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OVERVIEW OF EC COORDINATED RADIOECOLOGICAL
RESEARCH AFTER THE CHERNOBYL ACCIDENT

DESMET Gilbert

EC-DGXII-F-6 Wetstraat, 200 1049 Brussel, BE, EU

Abstract. _

The uncontrolled release of radionuclides coming up after the Chernobyl accident has
led to a large number of scientific and political activities to assess the contamination of
the environment and the consequences for the population. A large scale of measures
were deployed attempting to mitigate the consequences and initiatives were launched to
follow the fate of the radionuclides in and around the Chernobyl area. Some of these
efforts are described in this paper, summarizing which way raaioccblogists had chosen
to evaluate the problem, to compare the scientific culturé existing in East and Wést, to
sharpen their views on the fundamentals of radioecology and to test their knowledge in
the real field.

1. Introduction ) .

In April 1986 Cherhobyl 4 exploded and large areas around the nuclear power station
were contaminated. The cloud of contaniination spread further on largely over Europe
and elsewhere. A few million people were potentially affected by the deposition of
r_adio_activity from this accident. The environment was influenced by the short-_lived
radionuclides, equally though longer lived radionuclides were deposited such as Caesium-
137, Strontium-90 ahd some even longer lived ones such as Plutonium, Ruthenium and
others. A - ) ‘
Agricultural land, water catchments with their tributaries and Tivers, as éxpgcted, i)ecame
contaminated; the deposition of radionuclides had.no preferences though, and forests as

well as extensively used pasture and semi-natural land were touched by the deposits.
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Around the reactor zone, later on called "exclusion zone", radionuclides were aeposited
as simple chemical ionic entities as well as in particulate form with a more coniplicated
' chémistry. The more distant from the nearby deposition area, the more the radionuclides
deposited were in the normal ionic form. o .

Radioecology which is the scientific discipline studying problems of "interaction between
the ecosphere and radioactivity and how to deal with it" [2] was confronted with a real
- problem and an amazing wealth of "all true" statements saw the light during "scientific"
parléys! ’

Right after th,e. Chernobyl quiie some contention arose as regards the behaviour of
radionuclides and primarily Caesium in the environment. Terms like "new" Caesium and
"old” caesium were "in the air" everywhere especially wh.en "Caesium in soil" was
discussed! - "Caesium is ionic, Caesium is in "condensed” or trapped in "hot particles,
Caesium is fixed for ever and no longer availz_ible, Caesium is dynamically bonded and
"its bioavailability is more persisted than expectcd", is a selection of the affluence of
_ statements about this element. The discussion is less vehement nowadays; Caesium
' unfortunaiely though has persisted. The future is now to come for strontium; as it is
being eluted from "hot particles”, _'Some more "true and undiscussable” statements are-
expected to come! ' ) _

Another selection of "uncontestable" statements are about the '_'staté of knowledge"
radioecology had reached before "Chernobyl" and now “ten years after Chernobyl"..
.Expressions are used liké "what have we learned what we did not know already"” and "we
have done all this in the sixties", which has not-stopp_cd’the quest for more research funds
though! The reality forces to ‘accept however the simple' fact that 10 years after
Chernobyl a number of problems still have persevered, and that a decent environmental
planning still remains difficult, notwitstanding large and costly e.ffort‘s by scientists and

organisations! (ref: Post-Chernobyl activities by EC and other organisations)! -

2. Implementation of radjpccdlogical research after the Chcmol;yl éccident.
“ Roughly 65% of the contamination was deposited over Belarus, 20 % over Russia and
10% over Ukraine. Belarus contains most of the highly contaminated areas (>40 Ci km?

= >1480 Kbq m?). The inhomogeneous distribution can be demonstrated by the fact
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activities inside the 30 km zone are sometirnes as low as 1 Ci km? whereas at 50 km
sbuthwe-st of Chernobyl and 300 km north-east soil activities of more than 40 Ci km?2
have been measured ‘ ‘ A
The European Commlssron, 1mmed1ately after the accident, took several initiatives to
assess the burderx of the event for the popmatlon and the environment. These initiatives
finally resulted in an. Agreement between the three Republics affected, Ukrain, Belarus
and Russia and the Europeaa Commission. A group of Joint Study Projects (JSP) and
Expcnmenta] Collaborative Prolects (ECP) was set up. .
They were related to enwronmenta] issues, dosxmetry, and health problems
In the environmerital area, problems of contaminatibn of land used for intensive
agriculture, of zones of extensive agriculture, of zones of corisumpﬁon of natural
foodstuffs and problems of contamination of surface water and their food products were
investigated through four directed Experimental Collaborative Projects (ECP). In the
area of radioecology four ECP’s were aiming at a basic understanding of environmental
mechanisms, governing the fate of radionuclides. A
: In relation to this inhomogeneity, the work of the ECP’s 2 3, 5 and 9 have not been
- restricted to the Chernobyl exclusion zone. Investigations have been carried out in areas -
where there was little change in the occupation of the land by the populafion, and were
the tradmonal living hablts were maintained. . ‘ '
The contamination being dlspersed over various sorts of landscapcs of economic use,
. research was thence conducted by four teams looking at the effect of contamination on
agricultural land and on pasture land (meadows) (ECP2 and 5), on forested areas
(ECP5) and on drainage areas of rivers and lakes (ECP3). A global study on the impact
of land use and food consumption habits was carried out by ECP9. Such included the
comparison between the effect of the consumptibn of food products from private (small-
scale) farming and those of industrial (collective) farms. ' .
" Research activities were conducted- in the exclusion zone and in the large periphery
where either the aeti'vity was high or where mainly‘the population makes intensive use-

of the local products. The necessaries of life consist of provisions for food, water,

0BG, UBA



4 ' o International Symposium on Radioecology 1996

clothing, housing etc. They come mainly from farming and general husbaﬁdry, water
- reservoirs and deducted water subplies, mahufgcturing and so forth. '
An'other criterion for the selection of research location is the soil type. Soil type indeed
_ does play a dominant role in the behaviour and fate 6f radionuclides, and their (bio)-
availability too a large extent depends on the way and intensity the soil binds and releases
“the deposited- radionuclides for further integration in the foodchain or for deeper
migration. ' o . ‘ ’
The places of research are located: N , '
- in Ukraine in the 30 km zone at Chistogélovka and Kopachi, outside the
- zone at Poleskoe, the Rovno region (Sarny), etc
- In Belarus at Bragin, Vietka, Mogilev, Gomel, etc
- In Russia in the Bryansk, Kaluga and Tula region, etc

- The drainage area of the Pripyat-Dnieper river-reservoir systém

3. Evaluation of the results of the radioecological research projects for a long-term

assessment of the persistence of environmental consequences of the accident.

Beyond basic radioecological research, there was striven simultaneously after the '
application of the basic findings, and eqﬁally after the obtention of insights and a grip on
the influence of features of general ecological nature including agricultural practices and
living habits of the concerned population.

Important phéno;ﬁena came to the attention through the radioecological research afte_r
the Chernobyl accident. ’

- Research on plain geographical d_istribution and redistribution as well as on the physico-
chemistry and bioavailability of the deposits gave the main following results:

" -The debosition of the radionﬁclides after the accident was very heterogeneous,
not only from a geographical point of view but also from a physico-(;hémical point
of view. In the exclusion zone around the exploded reactor a considerable amount
of the radioactive material was deposited as "hot particle", it means complex

amorphous particles containing variable amounts of a spectrum of elements. The
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further away from the location of the accident the more though the form of the i
| deposits became simpler and more fonic.

- "Hot particles" have such features that they have a low blO -availability and are
less swiftly assimilated by the vegetatlon or animals. In the course of-time though
"hot particles" are beglnmng to dlsmtegrate and the availability of the composing
elements such as Sr increases, and affects its radio-ecological half-life.

- Soil types and their .concurring chemistry is paramount for the long-term
behaviour (bio-availability and migration) of radionuclides through its control of
their absorption/desorption features. The availability of Cs in arable soils, with a .
high clay content is rather low when at least perturbations are under control or
enﬁsageable. The problem of availability of Cs in soils with high organic content
is however still considerable such as in meadow pastures with low quality soil. The
availability remains considerable as these soils hardly can benefit of the Strong
binding properties of clay pértic]es, if present. The high proportion of organic
matter confuses the -clay capaciﬁes, and the radioactive materials shows a
persistent bioavailability. Moreover, there always femains the problem of problem
of some "reversibility of .the bonded radioactive nuclear matena] especially
Caesium; it is c]ear from the research’done that a great deal of attentlon still will
“have to be paid to kinetic aspects of radionuclides fixation in soxls'
‘The mte_ractlon between competitive ions (fertilisation!) for the reduction of the
dose depends very much on the soil type and soil condition. Potassium (K) can for.
instance be successfully applied where no K saturation condition prci/ails, i.e. on
poor or poorly fertilised land. Otherwise tﬁe effect would be marginal! For the
assessment of the effect of other soil ameliorants, processes and systems such as
application of some zeolites or mulching of soils, that work well under laboratory
-or pilot conditions are still in-a stage. of circumstantial knowledge when applied -
in the field. From a scientific-technical point of view, a better "STRUCTURE" of the
. available and new knowledge has been attained. Loose statements about the use
of fertilizers or manure, etc, can be tightened noW, an& all sorts of amendments
to soils and animals such as mulching or of a chemical nature (Prussian Blue) can

be better assessed and quantified. It is still true though that more data are
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available than there have been properly evaluated. Too many "random" measures
“have been tried and performed, which have not been profoundly (statistically)
tested against the insights as regards mechanisms of behaviour of radionuclides .
in the environment, recently acquired! Efficiency could be enhanced if a consistent
correlation exercise wouid be carried out further on, baséd on the affluence of
data obtained. This is definite not only for soil and vegetation but true for all
compartments of the environment.
- Seminatural ecosystems, especially coniferous forests intercepted considerable
amounts of radioactive material and litter fall take it.to the soil surface. The
cycling of matter in semi-natural environmonts is a well-known phenomenon. The
matter flows as well through migration- as through native soil procésses of soil -
" horizon production below the Vupper surface. From there on they become available
- for further migration to deeper layers if the horizon profile is fit for it and could
from there on seep through to the underground water table; they. become also
avallable for tree root uptake and further cycling in the tree; it takes up to four
years beforc the RN’s deposited on -forest canopies fully enters the
biogeochemical cyciing of a dynamic ecosystem. "Root" uptake thence prevails.
The radionuclides are mainly delayed in Oh (Organic humic layer zone) horizon.
The depth depends on the soil type, and microbial life can perturb profiles.
Mushrooms also are part. of the cycle as their myéelium (fungal roots) are
. “grazing' their nutrients at different soil dcpths and thence accumu]ate the
radlonuchdes ina spec1es dependent way.
- In zones with a’comphcated hydrological system of vague river tributaries and
canalization such as in north-west Ukraine, flooding of river foreland may result
in increases in radionuclide concentrations especially Caesium; this leads to
‘important redistribution on the soils of the original distribution of the deposition.
- Two main sources of long-term contamination of water prevail:
- annual flooding of the Pripyat flood piain
- catchménr'transport, meaning that water reservoirs can become a long-
lasting sink for contaminants through releases of radioactivity from peat

" bogs; the water pathway is thus a very important pathway for eventual '
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transfer of contamination in the long-term to uncontaminated areas. The
sediments of fresh water systems (rivers and lakes) can act as sinks but are
subject to the surrounvding chemical conditions for the further fate of the
radionuclides; clays are importaht corh}l)ounds'of these sediments and the
absorption/desorption dynamics depends on competiti\;e ions such as
potassium and ammonia. Models including straightforward "distribution
factors" (Kd) ought to considered with caution.
In the course of the years a number of somewhat fortuitous measures were taken
as regards hydrological measufes to reduce’or to avert the risk that could be
caused by the flooding of the Chernobyl area. The years have taught to treat these
Aﬂoodings with caution in order to avoid undesirable side-effects and unexpected
contamination redistributions. Fluvial planning and flood averting dike
construction has thence been considered carefully and eventually became based
on computer-simulated hydro]ogiéal management. ‘
- The economic structure of the ex-Soviet Union is special in the sense that the
_main provision of food stuffs is still provided by so-called Collective Farms,
controlled by goVe'mmental regulations. Therefore arable land in the "exclusion
zone" as well as outside on Collective Farm lands was studiéd in the three
Republics, and the mechanisms exerting an influence on the dose to man assessed.
Consumption though of seasonally collected or privaiely grown food products is
~ becoming an important common practice. on large rural areas. The most salient
result of these studies isl the revelation food products from seminatural zones are
_playing a major role in determining intake to several particular groups and
possibly also to the entire ‘population. The zones of extensive agriculture
production are private farms, semi-natural ecosystems and forests. This means
herding cattle grazing on semi-permanent pastures and forested land, picking of
mushrooms in the season, or producing food on ‘the own garden. Rural
populations including town habitants rely on subsistence farming and the use of
nearby forest products, mainly mushrooms and are exposed to higher doses than

in "collective farm" systems. Assessments of doses have to be comprehensive-and
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in.clude all pathways, since general I{nowledge of important sources may not be
" sufficient to describe rédi_onuclide intake. - .

- Wild animals are a potentially important source of radioactivity; the transfer is

high but very variable, so pred}ctions of mean contamination levels are difficult.

Wild animal contamination is considerable but being though connected mainly to

‘the "exclusion zone" also a revival of the wildlife is noticed.

4. General conclusions . ) .
4.1. Conclusions regarding progress in methodology, some examples:
Questions such as "how deep should one muster in order to take a repreéentaﬁve

‘soil sample" are false ones if one does not consider horizon formation in natural soils!

The lessons learned especially demonstrate how essential it is to be remain.
constantly aware that random sampling is to be carefully interprefed in the light of the
realization of the complexity of the habitat of animal and man; it means test samples are
to be re_presentativé for the total habitat being a society of life living in and feeding from
simple private férming and éollection of foodstuffs in small villages, over industrially
organfsed and exploited farming up to collecting provisions in urban areas.

