air parcels have lost their 1291 atoms due

to wet scavenging on their way to central Europe, or when

significant dilution occurs from rain events with other source

regions.
In order to test the influence of atmospheric trans-

port, three-dimensional assimilated wind fields from the

European Center for Medium-Range Weather Forecast

(ECMWF) are used to calculate backward trajectories [34]

for two high 1291 months May 1994 (9405) and May 1997

(9705), and two low 1291 months November 1994 (9411)

and December 1996 (9612). The wind fields are globally

available every 6 hours on a latitude/longitude grid with

a horizontal resolution of 1 degree and on 31 vertical lev-

els (therefrom about 14 in the lowest 5 km). Note that

assimilated data constitute a "sophisticated combination"

of a short-range numerical model forecast and all glob-

ally available surface and upper-air observations. A set of

19 trajectories is started between 950 hPa and 400 hPa at

Dübendorf every 6 hours during a selected month, and then

calculated 72 hours backward in time. Daily precipitation

data for Dübendorf was provided by the ANETZ measure-

ment station of the Swiss Meteorological Institute in Zürich,

which is situated about 10 km from Dübendorf. The total

amount of precipitation for the selected four months are:

234.2 mm in 9405, 54.3 mm in 9705,43.0 mm in 9411, and

78.5 mm in 9612.

Fig. 4 shows an example for atmospheric transport from

the La Hague/Sellafield region to the measurement site on

8 May 1997. Furthermore, two regions around each of the

source regions La Hague and Sellafield are marked, which

we considered for liquid and gaseous emissions.

The results of the trajectory calculations are summarized

in Table 4a and 4b, which are based upon those trajectories

that satisfy the following two criteria: The backward trajec-

tory started at Dübendorf hits at least one of the four source

regions marked in Fig. 4, and the precipitation in Zürich ex-

ceeds 1 mm on the starting day of the trajectory. Table 4a
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4. Conclusions

It has been confinned that 1291 concentrations in rain in cen-

tra1 Europe have not been increased further within the meas-

urement uncertainties until 1997 compared to the a1ready

strongly elevated concentrations ana1yzed for the late 1980s.

Typica1 1291 atom concentrations in rain in Switzerland in

the years 1994 to 1997 are on the order of 109 at/kg but ex-

hibit strong variations. The deposition rates determined for

Dübendorf in the mid 1990s are a bit lower than but of the

same order of magnitude as those determined in Gennany

for 1995 and 1997/98. The time dependence ofthe 1291 con-

centrations in precipitation in centra1 Europe that have been

ana1yzed since 1988 is in much better agreement with the

gaseous emissions from the reprocessing plants at Sellafield

and La Hague than with the liquid releases from these sites.

Using a transfer factor for iodine from the sea to the atmo-

sphere, that was not determined in the area of interest itself,

the gaseous emissions of the two nuclear fuel reprocessing

plants constitute the bigger 1291 reservoir compared to the io-

dine from the liquid emissions that has been transferred into

the atmosphere. In order to better estimate these two reser-

voirs, a determination of this transfer factor is considered

necessary in the North Sea and the English Channel itself.

The high month-to-month variabi1ity of the 1291 concentra-

tions in the precipitation samples could not be explained by

changes in atmospheric transport alone. Comparison with

85Kr data from Freiburg im Breisgau may indicate some,

even short-tenn, time dependence of gaseous releases from

the reprocessing plants. But a1so a possible effect of e.g.

wet scavenging of 1291 between the emission sources and

the sampling site has to be taken into account. The chances

to explain the month-to-month scatter in 1291 concentrations

in precipitation should be higher for weekly sampling be-

cause more detailed transport ca1culations would be feasible,

a1so based upon higher resolution numerica1 data sets. In

addition, a more reliable indicator of atmospheric emissions

than 85Kr measured with weekly resolution at some distance

from the sampling site is needed to address the question

of the relative contributions of marine and atmospheric 1291

emissions to the precipitation in central Europe more ex-

actly. Due to the very different time dependence of 1iquid

and gaseous releases of 1291 from the two major nuclear re-

processing plants, the development of 1291 concentrations in

precipitation in future depends on whether the gaseous or the

liquid discharges are the dominant source.
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a1one were able to explain the large month-to-month varia-

tions, we would expect to see similar variations in Table 4b

as for 1291 concentrations in Table 1. However, the variabil-

ity which can be attributed to atmospheric transport is much

sma1ler than what has been observed for 1291 concentrations

in precipitation, when constancy of the gaseous emissions

with time is assumed.

Two possible explanations for this discrepancy relate to

the atmospheric transport from the source regions to the

measurement site itself, and to the variability of the gaseous

release of 1291. These two issues will be briefly discussed. We

assumed that the emitted 1291 (for instance from La Hague)

will be rained out in Zürich if the trajectory "connects" the

source with the measurement site. But wet scavenging of an

air parcel before its arriva1 at the measurement site might, in

fact, considerably reduce the amount of 1291 rained out later
in Zürich. The consideration of this effect is, however, very

difficult given the coarse tempora1 resolution (24 hours) of

the precipitation measurements over Europe. For the second

issue, additiona1 qua1itative information can be gained from

weekly 85Kr measurements in Freiburg im Breisgau [35],

which is located about 120 km from Zürich. High 85Kr

concentrations may indicate high gaseous 1291 emissions,

whereas low 85Kr concentrations point to low gaseous 1291

discharges. It must however be emphasized that 85Kr unlike

1291 is not washed out by precipitation, and that the distance

between Freiburg and Zürich allows only qualitative infer-

ences. In the high 1291 months, precipitation associated with

transport from La Hague/Sellafield occurs during the weeks

with high 85Kr concentrations (for instance, the precipita-

tion event on 22 May 1997 goes a1ong with a weekly 85Kr

va1ue of2. 73 mBq/m3, and the one on 28/29 May 1994 with

1.97 mBq/m3). On the other hand, lower 85Kr concentra-

tions (mostly below 1.4 mBq/m3) are typica1 for the low 1291

months.

To summarize, the trajectory-based ana1ysis cannot ac-

count for the large month-to-month variations of the 1291

of two orders of magnitude, and suggests that they could

be due to variable gaseous emissions or due to wet scav-

enging between the source regions and Zurich. More de-

tailed investigations would be highly desirable, if possible

based upon weekly 1291 samples and upon the now pub-

lished monthly data of gaseous ha1ogen emissions [36], that

are available on the internet. These new release data for

La Hague indicate that the gaseous 1291 discharges have been

decreased by about a factor of 6 from 1996 to 2000. Unless

a similar reduction was achieved at Sellafield, the British re-

processing plant should dominate the gaseous 1291 releases
in 2000.

A last attempt to distinguish between marine or atmo-

spheric 1291 is to look at the seasona1 variation in our data.

Whereas four of the five highest monthly 1291 concentra-

tions were found in spring, Rasmussen et al. [32] found

a maximum in methyl iodide transfer from the sea to the

atmosphere during summer. Consequent1y, we tend to as-
surne that high 1291 concentrations in spring do not reflect

an increase in biologica1 activity in the North Sea, but may

be more likely due to high gaseous discharges during the

respective months as indicated by 85Kr measurements in

Freiburg im Breisgau [35] and by monthly 85Kr emission

data from La Hague [36].
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