4.2 Conclusions regarding the progress. of radioecological science:

The complexity of the post-Chernobyl situation is immense and the need for an
integrated scientific approach has been clearly shown. Each of the different ecosystems
all representing different production systems are tightly connected; and is pointless to do
just some isolated measurements or monitoring of contamination levels if these data are
not put in a frame whére urban- zones, use of agricultural land and forest and finally
water supply are lodked upon as complex dynamically interacting environment. It is
realised now that this complexity of contamination necess"ary leads to investigations of
total inventory changes which are best defined as fluxes of matter and energy between
different ecosystems. _ -

.Notwithstanding- the progr'ess made we still know not enough about Iong-term'
effects of the contamination nor of the mitigativé measures, or in other words what will

be the ultimate eéological quality and socio-economic usefulness of the treated zones?
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To which extent and for how long is the population of especially rural areas going to be
effected by the fact that their land has a reduced nutritional quality and an economic
value, and which will be the health impact on people living constantly under the pressure
of a low exposure? ‘

4.3. Conclusions regarding the progress in environmental management:

The necessity to do the research in a thrust of attempting to comprehend the
complexit& of the problem in an integrated way which lead at least to a "wake up" and
to the awareness of the need for integrated environmental management. There not only
pl:;in ecological features of chemical and biological nature are to be investigatéd, but
wheré also features of human habitats and human industrial and agricultural activities
have to bé taken into account. The consideration of the latter features and activities have

now become an integral part of the knowledge structuring of radioecology!
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MOBILITY OF CHERNOBYL-DERIVED RADIOCESIUM IN THE
SOIL

* SCHIMMACK Wolfgang and BUNZL Kurt

: GSF—Forschungszem.rum fiir Umwelt und Gesundheit, Postfach 1129
D-85758 Oberschleiheim, Deutschland

ABSTRACT

‘ The mobility of Chernobyl-derived radiccesium was investigated in a grassland soil and a
near-by forest soil in Bavaria/Germany. Both sites were sampled at several times after the
C:hemobyl accident. The initial mobility of radiocesium during wet deposition ‘was very high
due to hfgh rain-fall intensities. After a more complete' sorption by soil components,‘ which
occurred within a few days, the mobility was reduced by several orders of magnitude.
D'uring the first years after the Chernobyl accident, thé mobility was not constant, but
deéreased even further. However, ai the end o_f the oBservation‘ period, Chernobyl-derived
radiocesium was still more mobile than radiocesium fr(;m global fallout. The time
dependence of the mobility-after deposition is discus'sed with respect to the ﬁxaiion
processes in clay mmerals, which may also explain the increase of the mobxllty with soil

' depth found in the mineral soil at both sites mvestlgated

"1. INTRODUCTION .

The mobility of radiocésium in the soil is one of the most important factors controlling its’
long-term transfer to man via terréstrial pathways: plant uptake, resuspension inio the air
and contamination of groundwater. Thefefore, the behaviour of *’Cs in the soil has been in-
vestigated since the beginning of the globai fallout from nuclear weapon's.test’s in the fifties.
-Radiocesium déposited' by the Chernoby] fallout in 1986, however, in some aspects showed
a different behaviour as compared to presently observed ¥'Cs from global fallout (see e.g.
Livens and Baxter, 1988; Bunzl et al., 1992 and 1994). Obviously, in the fifties and sixties

not so much attention has been payed to the initial phase of migration of '’Cs into the soil.
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-

In this paper some results about the mobility of Chernobyl-derived radiocesium will be pre- '
sented, as obtained for the soil of a grasslah'd und a near-by spruce stand in Bavaria. Both ‘
sites were'sampled at various times after the Chernobyl accident in order to elaborate the
-changes with time of the mobility of radiocesium in the soil. For this reason, the résidence
.half-ti;nes of radiocesium in the various soil layers at each site were evaluated from its

vertical distribution as a function of time by using a multilayer compartment model.

2. MATERIAL AND METHODS
2.1. Sites, Soils and Sampling .
Grissland and forest investigated are situated about 40 km northwest of Munich, 545 m 7
above sea level. The mean annual precipitation is 800 mm, the mean annual temperature 7.3
°C. The forest consisted of Norway spruces (Picea abies), ca. 80 years old. The grassland
is located ca. 100 m west of the forest border and was undisturbed by tillage since the

fifties. All sampling locations were selected on a flat area to exclude precipitation run-off.

The soil of the grassland was classified as a Parabrown eérth pseudogley (US soil taxono-
my: slightly wet Alfisol), the forest soil aé a podzolic Parabrown earth A(Hapludult). Several
properties of the various horizons of both soil's_ are given in Tablé 1. For further details see
Bunzl et al. (1992, 1994). All soil samples were taken with a frame (50 cm x-50 cm) and

“air dried. The samples from the mineral soils were sieved to 2 mm and carefully mixed.

Table 1:_Severai physico-chemical properties of the soils at the sampling sites

Forest soil under spruce Graéslaﬁd soil
Hofizon - - Horizon

LOfl Of2 = Oh  Aeh. Alh Ah Al - Bt
Depth (cm) 745 452 20 05 510 010 1020 20-30
pH (CaCl,) 32 32 29 32 36 44 43 42
Clay (%) ' - - .19 2 32 .30 37
" Silt (%) - - - 46 43 52 55 55
Organic matter (%) 48 48 37 - 238 13 75 30 24
CEC (mmol Kg") . 207 196 202 87 55 84 71 66
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2.2. Determination of Radiocesium
Cesium-134 and ''Cs were determined by direct gamma spectrometry, using a high-purity
germaniufn detector and a muitichannel analyser. With '**Cs, losses by sum-coincidences

during counting were taken into account.. The experimental errors were < 10%.

2.3. Evaluation of .the Residence Half-tlmes

The residence half-time 7 of radiocesium in the various soil layers was evaluated with a
multilayer compartment model (Bunzl et al., 1992). The equation for the transfer of activity

A; (Bq m?) of Cs or Cs in ihc compartment i in a small time intervall At (days) is: -

% =K., A - K 4 )

. where K; (day™) is the fractibnal rate of transfef from compartment i-1 to compartment i.
The residence half-time 7; of A, in compartment i is (1/K;)) In2. Since all A; are corrected
with.respect fo 1.5.1986, radioactive decay need not to be considered in Eqn (1). The rate
of deposition (Bq m? day™) to the first compartment has to be known as a function of time
in order to solve Eqn (1). For fruther details see Bunzl et al. (1992, 1994). ‘

3. RESULTS AND DISCUSSION

3.1. Initial infiltration .of Chernobyl-derived radiocesium into the soil

In Bavaria, the main activity deposition of the- Chemobyl fallout on the soil surface occur-
red on Aril 30 1986, during a heavy thundershower (Hotzl et al., 1987). At May 7, the
first depth proﬁle was sampled in the forest. Due to the lack of precipitation between depo-
-sition and samplmg, the observed vemcal distribution of radiocesium was essentlally the
result of the initial migration into the soil during deposition. The same holds for the first
depth profile of radiocesium in the grassland (Schimmack et al., 1989).

At both siteé, Chemobyl-deri.ved radiocesium had partialiy penetrated the soil to depths bet-
ween 5 and 10 cm below the soil surface. In the gﬁssland. one percent of the total activity
was found below 10 cm. From these depth profiles the initial residgnce half-times of '*Cs
could be estimated to 3 h/cm in the forest and S h/cm in the grassland, assuming an activity

transport in the soil during the deposition only (Schimmack et al., 1989). In contrast to
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these very small values,At“he long-term residence half-times of radiocesium from global fall-

out were about 2-3 y/cm in the upper soil layers at both sites (Bunzl et al., 1992, 1994).

The high mobility of radiocesium infiltrating with high rainfall intensities was also demon-
" strated by column experimentsiin the laboratory (Schimmack et al., 1994). Although B1Cs
exhibits‘a low rﬁobility in long-term migration (global fallout and column experiments with
’ low rainfall intensities of 2 mm/h), the-radionuclide was not completeiy 'retained in the first
layer éf the forest soil investigated ‘when the activity was supplied with high rainfall in-
tensities (30 mm/hour). About 30 % of the activity penetrated into the mineral soil down to
a depth of 14 cm. These high rﬁigration.rates are probably related to the phenqmehon of

macropore water flow (see e.g. vBev-en and Germann, 1982).
The high mobility of the infiltrating Chernobyl-derived radiocesium was drastically reduced,
as soon as the nuclide was sorbed to soil components. This was shown by the determination

A .
of its depth profiles and residence half-times at several times after deposition.

3.2. quility of Chernobyl-derived radiocesium in the forest soil

Eo.e 515 Oh %

] g

50.5 £

Zos % 14

5 a

303 ] .

Y ]

20,2 Eo5 r‘ !

z Py

30,1 - 8 CI;

LI g
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B ‘Figure 1: Time dependence of the activity of Chemobyl_-derived radiocesium (left) an& its ‘
‘ resideﬁce half-time (right) in the soil for various layers ofa podzolic parabrown
carth under spruce. The activity is given as activity per sqim per layef with respect
to the total activity deposited at the site per sqm. The residence half-time is given
‘ wiih respect.to the thickness of each soil layer:
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ljue to interception of Chernobyl-derived radiocesium in the canopy of the spruce stand, its
activity per éqm in the soil, determined in the first week after the accident,'was only about
30 % of the activity deposited in the near-by grassland (Bunzl et al., 1989). As a eonse-
quence of weathering (rain, wind, litter fall), the activity in the canopy was removed to the
forest floor within two years after deposition. Therefore, the acfivity in the first horizon
_LOf1 increased to more than 50 % within oné year. Subsequently, it decreased rapidly due
to leaching, decomposition of the spruce needles and biomrbatioh to values < 10 % in 1996
.and later on. In the deeper organic horizons, the activity increased not so fast as in LOf1,

the maximum was attained later and not so high as compared to LOf1.

" In the first time after deposition,' the residence half-times (years) per cm layer of Chemobyl-
derived radiocesium in the three organic horizons were very small: 0.1 - 0.2 y/cm (Fig. .1
right). Subsequently they increased ébntinuauy till the end of the observation period of five
“years to 0.5 y/cm in the LOf1, 0.8 y/cm in the Of2,' and 1.3 y/cm in the Oh horizon. For
the Aeh horizon of the mineral seil residence half-times of 2 y/cm in the Tayer 0-2 cm and
0.4 y/cm in the layer 2-5 ¢cm were determined by Bunzl et al. (1992) in the same spruce
stand. These values were consxderably smaller as compared to those of radiocesium from
global fallout (Bunzl et al., 1992). A p0551b1e explanation for the time dependence of the -

mobility of radiocesum is given in the next section.

3.3 Mobility of Chernobyl-denved radlocesmm in the grassland soil

In the case of grasslands in Bavaria, the wet deposmon of Chemobyl-derlved actlvny mainly
“occurred in a single rain event at April 30, 1986. As a consequence, the activity in the top '
~ layer (0-2 cm) did not incfease as observed: in the forest soil, but decreased continually from
about 80 % in 1986 to about 20 % in 1994 (Fig. 2, left). In all other layers the activity in-
" creased within the first years after the deposition. With time, when radiocesiuni continued
to migfate to the deeper soil layers, the activities will decrease again. In the second layer (2-

-4 cm), the maximum may have been passed around 1992.

The residence half-times of radiocesium in all layers of the gras'sland soil increased signifi--
cantly with time (Fig. 2, right). Even after 8 years of observation a constant value of the

residence half-time was not ‘yet attained in the soil layers, with the possible exception of the
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Figure 2: Time dependence of the activity of Chernobyl-derived radiocesium (left) and its
résidencg half-time (right) in the soil for l\farious layers of a parabrown earth pseu-
dogley of a grassland. The activity is given as activity per sqm .per layer with
respect to th_e total activity deposited at the site per sqm. The residence half-time

is given with respect to the thickness of each soil layer.

second one (2-4 cm). In addition, the residence half-timeé in the top soil layers (0-4 cm)

were always higher as observed in the deeper layers (4-10 cm). In 1994, the residence half--
time in the top soil was about 2 y/cm, as found in the layer 0-2 cm of the mineral soil in the
© spruce stand (see abqve),. in the deeper soil < 1 y/cm. Again, these values were still smal-

ler than those of radiocesium from global fallout by a factor of 2-5 (Bunzl et al, 1994).

The decrease of the niobility of Chernobyl-derived radiocesium with time, found in all soil
layers at both sampling sites, may be explained by a gradual ’locking up’ of cesiﬁm in the
soil over the years, e.g. by diffusion and subsequent fixation in clay minerals (Livens and
Baxter, 1988). Evidence for the time dependence of cesium ﬁiation' was already provided
in the sixties by Squire and Middleton (1966). From long-term lysimeter ekperiments they
* concluded, that the fixation "appeared to be largely complete.3 years aftér contamination”
of the soil. For soils of the Chernobyl area, Sanzharova et al. (1994) found, that the fraction ' -
-of raidiocesium, extractable By 1N ammoniumacetat ("mobile" or 'exch'angeable fraction)

from the soil, decrased by a factor of 2-3 from 1986 to 1991.
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The mobility of Chernobyl-derived radiocesium increased significantly with depth at a.giVen
sampling date (Fig. 2, right), which was also observed for radiocesium and other radionucli-
des like plutonium from global fallout in the same grassland soil (Bunzl et al., 1994) as well
as for the mineral soil of the spruce stand (Bunzl et al., 1992). This may be explained by
the time dependence of the cesium fixation by clay minerals: Cesium found in deeper soil
layers arrived there comparatlvely late and thus did not have as much time for ﬁxauon as Cs

ions in the upper layers.

In contrast to that, in the organic layer of the spruce stand, the mobility decreased with
depth (Fig 1, right). This may be explained by the uptake of cesium by soil fungi (Bakken .

and Olsen, 1990) Wthh will be more abundant in the deeper honzons of the organic layer.

4. CONCLUSIONS
From the results presented about the mobility of Chérnobyl-derived radiocesium in the soil

three conclusions of general importance may be drawn. -

® During the deposition phase, the mobility of radiocesium can be extremely high, depen-
ding on meteorological conditions, state of the soil, water flow, chemical form and

sorption kinetics of the radionuclide. '

® Shortly after deposition, the mobility in a given soil layer is reduced by several orders
of magnitude. Even then, however, the mobility does not remain constant, but decreases
furthermore. This is due to a _progressive fixation of cesium by clay minerals and

" proceeds for many years,

® In the mineral-horizons, the mobility may increase with depth. This is explained by the
time dependence of the fixation process. In forest soils, the effect of soil fungi on the

behaviour-of radiocesium has to be considered in addition.
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IN SITU SPECTROMETRY TO FOLLOW THE BEHAVIOUR
'OF THE CHERNOBYL RADIONUCLIDES IN THE SOIL

MURITH Christophe, GURTNER André

Swiss Federal Office of Public Health, SUER chem. Musée 3 1700 Fribourg

Abstract :
This paper presents a global evaluation of the knowledge relative to the behaviour of the
- Chernobyl fallout in swiss soils, especially based on in situ measurements. After the
contamination phase most of the activity initially limited to the soil surface gradually migrates
into deeper layers. This progressive transfer depends on the properties of the involved
radionuclides and on local characteristics, which can considerably affect the depth distribution
- of the activity in the terrestrial environment. The developed in situ procedure allows a
sensitive control throughout the years of the radioactive inventory of the gamma emitters in
the soil and of their individual contribution to the ambient dose rate equivalent 1 meter above
it. The method also provides an effective characterization of a site, especially for the most
" important still remaining detectable long-lived caesium isotope, by expressing 1ts in situ
apparent decrease as an evolution of the relaxation mass- per-area p/a (g.cm’ %), which
describes its transfer in deeper layers according to an exponential depth distribution. In
practice this characterization often involves in situ spectrometry in conjunction with soil
sampling. For most of the undisSturbed swiss sites, it results 10 years after the Chernobyl
deposit an apparent half-live of round 10 years instead of 30 years due to the vertical transfer .
of caesium. This additional diminution is lower in particular sites by which caesium is very
efficiently retained in the upper layer by clay or organic materials_(forest soils) and higher in
those by which the natural transfer is modified by erosional processes or human activities
. suchas plowmg .
" 1 Introduction
For world-wide contamination caused by major weapon tests in the late 505 and early 60s and -
for the large scale contamination after Chernobyl in 1986, the predominant contamination
path is via the atmosphere. According to the differences in meteorological conditions, the
" radioactivity deposited by rain and dry fallout onto the ground is very inhomogeneous, Vélkle
- and Murith (1989). The influence of these contaminations on the activity of the air at Fribourg
is given in Figure 1. For both contaminations the main long-lived artificial gamma emitter still
remaining detectable in the environment these days is.caesium-137. A significant difference
between them has been observed in Switzerland for the isotopic ratio '*’Cs/” °S_r : ~ 2 for the
weapon tests fallout resp. ~ 100 for the Chemnobyl fallout. The beta emitter strontium-90
mainly from the weapon tests shows a mean apparent half live of found 10 years instead of 28
years due to its transfer in deeper layers. According to its properties, strontlum 90 reveals a
higher transfer from the soil into grass, agncultural products and milk than "*’Cs.
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 Figure 1: Air-activity at Fribourg

2 In situ procedure
In order to obtain accurate measurements of radionuclides in the soil, the Ge(HP)-detector is
generally placed 1m above a relative even and open area. The power in the in situ technique
' described in Beck et al. (1972) lies in the fact that the detector measures gamma radiation
from sources over an area of several hundred square meters, with the advantage to average out -
small-scale inhomogeneities of the source geometry, that invariably are present. In most
undisturbed land,-one generally can assume an uniform distribution with depth for natural
" emitters and a negative exponential distribution with depth for fallout radionuclides. If there is
almost no problem to determine the specific activity for natural emitters (Bq/kg), the
Chernobyl wet deposit in Switzerland and Germany, Winkelmann (1986) has shown that an
initial assumption of p/a on the order of 1.0 g.cm” 2 (£ 30%) would be a realistic compromise.-
For aged fallout well defined site criteria can be difficult to meet, especially when erosional
processes or human activity such as plowing have disturbed the site. Therefore to describe the
behaviour of radionuclides in the soil we use following in situ procedure: assuming an
uniform distribution, we calculate the permanent activities of natural gamma emitters, which
provide a quality control of the measurements and of the corresponding artificial ones, which -
show a higher decrease than excepted from their half live. This additional decrease is
" attributed to their transfer in deeper layers and then expressed as an evolution of the relaxation
mass-per-area p/a, that characterizes the behaviour of the individual radionuclides according
to an exponential depth- distribution. The not detector dependent values of the flux and
ambient 'dose rate equivalent at various energy from our calculation are given in Table. 1
-resp.Table 2 per unit y emission in the soil. A flux resp. ambient dose rate equivalent value for
ay energy of any arbitrary nuclide with a given'distribution can be computed by interpolation
from Table 1 resp. Table 2 at this particular energy and then by multiplying by the yield for
that y ray. To obtain the total contribution of a nuclide to the ambient dose rate equxvalent the
sum of its individual y rays must be considered.
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Table 1: & - unscattered flux (y.cm’2 s") at 1m above ground per unit source strength *
Source p/q_ - g.crn'2
energy | - 0 03 1.0 10 30
(MeV) | (uniform)  (plane)  dry deposition  wet deposition  aged fallout -aged fallout
0.10| 2.63E-3 1.71E-4 1.19E-4 ~ 71.88E-5 2.14E-5 8.50E-6
0.15{ 3.20E-3 1.77E-4. . 1.29E-4 8.77E-5 2.61E-5 1.25E-5
0.20|° 3.62E-3 1.82E-4 1.35E-4 9.30E-5 2.90E-5 1.29E-5
0.30| 4.26E-3 1.89E-4 1.42E-4 9.98E-5 3.23E-5 1.32E-5
0.40} 4.81E-3 1.95E-4 1.47E-4 1.04E-4 3.45E-5 1.31E-5
0.50{ 5.31E-3 1.99E-4 1.50E-4 1.08E-4 3.62E-5 1.32E-5
0.60|. 5.76E-3 2.03E-4 ° 1.54E-4 1.11E-4 3.80E-5 1.37E-5
0.70] 6.15E-3 2.06E-4 1.57E-4 - 1.14E-4  4.01E-5 -149E-5
0.80} 6.59E-3 2.09E-4 1.59E-4 1.16E-4  4.17E-5 1.55E-5
0.90| 6.96E-3 2.12E4 1.61E-4 1.18E-4  4.25E-S 1.60E-5
1.00| 7.37E-3 2.15E4 1.64E-4 1.21E-4  4.40E-5 1.74E-5
1.50] 9.11E-3 2.25E-4 1.74E-4 1.31E-4  4.92E-5 2.26E-5
2.00] 1.06E-2 2.33E-+4 1.82E-4 1.38E-4 5.37E-5 2.58E-5

.Table 2: I:l?" 10) - Ambient dose rate equivalent (nSv.h']) at 1m per unit source strength* -

Source plo. - g.cm™ :
energy o 0 0.3 1.0 10 30

(MeV) (uniform) (plane) dry deposition  wet deposition . aged fallout éged fallout
0.101 2.70E-2 5.36E-4 4.04E-4 3.16E-4 1.27E-4 6.30E-5
0.15] 5.00E-2 7.74E-4 6.08E-4 4.78E-4 2.01E4 - 1.06E-4
0.20] 6.80E-2 1.03E-3 8.18E-4 6.43E-4 2.74E-4 1.45E-4
0.30}. 1.00E-1 1.55E-3 1.23E-3 9.66E-4 4.11E-4 2.18E-4
0.40( 1.30E-1 2.04E-3 -1.63E-3 1.27E-3 5.41E-4 2.87E-4
0.50| 1.59E-1 2.50E-3 1.99E-3 1.55E-3 6.62E-4 3.52E-4
0.60{ 1.86E-1 2.92E-3 2.33E-3 1.82E-3 7.75E-4 4.12E-4
"0.701 2.15E-1 3.33E-3 2.66E-3 2.08E-3 8.88E-4 4.72E-4
‘ 0.80| 2.44E-1 3.71E-3 2.98E-3 2.33E-3 1.00E-3 5.33E4
4 0.90| 2.73E-1 4.10E-3 - 3.29E-3 2.58E-3 1.11E-3 5.92E-4
: 1.00{ 3.00E-1 4.4SE-3 3.57E-3 2.80E-3 1.21E-3 6.45E-4
1.50 4.46E-1 6.20E-3 4.97E-3 3.91E-3 1.72E-3 9.20E-4
2.00| S5.88E-1 7.72E-3 6.22E-3 4.92E-3 2:20E-3 1.20E-3

* For p/a = oo (uniform profile, natural emitters), the source strength is 1 vkg'.s" for soil at all
depth. For 0 < p/a < 30 (exponential profile, fallout emitters), the source strength is 1 y.m'z.s'l
emitted from an infinite column of soil, where the activity exponentially decrease with depth

at relaxation length of 1/a at soil density p.
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As it appears from Table -1 and Table 2, the unscattered flux and the ambient dose rate
equivalent for a given inventory’ vary much more significantly with the source depth
distribution than the ratio of these two quantities. In consequence different assumptions for
the depth distribution would considerably affect the inventory, however the corresponding
ambient dose rate equ1valent still wo_uld be reasonably close to the true value.

3 Chernobyl fallout in Switzerland

The in situ results of the nuclide specific soil contamination measurements for one of the most

affected Swiss sites by the Chernobyl fallout are shown in Figure 2. In the first few days of

May, the short-lived isotopes of tellurium and iodine formed the main contribution (~ 80 %)

to the contamination. Their rapid decrease resulted in an increase of the contribution of the

caesium isotopes from about 6 % on May 1* to 80 % on August 1%, showing up to now a -
- progressive predommance of ¥'Cs.

Total Chernobyl deposition: Corresponding ambient dose rate equivalent:
~ 17000 kBq/m2 (1.5.86) © ~2’800 nSv/h .(1 .5.86)
11132 (2755) .
: . 1-132 (67%)

Te-132 (24%)

. others (3%}
G137 (4%) | /Ro103 (3%
"(‘]Z‘L, N Cs-134 (2%) /. 5137 (3%)
3 glr N Ru-106 (1%) = Cs-134 (4%)
Te-129m 1 N Re103 5% o= LB _
(5.5%)" 7 N Clel40%) M31EH [ Balel40 %)
/ Ba-140 (3%) '
Te-129 (3.5%) Te-132 (6%

Mo-99 + Tc-99m (4%)

Figure 2: Contributions to the inventory and ambient dose rate equivalent at Caslano (TD).

As caesium-137 remains the main long term contribution, it permits to estimate the degree of
contamination on May 1* 1986, according to the proportions per cent given in Figure 2 from
the about 400 in situ measurements performed till now in Switzerland. The regionally large - -
differences in the caesium deposit calculated for May 1% 1986 and shown in Figure 3 confirm

. the heterogeneity of the contamination observed in Switzerland by ambient dose rate

- measurements after the Chernobyl fallout. In comparison the deposit of caesium from'
atmospheric nuclear weapons testlng determmed from earlier measurements or by taking into

account the Chernobyl ratio cs/™cs (1.8 on May 1% 1986) for the post Chernobyl

measurements show less heterogeneity. This is mainly due to the fact that for' the

instantaneous hlgh atmospheric Chernobyl contamination, very mhomogeneous rain -
conditions induced regionally larger differences in the degree of soil contamination than for
the weapon tests one by which the deposits follow chronically over. years.
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Figure 3: Regional caesium-137 in situ inventory (Bg/m® ) in Switzerland on May 1% 1986

4. Rates of the vertical transfer of radiocaesium .

To obtain an indication of the rate of the vertical transfer of caesium in the soil, we compare
its in situ activity evolution assuming throughout the years uniform depth distribution to the
expected activity evolution caused by caesium half live. We attribute then the observed
additional activity decrease to the transfer of caesium m deeper layers by estimating which
‘increase -of the relaxation mass per-area p/a. (g.cm’ ) would induce the same activity
diminution. As shown in the table annexed to Fig. 4, thls mcrease can also be. expressed as a
corresponding i mcrease of the conversion factor Bq m?/ Bq. kg which allows to determine
the inventory in Bq.m’ ? from the measured Bq. kg For most of the undisturbed sites, in situ
measurements show a mean decrease of the caesium activity during the 10 last years down to
27% of its value in 1986 (Fig. 4). It corresponds to an activity diminution due to the transfer
into the soil about 3 times higher then expected by the half live decrease, that means an
apparent half live of round 10 years instead of 30 years. So we can estlmate an evolution of
the relaxation mass-per-area of the Chernobyl caesium from 1 g.cm’ 2 for the measurements
performed in summer 1986 to about 10 g.cm 2 in 1996. Particular sites such as Hinterrhein by
which caesium is very efficiently retained in the upper layer by clay or organic- materials
"(forest) can show practically the expected half live decrease. Otherwise disturbed sites by
which the natural transfer is modified, e.g. by plowing, show an activity diminution up to 7
-times higher than expected by the half live decrease. These considerations make it clear that
knowledge of the type of soil and its history are very helpful to interpret the evolution of the
caesium activity and its contribution to the ambient dose rate equivalent. :
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Figure 4: Evolution of in situ caesium-137 inventory (Bq/kg) at several swiss sites.

5. Soil profiles
Soil profiles are also taken in Switzerland to determine the radioactive inventory ‘of the soil
and to verify in situ assessments relative to the distribution of the radionuclides in it. For natu-
ral gamma emitters, the assumed uniform depth distribution is generally confirmed by soil
profiles measurements and also by reasonable agreement between in situ spectrometry results
and undried soil sample analysis. Some caution is needed for the 238U - 226Ra series since
the emanation of Rn results in a disequilibrium between radium and its daughters on the ty-
pical order of 10 to 20%. For in situ measurements performed during rain, particular assump-
tions taking into account the radon daughters deposit must be achieved to avoid an overesti-
mation of their concentration in soil. The potential inhomogeneity in the horizontal distribu-
tion of fallout activity which may vary from one year to the other (Fig. 5) complicates the
" comparison between in situ spectrometry and soil sample analysis. The first example shows a
good agreement between the caesium inventory obtained by fresh and dried samples. For the
fresh ones we determine a mean conversion factor of 70 kg/m” about 30% higher than for the
dried ones according to the difference in moisture céntent The same inventory would be res-
tored by in situ measurements assuming p/a. = 17 g. cm” 2 for ¥7Cs resp. p/oe = 14 g. cm for
P4Cs. It is interesting to observe that the mean value of the relaxation mass-per-area of ! Cs
is generally hxgher than the corresponding value for 13 Cs
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Figure 5: Percentage *’Cs in soil profiles

“This difference is due to the "*’Cs contribution from the weapons fallout. In the forest soil at
Giittingen, the sampling down to 10 cm yields the global inventory of caesium, which is
mainly retained in the upper layer. The adjacent undisturbed soil yields only about 70% of
that inventory indicating that a deeply sampling would be required to determine the total 1n-
ventory. The relaxation mass per area values which would restore the global ' 4Cs resp. 'Cs
inventory for the corresponding i in situ measurements are 1 g cm’? resp. 3g cm™ at the forest

. siteand 8 g cm? resp. 11 g.cm at the undisturbed site. A similar observation appears in
- Magadino between the undisturbed site and the adjacent cultivated one that was plowed deep-

ly. The last one yields only about 50% of the effective inventory, whlch would be restored

from the correspondmg in situ measurements by assuming p/a 4 gcm ? for Cs resp. p/a

=6 g.cm” for *'Cs at the undisturbed site and p/a =25 g.cm’ 2 for both caesium isotopes at

the cultivated one. So an important precaution to investigate the soil inventory by sampling is
to sample to a great enough depth taklng care not to spill soil from a layer into another.

6. Ambient dose rate equivalent

The total ambient dose rate equivalent from penetrating radlatlon (gamma and cosmxc) in the
environment can be measured accurately with a pressurized ionization chamber. This can be
compared with the sum of the individual contribution of each nuclide from spectrometric in
situ determmatxons with the cosmic component added in. The last depends on the altitude H
(km): nSv. h (cosmic) = 37 exp (0.38.H), Murith (1987). Agreement to within + 5% is a
quality assurance for the detector calibration and the assumed source distribution.
Disagreement by more than 10% points to a calibration problem or a flawed assumption for
the source distribution. Figure 6 shows the overestimation inherent to the assumption of
uniform depth distribution for artificial radionuclides in soil in comparison with the measured
ionization chamber values. The transfer of the artificial radionuclides in deeper layers induces
the observed decrease of the overestimation from initially about a factor 2 down to ~ 20% up
to now, at Stabio in the most affected swiss region Tessin by the Chernobyl fallout.
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Figure 6 Evolution of the ambient doSe rate equivalent at Stabio (Tessm)

. A reasonable concordance between calculated and measured values can be achieved for this
site by assuming ‘an exponential depth distribution for the art1ﬁc1al radionuclides with a mean
evolution of the relaxation mass-per-area of round 1g. cm? per year.

7. Conclusion Co

In situ spectrometry based on uniform depth distribution of the radlonuchdes in sml is well
appropriate to follow the behaviour of artificial deposits. Its especially allows a direct compa-
rison in Bg/kg between the natural and artificial contributions of the gamma emitters, with the
advantage of a high sensitivity for routine checking of low level contamination in the
terrestrial environment. In order to obtain an accurate assessment of deposited activity with in

* situ spectrometry, an estimate or actual ‘measurement of p/a. can be useful. The evolution of
the contamination in soil can be followed with sufficient approximation by using the
developed in situ procedure that describes the corresponding evolution of the relaxation mass- .
per-area which would restore the expected inventory. To confirm or interpret in situ informa-
tions it is recommended to take into account laboratory spectroscopxc measurements of soil
profiles and knowledges relative to the soil properties and history. Furthermore a quality con-
trol of the in situ results can be achieved by comparison with the measured ambient dose rate
‘equivalent with the advantage to allow an improved investigation of the radiation exposure to
the population in providing or even predicting its individual contributions. )
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ABSTRACT

Vertical distributions of radiocaesium and plutonium inventories and uranium ratios
(®38U:23y) are presented for forest soils at three sites within the Chernobyl 30km exclusion
zone. The uranium ratios indicate the presence of reactor fuel fragments (‘hot pamcles') at all
sites, but with declining significance with distance from the ChNPP.- Caesium and plutonium
distributions in soil profiles were evaluated using a compartfnental model to derive migration
half times for each horizon. Migration rates at each site were lowest for the AoH horizon. The
AoH horizon at the site with the largest apparent population of 'hot particles' exibited the -
longest caesium and plutonium migration half times, which generally decreased with distance
from the ChNPP (ie. with decreasing 'hot particle' densities). Plutonium appears to be more .
mobile than radiocaesium, possibly due to the movement of soluble Pu-humic complexes -
formed within the surface organic soil horizons.

1. INTRODUCTION

The contaminated 30km exclus_ion zone surrounding the Chernobyl Nuclear Power Plant
(ChNPP) presents a wide variety of ecological situations ranging from farmland to semi-natural
. meadow_eeosystems and forests. All these ecosystems were contaminated by fallout from the
expiosioq at the ChNPP of 26th Apri:l 1986 and subsequent 'atmo‘s'pheric releases which
occurred up to 6th May 1986. The degree of contamination at different sites varies widely,
- according to location, and the type of contamination also varies with some sites having received
a large input of irradiated UO, fuel fragments, or 'hot particles'. Thus the 30km zone has for
the last few years provided a large outdoor 'laboratory' in which it has been possible to
measure the migration rates of a number of fission and activation products and actinides. This
'laboratory' is unique because, whereas many other areas of the Earth are contaminated by
plutonium,.radiecaesium and radiostrontium, the 30km zone is the only location where much
of the original radionuclide inventory was associated with irradiated UO; fuel fragments.
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Information on the environmental behaviour of radionuclides to be gained from the 30km zone
is, therefore, primarily relevant to the most severe reactor accidents in which massive core
damage and loss of containment occurs. . Such events are extremely rare, yet it is important to
maximise our epportunity to learn about the likely impact of any similar events in the future.
This paper presents information on the soil migration rates of isotopes of caesium and
plutonium at three similar forest sites within the 30km zone which received different
radionuclide inventories in 1986.

- 2. MATERIALS & METHODS

2.1 Soil Sampling: With the assistance of the Radioecology Laboratory of Moscow State
University soil samples were collected from three sites within the 30km zone (Table 1) in 1993
and-1994. Composite samples of AoL, AoF, AoH Ah and Al layers were obtained from
between 5 and 7 individual sampling locations at each site. These were placed directly into
polythene bags for transport to the UK where radiochemical analyses were carried out.

2.2 Analytical Protocols: Radioisotopes of interest in this study were 137¢s and 134Cs
(together with other gamma emitting radionuclides), 238p,, (239+240)py, 2381y apq 235U, The
uranium isotopes are of interest as the fuel matrix comprises uranium oxide with associated
‘fission products, including isotopes of caesium and plutonium. The ratio of 238y:235y is i
informative in identifying the presénce of irradiated reactor fuel fragments (see below).
Instrumental neut_rori activation analysis and delayed neutron counting were used to determine
238 and 235y concentratioﬁs, respectively, in soil samples. Full details of these analyses are
given elsewhere (Wang, 1996). After oven' drying the soil samples were thoroughly
homogenised, packed into 75 ml cylindrical containers and placed on a high resolution gamma
ray (GeLi) spectrometer. Count rates of 137¢s, 4134Cs were converted to absolute activity
concentrations using a detector efficiency calibration obtained from a mixed gamma standard
(Amersham International, UK) made up in an identical geometry to the unknown samples.
After ashirig at 450°C for 8 houré the soil samples were dissolvéd in concentrated nitric acid

and radiochemical separation of plutonium achieved using the IAEA's published method
" (IAEA, 1989). Throughout this process 242py; was used as a yield tracer and internal-standard.
Plutonium isotopes were then electroplated onto stainless steel planchettes and detected by .
alpha spectrometry using a surface barrier detector in vacuo. Absolut¢ disintegration rates of
238p,,, (239+240)py; were obtained by direct cofnparison of peak areas with the 242py; internal
standard.
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2.3 Data Analysis: Vertical migration rates of radionuclides in soil profiles were evaluated
using a compartmental leaching model similar to that described by Bunzl er al. (1992; see
Figure 1). Unlike a 'physically based' model no supplementary information on the soils (soil
moisture, soil water flow velocity, solute Ky) is required; such information is difficult to
assemble for soils under natural conditions. Alihdugh migration rates derived from
compartmental models cannot easily be extrapolated to other soils and situations such models
can be powerful tools in assessing migration rates at specific sites. '

~

A A N Y A

{ S I M S |
?AloL) — (QAZOF) - 8\301'1) - ?:h) > 8\51) >

kK k8 [
Figure 1: Structure of the five compartment model applied to the data in this study.

The total soil inventory at each site was calculated by summing the individual horizon
inventories (Q kBq m'2), then the vertical distribution of the radionuclide of interest was
represented using fractional inventories (Figure 2). The use of fractional inventories means
that a Q(o) value of 1.0 can be used as the initial input to the AoL companment;A a series of
simultaneous ordinary differential equations describing the movement of radionuclides from
one compartment to the next can then be solved either analytically or numerically to give the
relative distribution of the soil inVentory at any time after deposition. The values of the rate .
constants k1 to k5 were derived by fitting analytical solutions (the Batemann equations) for the
five compartments shown to the observed fractional inventory proflles This fitting techmque
ignores the fact that at the time of deposition approximately 60 - 80% of the total fallout
inventory is captured by the tree cahopy-overlying the soil surface (Tikhomirov et al, 1993),
which is subsequently transferred to the soil surface with a half time of 3 - 6 months. The
accuracy of the fitted rate consta_nté was therefore evéanted by numerically solving a six
compartment model (SSLM.6 - Shaw & Wang, unpublished) in which initially only 20 - 30%
of the total radionuclide inventory-contaminated the AoL horizon, the remainder being
associated with the overlying tree canopy. The results indicated that the rate of canopy to soil
surface transfer was so rapid that after 7 or 8 years migration the soil d1stnbutxons predicted by -
SSLM.6 were only negligibly different from the observed values. B
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3. RESULTS & DISCUSSION

Figure 3 shows the variation of the uranium isotopic ratio (333U:235U) with soil depth for the
first five horizons at Shepelichy, Kopachi and Dityatki 1. ‘At the two sites nearest the ChNPP
there is clear evidence of 23°U enrichment, particularly in the AoF and AoH horizons and this
is especially evident at the site with the highest radionuclide inventory (Shepelichy). - This
indicates the presence of a source of uranium which is non:natural in origin, most likely
derived from irradiated reactor fuel in the form of 'hot particles'. Even at the relatively distant
Dityatki 1 site there is significant 235 enrichment in the AoF horizon, although the relative
‘occurrence of fuel fragments at this site is evidently much lower than at Shepelichy and
Kopachi. The sites chosen for study, therefore, provide a gradient of both total radionuclide
inventories and of ‘hot particle' populations.

The fractional radionuclide inventory distributions in Figure 2 give a first indication of ‘the
relative mobilities of caesium and plutonium at each site. Mobilities of both caesium and
plutonium at Kopachi and Dityzitki 1 abpear broadly similar, with a greater relative migration
below the AoH layer than at Shepelichy. This is confirmed by the mean migratioh half times
reported in Table 2 which indicate that for the AoH horizon-at Shepelichy both caesium and

plutonium had much lower mobilities than at the other two sites. For caesium isotopes there
wasa systematic decline in AoH residence half time from Shepelichy — Kopachi — Dityatki
1. It seems likely that this is due to the decreasing importance of 'hot particles' at each of these
sites as evidenced by the uranium isotopic ratios in Figure 3. Konoplev & Bulgakov (1995)
have reported experimental détenninations of leaching half times for 'hot particles’ derived
from Kopachi which range from 2. 210125 years, so it is likely that currently a substantxal
fract1on of plutomum and caesium isotopes still remains within intact fuel particle matrices.
AoH residence half times of plutonium also showed a similar though less consistent decline
. from site to site. ’ '

- Figure 2 indicates that, at Shepelichy, plutonium has penetrated deeper into the soil profile than
caesium, and at Shepelichy and Kopachi the AoH residence haif times of plutonium are
. sigﬁificantly lower than those for caesium. It is therefore cléar that while the AoH horizon
presents a significant 'barrier' to the migration of both caesium and plutonium it is particularly
effective in retarding isotopes of caesium. It seems likely that plutonium isotopes will be
complexed by humic molecules within the highly organic AoF and AoH horizons (Agapkina et
al., 1995) and this could lead to more rapid leaching of plutonium than caesium over the long

term.

0BG,UBA -



International Symposium on Radioecology 1996

U-238/U-235

Shepelichy

8.0

180
160
140

120

U-238/U-235

100
80

60

p

AoL

Kopachi

0:0

T

4.0 6.0 8.0

Soil Depth (cm)

300
250
200

150

U-238/U-235

100

50

10.0

10.0 .

'Natural’ Ratio —

Dityatki 1

$ 4 e

0.0

4.0 '
Soil Depth (cm)

6.0

8.0

.

Figure 3: Vertical distributions of uranium isotopic ratios in forest

~. soils at.Shepelichy, Kopachi and Dityatki 1 in May 1994 (the dotted
lines represent 95% confidence limits of U-238/U-235 ratios).
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Our compartmental model evaluations of migration rates do not reveal anything about the
mechanisms responsible for the reduced mobility of radiocaesium in AoH horizons in forest
soils. Biological recycling processes have been implicated by several workers, although this
hypothesis remains to be convmcmgly demonstrated and appropriate pathways and rates
evaluated.
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ABSTRACT.

Mathematical models.play an essential role in the prediction of the long term fate of
radionuclides in ecosystems. This paper reviews some of the modelling approaches adopted
in radioecology, with particular emphasis on soil systems. The advantages and limitations of
the various levels of approach are discussed.- The importance of mechanistically based models_
is highlighted. Such models can provide insight into the relative importance of the numerous
processes- which influence ‘bioavailability in ecosystems. They may thus assist in the
formulation.of_efﬁcient research strategies. They may provide a rational basis for input data
in large scale ‘black-boé{ > models. The need for testlng of models, and the associated

difficulties are discussed.

1. INTRODUCTION
"The presence of radionuclides in soil systems_usually poses a long term problem Society
. however demands an immediate prediction of the duration of the dlsruptlon to normal life:-
such a demand _cannot be addressed by the _experimental approach. Contamination also
typically occurs on a landscape scale, affecting a wide variety of soils and ecosystems, each of
which will behave slightly differently. For both the above reasons, mathematical models have .
an important role to play in the predictive process (Myttenaere er al. 1993; Coughtrey, 1988). ‘
A Mathematical prediction of the fate of such radionuclides requires an excellent understé.nding
of the various governing pfocesses: predicting the effect of modifications of the system is
‘even more difficult. The need for such models has been 'highlighted in previous Workshops
(e.g. Desmet et al. 1990) and an i'ncreasing number of models have been developed to fulfil
this need. Other models whicll have been developed in other fields of research could also be
.applied to radioecology. The aim of this paper is to review modelling approaches which are
relevant to radioecology, and in particular the bloavallablhty of radiocaesium in soil-plant
. systems We will not provide an exhaustive review of all publlshed models, nor will we
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compare their predictions. Our aim is to draw attention to the usefulness and the limitations
of mechanistic mathematical models of bioavailability, and to indicate how models should be

designed. The emphasis is placed on models of soil-plant transfer of radiocaesium.

2. REVIEW OF EXiSTING MODELLING APPROACHES ‘
The use of mathematical models in all fields has greatly increased in the last tweﬁty or thirty
years, largely due to progress in information technology. They are potentially valuable
research tools with a wide range of applications. The most basic aim of a model is to
assemble and provide a concise mathematical description of a complex system, especially one
where the componeht sub-processes are impossible to test individually. Another application is
the extrapolation of an existing system into the future, testing the effect of various changes.
At another level it may provide some insigyht into the understanding of a phenomenon or aid in
" the design of more sensitive experiments. It is vital to recognise that mechanistic models are
simply a set of hypotheses and require rigorous testing against experimental data before they
can be considered to have any predictive validity. In radioecology the greatest demand is for
models which are reliable predictive tools. However; as we hope to show, mechanistically
based models have a very important role to play in elucidating the relative importance ‘of
various processeé and in providing rational input to models not directly based on mechani_sms:
Mathematical models are simplified descriptions of systems. Varying degrees of
simplification are obtained by making assumptions and the accurécy of a model depends on
their validity. The degree of simplification depends not only upon the complexity of the
" system to be described, but also on the scale investigated. Generally, the larger the scale of
the model, the greater the degree of simplification although this may change as computing '
power continues to increase. For example, at the rhiiosphere level, detailed descriptions of
root uptake, root size and morphology and adsorption kinetics may be taken into account:
. while at a landscape level it may be that more processes have to be taken into account but a
simpler méthemati_cal description is used for each thizosphere subprocess. Similarly the
nature of the heterogeneity which has to be taken into account depends on the scale of interest.
At a rhizosﬁhere level one may wish to investigate the effect of the depletion of the
radionuclide or a competing nutrient species, the effect of enrichment in macro-nutrients near
the root surface, the weathering of clay minerals by root exudates or the non-uniformity of
root distribution. At a landscape level the heterogeneity of deposition, of soil properties or of
vegetation cover would be more relevant. Well-designed models rely on smaller-scale models

when deciding the degree of simpliﬁcation that is acceptable.
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" . 2.1 The Black-box Approach to Multi-Compartment Models
For very large complex systems, such as ecosystems, there is little alternative to a ‘black. box’
approach where the transfer between various 'com'pbnents (e.g. soil to soil solution to plant
roots to plant shoots to grazing animals, soil ingestion, animal faeces, leaf fall, stem flow) is
described using very simple rate, or transfer, coefficients (Coughtrey, 1988). Relatively few of
such coefficients are required but this black box representation takes no account of spatial
heterogeneity or time dependent changes in rate constants. It typically has no theoretical
" basis. The rate constants -may -be derived from studies in simple closed systems, such as
described below, or may be obtained by 'ﬁtting‘ the model to experimentally observed data.
Such models are extremely useful because they are simple to develop and to run but have
rather limited predictivé power. They may provide reliable extrapolations with time if the
system studied remains unchanged but cannot be extrapolated to different environments if
changing conditions influence the pr;)ceéses which determined the rate constants. Examples
of such changes would be climatic conditions which alter the rooting pattern of plants,
nutritional status, seasonal changes in vegetation, changes in soil adsorp'tioh capacity with .
time or because of soil amendments. If the effects of such changes on the apiaropriate rate
constant can be estimated, then a useful sensiﬁvity analysis can be obtained. However this is
usually not possible, particularly if the rate constants have been obtained by fitting. If there
‘is little rational basis to the estimation of the input parameters then extraplotaion from one to . .
another system is unlikely to be accurate. '
A modification of this approach, which is conceptually similar, but is more difficult to
model, is to divide the $oil into a small number of related layers, in which the rate constants
for each process may differ (Croﬁt et al. 1990). '

2.2 Mechanistic Models of Simple Systems
For very simple systems a limited number of processes are considered and so models may be
used to obtain rate coefficients and to support or disprove hypotheses about mechanisms.
Such simple systems include the uptake of a radionuclide by plant roots from culture solution
or the kinetics of adsorption onto soil or clay in a homogeneous pasté or 'suspension. An
example of the former is the description of the root uptake of radiocaesium from solution
which is often considered to follow Michaelis-Menten kinetics, possibly with inhibition by
competing ions, particularly potassilim (Shaw and Bell, 1991). The latter process is usually
described by a series of first order reactions (Absalom et al., 1996), but a slight variant is to
consider some of the adsorption to follow a non-linear adsorption isotherm, such as the
Freundlich isotherm (Comans and Hockley, 1992).

The purpose of such models is to obtain a mathematical description of experimental
results obtained in controlled systems. The data expressed thus is suitable for fncorporation in
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a more complex model. It is also easier to compare them with lhe results of other studies. In
general such models are routinély used and the mathematical techniqueé are simple and well-
known. In some cases these treatments elucidate the mechanisms controlling the processes
studied, as for example the inhibition of caesium uptake by potassium in solution. .

23 Mechamstlc Approach to Complex Systems
However systems are usually too complex even in controlled laboratory experiments, to be
described by such simple models. Dynarmc mechamsuc models can be used at an -
intermediate level to describe fairly complex systems in detail, with each process having the’
best possible mathematical description as determined in simple systems. Nevert'herless‘ this
approach rapidly becomes exfremely complicated and - various approximations are required. .
One approximation is that roots are of uniform size, with identical absorption capécities and

. that they are uniformly distributed in the soil. Another similar assumption is that the soil is a
uniform porous medium (i.e. that the diffusion coefficient and the dispersion coefficient are
constoms) and that the initial distribution of the radionuclide is uniform. One such
approximation was that used by Kirk and Staunton, (1989). They argued that because the
mobility of strongly adsorbed species, such as radiocaesium in mineral soils, is very low, root -
uptal(e is thérefore rapidly limited by diffusion and it was therefore reasonable to assume that

- there would be an instantancous steady state concentratlon gradient perpendicular to the root. .
This simplification gave a simple relation between average concentration and concentration at

the root interface which determined the uptake rate. However in poorly buffered soils this
assumption may not be valid. '

In many respects the problems faced in radioecology are regulated by the same or
similar processes as in other related fields such as soil science, plant physiology, crop growth,
animal nutrition and ecology. Models developed in other fields may therefore be useful in the
study of radionuclides, and may sometimes require very little modification. For example the
mode! of Kirk and Staunton (1989) was adapted from models used in soil science (Nye et al..
1975; Claassen and Barber, 1976; de W1ll1gen and van Noordwuk 1987) Some of the
differences between the models used-in various fields arise from the relative importance of '
various processes and. the size and complexity of the system to be. For example the soil
chemistry of caesium is very similar to that of potassium. Models which describe the plant-
availability of soil potassium, of which there are several, should be well adapted to studies of
caesium in the soil-plant system. There are however important differences. Firstly the depth
distributions of radiocaesium and potassium are different. Radiocaesium is generally highly
concentrated in the surface layer of soil because of surface contamination and relatively low
movement, whereas potassium is more homogeneously distributed because it is naturally

present in soil, even if fertilizers are surface applied. A -second difference is in the account”
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taken of non-instantaneous equilibration of cations between adsorbed and solution phase. All
models of caesium availability consider the slow exchange of a fraction of the adsorbed
~ cation.. Although potassium undergoes a similar reaction this is not routmely included in ..
models of potassium bioavailability.

In contrast models designed to describe water uptake, or the uptake of an ion such as
nitrate which is thought to be lérgely determined by water absorption, are poorly adapted to
the uptake of sparingly soluble radionuclides. Such models emphasis the importance of
transpiration and of root architecture.

We have recently introduced a further degree of complication into such models by
considering the turnover of caesium in both roots and shoots subsequent to root absorption.
We recognised that it unreasonable to assume that root position is constant over the period of
many years. Therefore even at a constant average rooting density, roots do not continue to
exploit the same, increasingly depleted cylinder of soil. Root turnover may contribute to.

"depth redistribution of caesium. Shoot turnover returns a fraction of absorbed caesium to the
soil surface. This may be the result of rotting vegetation, or animal grazing and return via
urine and faeces. A ‘

These mechanistic models are designed for use at a level 1ntermed1ate between the
ecosystem and controlled systems in glasshouses or growth cabinets. Their major role in
radioecology is the determih_ation of the relative importance of various processes (sensitivity
-analysis) particularly as many processes are interdependent. Sensitivify analyses may provide
‘a rational basis.-for the estimation of the input varaibles to black box models, and to other
modelling approaches, such as Geographic Information Systems, which have not as yet been’
fully exploited in radioecology. They may also be useful in designing remedlatlon strategies
for contaminated areas. :

' 3. MODEL INPUT AND OUTPUT PARAMETERS AND MODEL TESTING

3.1 Measurement of Input Parameters: State variables and other boundary conditions '
State variables characterize and quantify all properties that describe the current state of the
svstem and have to be known at the onset of simulation (de Wit and Goudriaan, 1978).
Examples of such variables are (i) the initial concentration and distribution, with depth or
between adsorbed and solution phases, of the isetope and (ii) the root radius and density
" distribution.- Other boundary- conditions are the continuing addition of radionuclide to the
system, or its removal. . ' ‘

The initial concentration and distribution of a’ rad1onuc11de in a real system are dlfﬁcult
to measure.” Measurements are highly variable, partly because of sampling error and partly
because surface contamination and redistribution are highly variable. The root density and
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architecture are also difficult to obtain with précigion because of sampling difficulties - some

. field and lysimeter data are available, but only for a limited number of species. In general
removal of radionuclides only accounts for a small proportion of the amount present, and so
. this parameter has little effect on simulation, although it may of course be the desired output
variable. However, particularly in forest ecosystems, depositioﬂ may not be quasi-
instantaneous. Unfortunately accurate data on the rate and extent of throughfall, leaf-fall and
stemflow are difficult to obtain, and so input to models must be treated with some caution.
‘Simulation over a range of state variables can be used to determine the range of possible
oﬁtcomes. ' ' '

3.2 Measurement of Input Parameters: Rate variables

Rate variables quantify the rate of change of the state variables (de Wit & Goudnaan 1978).
Examples of rate variables aré (i) the rate constants of the exchange reactions of the

radioisotope between the adsorbed and the solution phases, (ii) the variables which describe

the root uptake at the root-solution interface, (iii) the diffusion and dispersion coefficients, or

their - constituent components, (iv) root ‘growth rate or turnover rate, (v) rate of transfer

between roots and shoots and (vi) grazing rate. '

Usually these variables are obtained from experimental studies carried out” under
controlled conditions, such as adsorption measurements in soil suspensiori or soil pastes or
root absorption from culture solution. It is assumed that the difference in conditions does not
have a marked effect on these rate variables. Again this assumption must be treated with
caution. In the case of adsorption on soil, kinetic parameters, are obtained over periods of
hours, days and more rarely months. Such studies cannot detect reactions with very slow rate
constants, yr-! or lower. If the long term fate of a radionuclide is of interest, then reactions
with half lives of the order of hours, days and months will appear. to be instantaneous.
Similarly for the kinetics of root absorption, it'is well known that root development is very
different in nutrient solution and in soil. Furthermore absorption properties depend on
species, age, and nutrient status. To what extent can measurements made on young plants,
usually of species of commercial interest, well supplied with important nutrients, be applied to
field - conditions?  This caveat - is pa}ticularly relevant to simulations of semi-natural-

- environments where the nutrient supply is poor and plant species are less likely to have been

studied by plant physiologists and where fundamentally different mechanisms may apply.

3.3 Choice of Output Variables
"The choice of output data depends on the intended use of the model. In the case of simple
models, designed. to give a simple mathematical description to experimental data it is the

experimentally measured parameter. In more complex models the output variable may
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correspond to a measureable parameter (which allows the model to be tested by comparison of
simulated to real data). For exarhple, the soil-plant'ti-ansfer factor, the ratio of concentration
in the shoot+leaf of the plant to that in the surrounding soil. Alternatively it may be an input
parameter, or a rate variable to be incorporated into a more simplifed model of a larger, more
complex system. For example, the soil-to-plant rate constant in a compartment model. In
general the output variable can be measured, so that the model can be verified. However this
is not always the case - it is interesting to simulate the cha.ngmg depth distribution of a
radlonuchde although this is difficult to monitor prec1sely with time.

3.4 Testing of models .
in order’to test a mathematical model reliable data must be available. This is trivial, albeit
time-consuming, for models of simple two-component systems. The poor prediction of the
bioavai]ability of radiocaesium in the organic upland soils by some radioécblogical models
_based on the black box ‘approach was made obvious by the Chernobyl accident. However
such opportunities for model testing are (happily) not readily available, and when 'they are,
time-dependenf data is scanty. Good agreement between data and simulation is not sufficient
evidence of a good model; it may be coincidence. Furthermore if simulation does not agree
with observation, it is not easy to be certain whether the model is fundamentally at fault (i.e.
the simplifying assumptions, the mathematical description of the processes or the selection of
the procesées taken into account are erronéous) or whether the input variables are wrong. The
more complex a model, the greater is the number of input parameters required, with a
corresponding' increase in the possibility of error. A useful pragmatic approach is to conduct a
- sensitivity analysis to determine the parameters upon which outcome most depends and then
try to obtain data where only this parameter changes or concentrate experimental effort on
accurate measurement of this parameter. For example, root uptake' is highly sensitive to
rooting density and depth distribution. One would therefore expect soil-plant transfer
coefficients to be highly correlated to root architecture. UnfortunatelyI such data is extremely
_ difficult to obtain. A more successful example of this approach is to compare soil—blant
" transfer coefficients with soil adsorption capacity, on condition that a sufficient range of ‘sloils
is considered (Van Voris et al., 1990).

4. CONCLUSIONS

Mathematical models are useful tools in all areas of plant and animal science. In some areas,
such as radionuclide contamination and climate chiange, where decisions are required before
. a_l1 the experir‘nental‘cvidence can be assembled, they are essential. In such areas, it is vital
that the models provide as accurate predictions of future events as possible. Of the models
discussed, the mechanistic approach seems to offer the best approach to this requirement.
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Abstract

Interaction with the soil matrix is one of the key processes for the migration of radio-’
nuclides in the terrestrial environment. Usually it is modeled by a simple distribution
coefficient K of trace concentrations between solid and liquid phases. Laboratory experi-
ments using a modified diffusion technique have been performed to study the interaction
of cesium with a Eutric Cambisol soil pellet. Of the sorption models tested, assuming
first-order kinetics incorporating a Freundlich isothérm resulted in the best fit to the
experimental data. The K; model completely failed to describe the experlmental data.

Desorption showed a marked hysteresis.

1 Introduction

As it is well known, transport of kationic radionuclides in near-surface soils is a slow
process with migration rates in the order of 1 cm y~! or even lower (Coughtrey and
Thorne 1983). These data indicate that the mobility in soils is controlled by sorption
of the radionuclides to the soil matrix. As Ehlken and Kirchner (1994) recently showed,
redistribution of cesium within the rooting zone of grass plants significantly influences
soil-to-plant transfer. Hence sorption (and désorption) processes in soil control radio-
- nuclide uptake by plants and have to be modeled adequately in any long-term dose
assessment. ' '

The sorption of a radionuclide in soil is usually expressed in terms of a distribution
coefficient K4 defined by o ‘
S : S = K,C - (1)
where S, C are the nuclide concentrations sorbed and in solution, respectively. Eqn.
(1) only holds if (i) the concentration sorbed is linearly related to the corcentration in
solution, if (ii)-sorption is a quasi-instantaneous process, and if (iii) it is completely re-
versible. There is, however, experimental evidence that eqn. (1) may be inadequate: In
various experiments, sorption of -cesium to different soil or rock types was reported to
follow a Freundlich isotherm with exponents in the range 0.5< N < 0.95 (Torstenfelt
" et al. 1982, Bradbury and Stephen (1985), Higgo et al. 1988, Smith 1990). Observations
of kinetically controlled sorption processes of cesium with sorption half-lives of days to
weeks have been reported also. (Nyfeller et'al. 1984, Horyna and Dlouhy 1988, Shenber
and Johanson 1992, Comans and Hockley 1992). .
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The objective of this study was to test the performanée of various sorption/desorption
models versus data of a laboratory experiment lnvestlgatmg the sorption of cesium on a
mineral 8011

2 Laboratory Techniques for Studying Sorption Processes

A variety of laboratory techniques for sﬁudying sorption processes have been proposed.
For strongly sorbing trace substances most widely used is the batch technique (e.g. Re-
lyea et al. 1980). This simple methodology, however, poses a number of methodological
problems (Bell and Bates 1988, Lieser and Ament 1993, Benes et al. 1994) and can not
be expected to give reliable results (Relyea and Serne 1979, Bradbury and Stephen 1985).
In our opinion, the diffusion technique {Shackelford 1991) offers an attractive alternative,
because it enables to study sorption processes under experimental conditions held close
to those in the environment. :

3 Experimental

The through-diffusion technique used for our experiments is illustrated in Fig. 1. Tracer
nuclides diffuse from.the reservoir cell across the soil pellet which is fixed mechanically by
two membranes into the measurement cell. The experiment is performed in three phases.
During phase’(1) the fluid in the measurement cell is frequently replaced by synthetic soil
solution. In a second phase, tracer concentrations in the measurement cell are allowed
to accumulate in order to establish high loadings throughout the soil pellet. Phase (3)
is initiated by removing the tracer from the reservoir so that transport of cesium out of
the pellet is governed by desorption processes. During this phase, solutions in both cells
are periodically replaced. Tracer concentrations accumulated in' the exchanged solutlons
are a.lways measured y-spectrometrically.

In the following, results are presented of an experiment studymg the interaction of *"Cs
with soil taken from the Ay horizon of a Eutric Cambisol (Kirchner and Baumgartner
1992). The initial concentration of cesium in the reservoir was 2.5 x 1077 M.

soil pellet mgmbrane

‘measurement reservoir

" cell cell

. Figure 1 :. Schematic of the diffusion cell used
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Migration of the tracer nuclides through the soil pellet is described by a diffusion-sorption
equation which can be solved analytically if sorption is modeled by a linear isotherm
(Kirchner et al.- 1993). In order to gain experimental flexibility and to test the per-

*. formance of various sorption models, we developed a numerical solution based on the

Crank-Nicolson method of finite differences and incorporated it into the nonlinear regres-
sion code PAR of the BMDP statistical code package (Dixon 1990).

4 Results and Discussion

Concentrations of *7Cs detected in the solutions which were withdrawn from the mea-
surement cell are shown in Fig. 2. The six sorption models listed in Table 1 were fitted
to these data. They include various isotherms (linear, Freundlich, and Langmuir) and
for each of the isotherms assume sorption to be an instantaneous and kinetic process,
respectively. Parameters fitted are (see Table 1) K, for the linear isotherm, Kg,, N for
the Freundlich isotherm, Kp,1, Kras for the Langmuir isotherm, the kinetic constant r
and, additionally, the intrinsic diffusion coefficient. The decision which of the sorption
models tested results in the best agreement with the experimental data was based on
the Akaike information criterion AIC: if measurement errors are additive and normally
distributed with mean zero, it is given as (Cobelli and Ruggeri 1982)

AIC = N IR, +2p ,

where N is the number of data points, R,, denotes the residual sum of squares of the fit,
and p is the number of parameters fitted. The model which results in the lowest AIC ~
value is selected thereby taking into account both the goodness of fit and the principle
of parsimony. ) : ’

As Table 1 shows, to allow for kinetic processes drastically improves the fits for all three
isotherms tested. The best fit results if concentration dependence is assumed to conform
to a Freundlich isotherm. For this sorption model the parameter estimates are given in

Table 2. - :

. For comparison with the experimental data; Fig. 2 includes the results from fitting two
of the sorption models tested. Evidently the linear equilibrium (K, -) model gives a very
poor fit, whereas the kinetic model including a Freundlich isotherm adequately matches
the experimental data. The remaining deviations may point to an additional slow sorp-
tion process (Comans et al. 1991). :

Cumulative concentrations of 137Cs diffused out of the pellet into the reservoir cell after
start of phase (3) of the experiment are shown in Fig. 3. The experiment is still in pro-
gress. Predictions calculated with the parameter values given in Table 2 systematically
overestimate the concentrations actually measured (see Fig. 3). This hysteresis effect
may be caused by irreversible sorption of part of the cesium. This will be analysed after
the experiment will have been completed and the soil pellet dismantled. . .
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Figure 2: Experimental concentrations (x) of '*’Cs in the measurement cell compared
to fits of sorption models no. 1 (@) and no. 5 (0O) of Table 1; the dotted lines are for
guiding the eyes only . B
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AIC model selection criterion

Table 1: Sorption models fitted to the experimental data and computed values of the

No. Sorption model R, ° AIC® .
1 S = KiC 10608 - 310"

2. S = KgCV 9411 308

_ I{Lal C-

3 S = T KO 10608 312

4 %S: r{KsC — S} 4337 282

5 06 L r{Kr. CV - S} 1959 " 9258 -
. at - ‘ .

6 %S-—r{KmC —S} 2173 262

a

1 + I{La‘zc

residual sum of squares of the fits-

b value of the Akaike information criterion

Table 2: Numerical values of the parameters resulting from fitting sorption model no. 5
of Table 1 to the experimental data; uncertainties given denote one asymptotic standard

deviation

Parameter

. Numerical value

D (107® cm? s7!]
Kp, [Bg'™VN cm®N g
r [10-¢ s71]

9.30
9842
0.531
2.02

W oW oW W

0.41
2492
0.077
0.31
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5 Conclusions

Diffusion experiments offer the opportunity to study both sorption and desorption of
trace substances in soil and rock under conditions kepfz close to those in nature. Expe-
rimental data for a Eutric Cambisol soil confirm earlier observations that the commonly
used equilibrium sorption (K, -) model may be unsuitable to describe the interaction of
cesium with mineral soils. o
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Abstract _ ‘ )
On the base of experiméntal studies realised in laboratory undér well cont‘rolled conditions, the -
vertical ‘movement of the caesium in a podsolic sandy soil was investigated lising
chromatographic columns. The downward movement of the activity was expressed.as a
pefcentage of the front of the percolated solution and the result was correlated to the ionic
composition of the soil solution (K*, Ca™ and ,Mg”.). Under our experimental conditions (soil
fully saturated with water, inhibition of the microflore, effect of the ammonium not taken into
accounf,‘Potassium Absorption Ratio kept to a constant value, ...) a simple relationship Was
fouﬁd. For a more quantitative approach, this equation must be adapted in order to take into

account all these parameters, and especially the influence of the water status of the soil.

1. Introduction A

In case of a major nuclear accident (e.g. Chernoby! -.1986), fission and activation products are .

released to the environment. Considering the committed collective effective dose for the entire

- population of the different contarhinated countries, the two most damageable rédidisotopes ére :
he.®’Cs and the *Sr (long physical half-lives, high transfer to the foodchain and big amounts
released) (Askbrant et al., 1995). Knowing that one of the largest u_rlcértainties on the
predictions is often generated by an insufficient understanding of the fundamental bio-physico-

" chemical processes which take place in the soil compartment, the study of the behaviour of
these radionuclides in the soil is of significant importance. The aim of this work is to try to.

. qualify and to quantify the parameters of the vertical movement of the radiocaesium in a
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podsolic sandy soil under well controlled conditions (chromatographic columns) as a function

" of the main cation composition of the soil solution.

2. Materials and methods

2.1.Chromatographic columns

//—_—\J‘!

- (a)

Ah.

Reserve

- (b)

Solution

Fig. 1 : Experimental system controlling the solution flux and chromatographic column desngned at
CEN/SCK. .

Horﬁe made chromatographic columns represented in ﬁg..l were filled up with 10 cm of soil.
The internal diamefer of the Plexiglas tube containing the soil is 4.6 cm and the heightvof' the
soil column is adjustable. The tightness of the system is ensure by two compressible o-rings.
- Successive filters (glass-wool 0.5 cm and paper 0.2 mm) avoid the leaching of soil particles out
~ of the tube. The solution flux is controlled by an adjustable variation of the height (and thus of
pressure) between the level of the el.uant in the feeding reservoir (a) and that of the exhaust
tube (b) from which eluat is collected for analyses. The level in the feeding reservoir is kept

constant w1th a pump and the overflow is recycled
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2.2. Soil sampling and solution used.

The upper 5 cm‘ layer of a podsolic soil was collected on a pasture in the region of Mol
(Belgium). The soil was air dried, sieved at 2 mm and.homogenised. The main physico-
-chemic'al characteristics were determined and the composition at equilibrium of the soil

solution was estimated : . !

Density o ’ 1300 kg/m?
Porosity 48 % (v/v)
Field capacity . . 31 % (w/w)
Cationic Exchange Capacity 15.8 peq/g
K*  concentration in soil solution at field capacity 1.34 mMAt . .
Ca™ concentration in soil solution at field capacity 0.87 mM/
Mg** concentration in soil solution at field capacity - 0.34mM/
e [K*] .
PAR (at field capgcxty) Ca 1 Mg™] 1.22
" Exchangeable K* ' : : 2.0 peg/g
-Exchangeable Ca** : 10.1 peq/g
Exchangeable Mgt ‘ 2.0 ueq/g
. - [K+gxrh ] ’
Exchangeable Potassium Ratio [Ca™ pop 1 IME exep ] _0.16 .
Solid-liquid distribution coefficierit for Cs (K, ) 220 ml/g

Table 1 : Main soil and soil solution characteristics of the podsol soil used in this study.

A diluted solution of the main cations in chloride form (KCl, CaCl, and MgCl;) in
concentrations close to those measﬁred in the soil .solution (respectively 1.0, 0.75 and 0.25
mM -> a total concentration of 3 rheq/l) was prepared and used for the percolétion. The
activity of the soil microflore was inhibited by adding 0.01% of Formaldehyde to the solution.
In order_ to quantify the caesium migration phenomena as a function of the total amount of
potassium, calcium and magnesium, two other percolation solution’s were prepared. For both,
the Potassium Absorpﬁon Ratio (PAR) was kept constant to his initial value of 1.0 but the
concentratiohs-of the main cations were changed. The total ionic concentration was increased
from its original value of 3 meq/l to 10 and even to the upréalistic (in natural condition) value
of 55 meg/l. ' ' . - .

A total of 220 g of dry soil (corresponding to a column high of 10 cm) was introduced in each

column. The void volume of the columns was determined by injection of tritiated water
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!

(breakthrough curve) and amounted to 48+1 % Four columns were used for each scenario's. '

The soil was equilibrated by passmg at least 70 void volumes (Vo) of the eluant before the

. contamination was applied. Thereafter, 0.2 ml of 137CsCl was introduced at the bottom of
each colﬁmn and the elution was carried out. The experiment was realised under fully saturated

 conditions (solution comihg from the bottom of the >column) and the totality of the eluted
‘solution was collected at fegular time intervals and rheasured for his radioactive content. The
solution flow rate was equal to one void volume per day (0.2 ml h cm™). The\_elution from the -
different columns was stopped successively after the passage of a Ipre—deﬁned number of
-column void vdlumes (different for each column). The activity profiles were obtained by
turning thé columns upside down, draining.them out under gravity for a ‘week and then
extruding the soil from the Plexiglas into successive slices of 0.5 cm. For the first scenario, the
procedure was repeated in order to ensure the reproducibility of the phenomena The detector
used for the determination of the gamma activities was a Packard Minaxiy Auto-gamma 5000

. Series wnh an efficiency of 13 6 % for the '*’Cs. The countmg time was set to 10 minutes in

" order to ensure a statistical error lower then 5 %. _

3. Results .
The radioactivity profiles obtained respectively after elution of 94, 106, 158 and 219 void

volume equivalents for the first scenario are reported in figure 2.

94 Vo 106Vo - 158 Vo 219 Vo
s 30]» . T 30 S s 30
!_, < . . < 20 fa
g 2orlﬂ& g 20 _ E 1/“' S 20
. . 2 10 £ 10 = 10
. 5]
Oj—o—.ﬁaamw < of 0 1 < 0+ t 1
0 2 4 6 8 10 0-2 4 6 8 10 0 2 46 810 . 0 2 4 6 8 10
Depth (cm) , : Depth (cm) . Depth (cm) Depth (cm)

Fig.2 : Profiles of the radiocaesium activities in the soil columns aﬁer elunon of 94, 106, 158 and 219 void
volumes (lowest ions concentration soenano)

The activities of the soil layers are expressed as a percentage of the total activity of the soil
.column. The depth of penetration of the peak varied from less than 1.4-cm for an elution of 94

void volumes of solution to 2.9 ¢cm for 219 volumes. If we plot these points (+ other points) on
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a graph (fig.3) representing the position of the peak as a function of the total eluted solution

(in void volumes), one can observe that the phenomena is linear (regression coeff. r2 = 0.973).

~ 3

§

}: 2.5

3

g 2

3 1.5

L] .
&

2 1

B

505

g, . .

Q 50 100 150 200 250
Number of Vo eluted (#) - ~

Fig . 3 : Depth of penetration of the maximum of activity expressed as a function of the number of eluted-
volume for the lower ion concentration scenario.

- As it was expected, the three scenario’s give three different migration velocities observed by a
higher penetration depth of the activity with the i mcreasmg total ionic concentration for a same

number of elution volumes

55 meq/1 ) 10 meq/1}

3 meq/!|

soil solution)

Depth of the peak of activity (cm)
N

0 5 100 150 200 250 300
' Number of Vo eluted (#)

Fig. 4 : The depth of the maximum of activity observed in the soil profile expréssed as a function of the total
amount of Vo solution having been passed through the soil for the 3 scenario’s.
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The migration velocities of the caesium, estimated by the slopes of the lines (fig.4), can be
related to that of the eluant. The caesium relative, “velocity’ (V,) amount to 0.135 + 0.008 % of
that of the eluant for the lowest ionic strength scenario (equivalent to the soil solution) and
shows increasing relative rates fdr the two other solutions with a higher ionic concentrations,

respectively 0.203 + 0.014 and 0.429 + 0.034 %.

4. Discussion .

The observed relative migration “velocity’ V, of the radioisotope is a function of the ratio of
the sum of the concentraﬁons (expressed in mM) of potassium, calcium and magnesium
divided by the total amount of potassium: '

[K'THCa [+ Mg™"]

1
(K] ®

Vf(

"For the simplicity of the following discussion, let us rename the ratio of the concentrations by
the letter a , so that equation (1) can be rewritten as : ‘
ALY ) ' @)
Of course V. is also dependent of other parameters as the PAR value, the ammonium status of
the soil or the fact that the experience was carried out under fully saturated c_onditions.
Nevertheless, semi-quantitative information can be extracted from our experience if we
consider the ratio oi‘ the relative ‘velocities ef two different scenario’s conducted in the same
experimental conditions. Doing that, the dependence of the other parameters is cancelled and

the followmg relatlonshlp must than be verified :

([K+]+[Ca”]+[Mg”]) -
Vi K] 4. 3)
V, ([K+]+[C ++]+[1V1fg++]) a,
X1

where i and } represent the values obtained for two dlﬂ‘erent scenario’s. The relation (3) can be
re-expressed in the following form :
|4

=-Z = Constant . . . : )
a,

YN
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Vi and Vj; are the experimental results while the different concentrations are well defined from
the beginning of the experience. The knowledge of only one value of V, induced thus

automatically the knowledge of any other values if we stay in the same experimental protocol.

In this 'study, the observed V, ratio of 1.504 (=0.203/0.135) obtained between thé two first
Scenario’s was in very good agreement with the 1.5 expected value of the ratio of a'(3 divided
by 2), while the accuracy of the correspondence for the second and the third scenario’s with
the experimental result was slightly less good (2.1 13 to_compare to 2.0). Between the first and
. tﬁe third scenario’s, the “predicted’ ratio must be a factor of 3.0 to compare with the obtained
value of 3.178. The 6 % error obsetved can easily be explained by the sum of the experimental
errors due to : the soil core slicing, the detection of the activity, the linear regression, the
truncation errors... . The values obtained for the constants in the three scenario’s were .
respectively 0.068, 0.068 and 0.072 giving an average value for a equal to 0.069+0.002. For

these experimental conditions, the equation (4) gives :

Co K" |+{Ca™ | +{ Mg™™
V. =0.069%a = 0.069* [ - ] [ ] [ £ ] N )
‘ R e [K*] .
Using the PAR concept, we can rewrite the expression (5) as :
| | LS
V. =0.069%(1+ 6
y ( P Rz) (6)

Knowing that the PAR value was kept to 1.0 in this work, équation (6) gives : _
V,=0.069%(1+[K"]) @)

0.5 1

Vr (%)

[K+] (mM)

Fig. 5 : Relative ‘velocity® V, as a function of the potassium ion concentration.
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The points on Fig-.S represents the observed relative ‘velocities’ for the three scenario’s whilé
_the line is the results of the equation 7. Care must be taken with this equation when

extrapolation to the K1 > 0is made. A potassium concentration equal to zero’ 1s not allowed

(because it is then impossible to obtain-a PAR value equal to 1.0) and must be rejected.
. Furthermore, on the base of our expenment not data are available to ensure a lmeanty for the
higher potassnum concentrations.
We know today that the caesium sorption and retention (as well as the potassium.ones) onto
the soil solid matrix are governed by different kind of fixation sites (Cremers et al., 1988).
Some of them are very specific for the considered elements, some are less specific 'vvhile others
are not specific at all but they can be filled by cations as Ca™ or Mg™. Furthermore, the
bivalent cations which are more hydrated (bigger in size), can play an role by reducing the
access of the monovalent ions to the specific. and very specific sites. It is thus logical to
postulate a relationship (equation 1) between the respective concentrations of K', Ca'* and
Mg"" in the soil solution and the observed- mxgratlon For a full quantitative approach, the
equation (1) must be adapted in order to take into account the variation of the Potassium
‘Adsorption Ratlo, the fact that the experience was carried out under saturated conditions and
the concentration of the NH,", which can induce collapses of some clay mineral (and thus a
trapping of the caesium ions (Jacobs 1 963) Includmg those corrections, the final equation will
probably be able to explam partlally the well known “apparent mlgratlon velocity” parameter

used by most of the modelers in the different versions of the convective-diffusional models.

5. Conclusions

In the experimental conditions described above (a soddy posolic soil well homogenised,
suppression of the biological compdnents, work under saturated conditions and Potassium
. Adsorpt_ion Ratio kept to a constant value, ...), it is possible to make a semi-.quantitative.
analyse of the vertical 'migratiqr'n of r‘adigcaesiur’ﬁ down to the soil pfoﬁle.\The movement is
linear with respect to the volume of eluted solution and is directly correlated with the main
cations concentrations. Furthermore, if the vertical movement is 'experimentaly quantified for
one ség:nario, it is possibl_e' to forecast the migration for ot'hervionié composition of the soil

solution on the base of a very simple .equat'ion‘ The migration is clearly controlled by the
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potassium ion concentration but the contribution of the bivalent cations can not be neglected.
In order to be more realist and relevant for the radionuclide migr.at.io_n modelling purpose, the
proposed equation must still be adapted for a variation of the :

- PAR value. '

- experimental conditions (effect of the dry-wet cycling), and

- retention properties of the soil as a function of the NH,", concentration.
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KINETICS, OF RADIONUCLIDE LEACHING - FROM FUEL
PARTICLES IN THE SOIL AROUND THE CHERNOBYL NUCLEAR - .
. POWER PLANT

KONOPLEY Alexéi,' BULGAKOY Anatolyi

Institute of Experimental Mefe‘orology, Obninsk 249020, Russia

Abstract. Empiric models of radionuclide leaching from fuel
particles of the Chernobyl origin are presented. Modelling is
based on experimental data for Sr-90 chemical forms in soils

~at various™ distances and directions from the Chernobyl
nuclear power plant. Method of indirect assessment of Sr-90
portion incorporated in fuel particles is suggested.
Dependence of leaching rate on directions and distances as
“well as on soil properties are analyzed.

1. Introduction.

During the explosion and the fire at the fourth unit of the Chernobyl Nuclear Power Plant in
- April-May. 1986 a great amount of dispersed nuclear fuel (fuel hot particles), structural
materials, andsubstances dumped into the reactor and formed in it (condensation: hot
panfcles) was released into the atmosphere. The fuel particles were of dense or loose structure
and consisted of uranium oxides. Their sizes ranged from hundreds of microns to fractions of
a micron. The radionuclide composition of the fuel particles was similar to the fuel make-up
in the damaged unit with some depletion of volatile nuclides ('* '*'Cs, '®Ru etc.). Fuel -
particles account for more than 90% of the total amount of hot pa,rticles.' The condensation
particles were generally characterized by smaller size and regular form. They can include
either a wide spectrum of radionuclides or 1 to 2 radionuclides (for example '**'*'Cs; '*Ru;
Ce + ®Zr; '“Ce + "®Ru etc.). Release of these fuel and condensation particles into the
environment was the main distinguishing feature of the accidental contamination following
the Chernobyl accident. , .

Condensation particles formed after the Chernobyl accident are similar to global fallout
resulting from previous atmospheric nuclear tests. Therefore, the behaviour of these particles
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in the environment can be predicted‘with fair reliability. At the same time, the behaviour of
fuel particles deposited mainly in 60-km zone around the Chernobyl nuclear power plant is
not known, and therefore presents a serious scientific problem Konoplev et al.,(1992).

2. Calculation of the fraction of Sr-90 in particles from S.r-90A occurrence .forms in the
soil.

Studies show that the fuel particles of the Chernobyl origin dgi not dissolve in neutral .
solutions and as a result in-the first years after the accident the fraction of the excharigeable
“form of radionuclides (determined by extraction with 1 M ammonium aé_etate) was much
- lower in the soils from the immediate vicinity of the Chernobyl NPP as compared to- the soils
.to which radionuclides entered in the soluble staté. This difference in the. exchangeablé form -
fraction can become a basis for quantlﬁcation of the fraction of radionuclides occurring in the
soil as part of fuel particles. In this respect the most suitable radionuclide for studies is Sr-90.
This radionuclide has a long half life which permits changes in its speciations occurring in
the soil to be traced during a certain time period. It takes radivostrontium to reach an
equilibrium several days in soil Thus, speciations of Sr released from fuel garticlés can be
considered equilibrium. What is more, the equilibrium fraction of exchangeable
' radiostrontilim is close to"100% in most soils and is weakly dependent on soil properties.
The fraction of Sr-90 occurrmg as part of fuel particles was calculated for several points
on the Chernobyl contaminated area with the following equation:

EEI-E—)(— (1)
EX

@

where F, is fraction of Sr-90 occurring as part of fuel particles at time moment t;
EX, and EX, are fractions of exchangeable Sr-90 at time moment t and at equilibrium,
respectively. . ' '

There are several methods to determine the radionuclide fraction occurring in the soil in

. exchangeable form. These methods differ by composition of extracting solution, extraction
time and ratio of the volume of extracting agent to the soil weight. Data used for calculation
of F, can be obtained by any of these methods provided that EX, and EX, are determined
with the same method. The data used in this paper were obtained by the method of extraction
of 1M solution of ammonium acetate at phases ratio of 1:8 and extraction time of 1 day.

The quantity EX,, can be found in three different ways. The most accurate of all is to
apply a' tracer radionuclide, for example $r-85, to the soil under study. Another option is to
determine EX,, in the lower soil layers in which fuel particles do not occur.

In the initial time period when the value of EX, is far from equilibrium, it may be
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sufficient to use expert judgment of EX_,: For example, for soddy-podzolic soils, prevailing in
the contaminated area and for other acidic soils with low organic content the value of EX,,
varies from 70 to 90% according to Pavlotskaya (1974). Thus, using EX_, = 0.8 as an expert
judgment more results in a mistake iri calculating F not.more than 10% if F, is more than 0.5. -

3. Venf' cation of suitability of different mathematlcal models to describe radionuclide
leaching from fuel particles.

Modelling processes leading to release of radionuclides from fuel particles is not easyA
because of non-uniformity in size, forms and chemical nature of these particles. Therefore, it
seems reasonable to use integral parameters describing leaching rate of radionuclides in
different areas of the contaminated zone. There are two such terms bemg used in the

literature: radionuclide leaching rate —(day‘l) where F is fraction of radionuclide

mcorporated in fuel particles, and uranium oxide matrix dissolution rate —(g/day), where P

is pamcle welght In this case, the reductlon with time of fraction of radionuclides in particles
s described by the followmg equations:

dF _
T =-kE

aﬁd respectively
F = E*EXPCkf) ()

where F, and F, are fractions of radionuclides incorporated in fuel particles at moment t and

" .in depositions, respectively; ky is first order rate constant of radionuclide leaching from fuel

particles, t is time after the accident. .

If the particles have approximately the same size and resistance to dissolving, the
leaching rate constant will grow with time due to an increase in the ratio of surface area of
particles to their weight. In this case, it is better to use as a parameter the dissolution rate

\

_.LedP '
sa @

where P, is particle weight at time moment t; S is surface area of particle.
Assumihg that the radionuclide's are uniformly distributed over the particle volume and taking

] .
into account that @ _ S 2 and ()= R , were Ry and Ry are current and initial.
dt Fo Ro
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Fy—q. (Y
E=1-Got ©

On a semilogarithmic scale, time dependence of Sr fraction in fuel particles should be linear,

given leaching goes at a rate described by Eq. 3
InF, = InFo -kt (6)

If Eq. 5 is valid, time dependence of (F/F,)'” should be linear.

Considering significant non-uniformity in depositions of fuel particles in the zone near the
Chernobyl NPP, the agreement between the experimental and theoretical dependencies may
be considered as satisfactory for both models. An appreciable deviation from the linear
dependence is observed at one site only. Eq. 5 gives a better agreement of the calculations
and experiment»alldata. This is also indicated by the linear regression equations derived for
Eq. 5and 6 (éee Table 1). Correlation coefficients are higher for Eq. 5 except two cases when

they were the same.

Table 1. Linear regression equations for Eq.5 and 6.

Soil ' Linear regression equations
Equation 5 ; Equation 6
Acid meadow . _ }
alluvial B (F/F.)*=(1.01£0.04)- . | InF=(1.3£0.2)*10%:
Site 1- (1.3£0.3)*10**t, R=0.95 (4.6£1.2)*10"t, R=0.93
. (F/F,)"?=(1.01+0.02)- ' InF=(0.06+0.15)-(9.7+1.2)*10°
Site 2 (2.4£0.1)*10", R=0.996 “, R=0.98
(F/F)"=(1.11£0.13)- InF,=(0.741.0)-(2.2+0.8)*10°,
Site 3 | 3.9£1.1)*10%, R=0.93 R=0.88 '
Acid sod alluvial (F/F,)'*=(1.0040.06)- - InF=-(0.06+0.01)-
: (1.3£0.5)*10*, R=0.89 " | (4.4+0.2)*10"*t, R=0.89
Cultivated sod (FJF,)"*=(1.00£0.01)- InF=-(2.8+2.7)*10-
podsolic (5.1£0.7)¥10°, R=0.98 (1.5£0.2)*10"*, R=0.98

The validity of Eq.5 is also supported by good agreement in dissolution rate constants
calculated by-the change of Sr speciations in the soil and determined in the laboratory
- experiment in which the fuel particles collected in the "near zone" of the Chemobyl NPP
were exposed to solutions simulating water media. Values of v determined in laboratory
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ranged from 5.7%10% to 1.6*10* g/(cm? day) and by using kinetics of Sr-90 speciations in the
field, changed within (0.1-1)*10"* g/(cm*day) for particles of 10 um and (0.1-1)*10" g/(cm’d)
for particles of 100 um,

4. Relationship between leaching rate and direction towards and distance to the
Chernobyl NPP.

Rate of leaching of radionuclides from particles depends on properties of the medium they
occur in and characteristics of the particles themselves. For example, in the laboratory
experiment the fuel particles collected in the "near” zone of the Chernobyl NPP were exposed
to solutions simulating natural water media to determine dissolution rate and it was found to
~vary within two orders of magnitude - from 5.7*10° to-1.6*10™* g /cm’day, Bogatov et al.,
(1990). o

At the initial stage of the accident the radioactive materials released from the reactor were
transported north and north-west and later-west, south, east and north-east. As the condition
of the reactor did change at-that time it may be expected that characteristics of deposited
particles are different in different directions. Besides, the average size and dehsity of particles
is obviously decreasing at a distance from the source. Therefore, the effect of properties of
particles on leaching rate of radionuclides can be analyzed by comparing rate constants
~ determined in -different points of the contaminated area. By the classification proposed in
Bogatov et al.(1990) the region contaminated after the Chernobyl accident can be divided into
three sectors: a west sector (north-west, west and south west), a south sector (south, south-
east and eaSt) and a north sector (north and north-east).

The data show that west and south-west of the Chernobyl NPP the leaching rate
* constants vary from 3*10° day” to 1.1¥10" day", the average being 6.6*10°° day” and north-
west of the NPP they ranged from 1.1*10” day to 7.9*10** day™ with the average of 3.1*¥10*
day'. In these directions, no relation is noticed between distance to the station and leaching
rate constant, while in the south and south-east directions the trend for increase in leaching
rate constant with increase in distance to the Chernobyl NPP is obvious. At distances up to 5
km, the average leaching rate constant is (2.1£1.4)*10** day™” and at 5 km and more - (8.9
3.7)*10" day. Dissolution rate constants show a similar pattern.

Since the soil type in the 30 km zone is more or less the same, it may be assumed that
particles of higher resistance to leaching of radionuclides were deposited north, north-west,
west and south-west of the Chernobyl NPP and in the vicinity of the NPP, south and south-
east of it where leaching rate constants varied from 10° to 10" day". As one moves south of
the NPP, rate constants grow and become 10 day™ at a distance.of 20 km. The relationships
of rate of Sr-90 leaching from particles are different in the west and south sectors, probably;
because in the west sector within the “near zone" where the gamma background level was
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more than 2 mR/h on the 15th day after the accident, the Sr-90 to Zr-95 enrichment
coefficient of _deposited particles changed insignificantly with distance: from 0.4 to 0.6, while
in the south sector this coefficient increased from 0.4 in the immediate vitinity of the plant
where the gamma radiation level is more than 10 mR/h to 3.2 in the area with the gamma
radiation level from 2 to 10 mR/h. All this suggests that characteristics of fuel particles -
changed with distance more drastically in the south direction than in the west.
Outside the 30 km zone, leaching rate constants are expected to be higher because of
_ small size of particles. For exaniple,'in the soils of the Bryansk region (Russia) the first
determination of speciations was carried out in 1987. The Sr-90 speciations were then found
to be practically at equilibrium and, hence, the leaching rate constant in this region is at least
5’"]0‘? day’. A similar conclusion may be made for the regiohs'of Belarus lying at a distance
200-250 km from the ChNPP where Sr-90 speciations in 1987 were close to equilibriurﬁ t00.
So, depending on characteristics of fuel particles the rate of leaching of radionuclides
from these particles in natural conditions may differ by several orders of magnitude. '

S. Relationship between constants of radlonuchde leaching from fuel partlcles and soil
properties. )

In the previous section it was shown that rate of radionuclide leaching from fuel particles is
essentially dependent on characteristics of particles themselves. Therefore, the effect of soil
properties on rate of particles break-down can be studied on experimental plots on which
different soil types occur as close to each other as possible thus minimizing differences in
nature of hot particles causing contamination in a particular point.
This requirement is best met by experimental grounds near Benevka, 10 km away from
the Chernobyl NPP and Kopachi, 5 km from the Chemobyl NPP. The largest distance
between the sampling points on these grounds was about 0. 5 km and they differed in both soil
'type and soil water content since they were located on the slope at varymg dxstance from.
Pripyat’. ‘
For the soils of the Benevka grounds some . soil properties have been determined.
Specifically in alluvial soils, the humus_content is 1-7% for soddy soil and 5-13% for
meadow soil, the value of pH is 5-6 in water suspension for soddy soil and 4-5 for meadow
soil, the capacity of cation exchange - 3-12 meq/100 g for soddy soil and to 33 meq/100 g for
meadow soil. In soddy—podzollc soil the humus content was 4.0; pH was 5.8 and the capacxty
- of cation exchange - 9.4 meq/ 100 g.

Comparison of rate constants determined in different points is not indicative of any
well-defined dependence of leaching rate constants on soil type, soil pH, humus content and
capacity of cation exchange. This may be caused by the difficulty to identify the role of soil
properties against the effect of nature of particles and non-uniform'ity of their surface
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'distribution on leaching rate. Another reason for it may be a weak dependence of leaching
rate on properties of the medium they occur in. This may be the case, for example, when the
. release of radionuclides from particles is determined primarily by pfocess_es in particles
themselves such as those associated with radioactive decay of .isotopes in particles. In any
case possible effects of the medium properties on destruction rate of particles can, probably,
be studied only in laboratory experiments. .
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Abstract

A new sequential sorption method is presented which determines the total number of potential
Cs-fixing sites in acid organic soils, characteristic of those contaminated in upland areas of
the UK following the Chernobyl accident. The total number:of potential Cs-fixing sites in the
upland soils exceeded those present in lowland mineral soils studied elsewhere. However,
aithough a soil may have the potential to fix Cs ions, evidence is presented that a minimum
concentration of Cs* (0.60 to 0.75 mM) is required before Cs fixation occurs, and that this
is unlikely to be reached in any contaminated soil. The observed Cs* fixation in lowland
mineral soils and its absence from acidic upland soils is explained by the action of K* ions,
whjch can also induce interlayer collapsé. Although Cs* ions are unlikely to be fixed in acid
organic soils, they can be strongly sorbed on any unoccupied Cs-specific sorption sites,
located in the narrow 'palrts of illitic wedge zones. Cs* ions sorbed on such sites are not
susceptible to exchange by other ions, but can be desorbed if the concentrationAof Cs* in
solution is decreased. Thus, radioactive Cs in suéh soils will remain available for plant uptake,

unless interlayer collapse can be induced.

1. Introduction )

Radioactive caesium (Cs), deposited on upland areas of the UK following the Chemobyl
accident in 1986, is continuing to cycle through the soil-plant-animal system. Sheep grazing
‘some of these areas are still accumulating sufficient radiocaésiurp tO prompt restrictions on
their movement and sale (MAFF, 1995). It was thought initially that, due to the large organic
matter content of the contaminated soils, Cs fixation was prevented by the lack of sufficent
quantities of Cs-fixing clay minerals (Livens & Loveland, 1988). However illite, a Cs-fixing

" clay mineral, has been found in the samples analysed (Hird er al., 1995). In this paper
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determination of the Cs fixing potentials of some acid organic soils'is reported and factors
which affect the realisation of these potentials are considered. Reasons for the continued

cycling of radioactive Cs are discussed in light of the results obtained.

2. Materials and Methods

Samples were collected from three sites in uplavnd'a'réas of Cumbria (Table 1). The. surface
orgaﬂic-rich hori-zon and the underlying mineral horizon were sampled-at Ennerdale (Harthope
series) and Linbeck Gill (Moor Gate series). A surface (0 - 10 ¢cm depth) sample only was
taken at Comey Fell (Winter Hill series), where the soil is'a déep peat. Samples were not
‘ drigd, but .were sieved (< 4 mm) and stored in a field-moist condition at 3°C until required.

. Some properties of these soils are given in Tables 1 and 2.

Table 1. Some properties of the soils

Soil series 'Soil type Horizon pH : Organic - CEC Exch. K
(grid C (water) matter N
- reference) . . content  (mmol kg')  (mmol kg)
- (g kg')
Harthope Ferric stagnopodzol 0 43 511 1663 0.8
(NX065127) (Histic Epiaquod) Eag - 43 96 128.1 0.5
Moor Gate Humic brown podzolic Ah 4.5 205 97.7 2.2
(NX154967) _ soil- Bh 45 131 469 1.2
(Entic Haplorthod) ) - :
.Winter Hill Raw oligofibrous peat o 4.3 '713_ 221.7 0.4

(NX150896) - (Typic Borofibrist)

' Avery (1980) and equivalent classification according to US Soil Taxonomy (Soil Survey Staff, 1992)

] Table 2. Radioactive Cs and clay contents of the soils

Soil - . 'Caesium ‘ Clay , Tilite
' conten} content . content
: (Bq kg™ _ (g kg') (g kg')
¥1Cs 1¥4Cs ’standard 3buffered ~ standard buffered .
Harthope O 2450 2.4 90.6 407.7 61.6 318.0
. Eag 183 08 317.2 317.2. 244.2. 1 .276.0
Moor Gate Ah 1566 68 1156 -~ 1395 - 35 223
) Bh 19.3 1.6 83.0 106.1 1.7 . 9.7
Winter Hill O 129.2 4.1 59.0 nd 15.3 nd

' Determined October 1992; 2 using standard H,0, method of (digestion; * using buffered H,0, method of
digestion (Hird et al., 1994); nd - not determined . .

T2l Batch-equilibrium Cs sorbtion and desorption ‘ ’
Cs sorption was carried out in the presence of silver thiourea (Ag(TU),") ions, which are

-
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sorbed on most of the cation exchange sites, but excluded from Cs-specific sites in clay
interlayers (Cremers et al., 1988). Added Cs* ions are, therefore, sorbed mainly on specific
sites. Samples of moist soil (1 g) were first saturated w1th Ag(TU)," by washmg the soil in
two 20 ml aliquots of 0.015 M Ag(TU),*. CsCl solution (30 cm’) ranging between 0.0 and
4:0 mM, was then introduced to each soil sample in a background solution of 0.015 M
Ag(TU),", to ensure that non-specific sites remained saturated with Ag(TU),*. The suspensions
were shaken overnight, centrifuged and the supernatant solutions analysed for Cs using AAS.
Desorption was carried out by removing most of the supernatant solution, and determining
" the volume of CsCl remaining. The solids were resuspended in 30 cm® 0.01 M KC}, in a
background solution of 0.015 M Ag(TU),". The suspensions were shaken for 16 h and the -
supemataut solution anhlysed for Cs using AAS. The amount of Cs* desorbed was determined
.(allowing for the amount of CsCl solution remaining in the moist soil plug). Although three -
replicates were measured in each case, as the equilibrium solution comcentration is dependent -
on the amount sorbed, it was not possible to take means and estimate errors for sorption and

desorption data. Consequently, each result is reported separately.

2.2 Sequential Cs sorptiou :

Moist soil (1.g), saturated with Ag(TU)4 , was suspended in 30 cm® of 0007 mM CsCl
solution (in a background solution of 0.015 m Ag(TU),,) The -suspension was shaken
overnight (16 h) and the supernatant solution removed and analysed for Cs using AAS. The
procedure was repeated introducing increasing concent.rations of CsCl to the .same soil sample
until no further increase in the amount of Cs* sorbed wa.s‘detected. The total amount of Cs*
sorbed on the soil was plotted against the concentration of Cs* in solution to obtain a

sequential sorption isotherm. The experiment was conducted in triplicate.

3. Results and discussion .

3.1 Batch-equilibrium method for determination of Cs-specific sites
A typical batch-equilibrium sorption isotherm is shown in Fig. 1a. Cs” sorption increésed with -
solution Cs” concentration until the concentration reached approximately 1.5 to 2.5 mM. In
this range, Cs* sorption fell to Varying degrees before increasing again. AsAno sorption
maximum was Obtaiued, the total number of Cs-specific sorption sites could not be

determined. Despite this, the amount of Cs adsorbed on the Cumbrian soils already greatly
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exceeded the number of Cs-specific sorption sites present in four lowland mineral s_éils
(Creme_fs et al, 1988), which were in the range 0.58 to 2.78 mmoles kg"'. Desorption
_ experiments confirmed that the large numbers of specific sites determined for the Cumbrian
soils were genuine, and not sirhply the result of Cs™ ions sorbed on cation exchange sites not
blocked by silver thiourea (Hird et al., 1995). ‘

It is proposed that, due to the introduction of relatively large concentrations of Cs, .
the batch-equilibrium method (Cremers et al., 1988) determine's not only the nﬁmber of Cs-
' specific sorption sites available, but also the number of sites i)rcsent within expanded clay
interlayers ;which are not initially specific for Cs* ions, but which have the potential td
specifically sorb and subsequently fix Cs* ions if collapse is 'induced:‘ In other words this
method determines the Cs-fixing potential of a soil. Decreases in the sorption isotherms, and
the absence of sorption maxima are thought to be due to the occurrence of .edge interlayer
trapping (Hird et al., 1995) where collapse df the outer edge of an interlayer occurs before
" sites in the stili expanded middle region are fully occupied. Reasons for the absence of edge-
inteflayer trapping and relatively small Cs-fixing potentials found in lowland soils are given '

elsewhere (Hird et al., 1995)

3.2 Sequential method for determination of fo_tal Cs-fixing potentiéls
Sequential additions of small concentrations of Cs” ions .to the same soil .sample enables all
interlayer sites to be occupied by Cs* ions without inducing edge-iﬁterlayer trapping. Fig. 1b
shows that, in the presence of Cs* concentrations up to approximately 1 mM, the amount of
Cs" sorbed (when' introduced sequentially) was similar to that sorbed when Cs* was
introduced in batches. Above 1 mM, the amount of Cs sorbed dramatically increased before
reaching a sorption maximum. To ensure that the large amounts of Cs sorbed were located .
on potential Cs-ﬁxing site§, and nét simply the result of Cs* ions sorbed on cation exchange
. sites not blocked by silver thiourea, desorption of tt_)e Cs* ions was carried out bj/ shaking in
two successive 30 cm® aliquots of 0.01 M KCI (in a background solutibn of 0.015 M
Ag(TU),". Tota] Cs-fixing potentials of the Cumbrian soil samples studied were taken,
therefore, as the amount of Cs* remaining sofbed after desorption by KCI (Hird et al. 1995).
_ These varied between 29.6 mmol kg’ for the Moor Gate Bh soil and 152.5 mmol kg for the
" Winter Hill soil. It is proposed that sorption maxima, obtained in the sequéntial sorption

isotherms, are a more accurate measure of the total potential of a soil (cspecially acid organic
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soils) to fix Cs* than the batch-equilibrium method pfeviously developed (Cremers et al.,
1988), which is only applicable for soils not prone to edge-interlayer trapping.

All of the Cumbrian soils studied possessed the potential to fix much more Cs than
that deposited following the Chernobyl accident (Table 2). However, as indicated by ‘the
‘continued uptake of radiocaesium by sheep gr:azing contaminated pasture, conditions necessary

for the realisation of this potential are not being satisified in the field.

33 Factors affecting interlayer collapse and Cs fixation

Fig 2 shows the results of a batch-equilibrium sorption and desorptlon experiment conducted
on the Harthope Eag soil using low concentrations of Cs. When extremely small amounts of
Cs* (up to 0.1 mmol kg"') were sorbed on this soil, the desorption results indicated that
approximately 9% of the total number of Cs* ions sorbed were sorbed on non-specific cation
exchange sites not blocked by Ag(TU),*. However, when the amount of Cs* sorbed on this
soil was between 0.1 and 10 mmol kg™, the proportioﬁ susceptible to desorption rose to 80%
before fai]ing back to 20%. The same trend was shown in the Moor Gate Ah sample, where
26% of the sorbed &:s" ions were initially sorbed on sites not blocked by Ag(TU){. As the
amount Qf. Cs" sorbed on the soil increased, the proportion susceptible to desorption rose to
100% before falling back down to around 30% again.

" When Cs* ions are added to a soil containing illite, they initially océupy specific
sbrption sites in the narrow parts, of the wedge zo.nes and are not readily accessible to
exchange by K* ions, although they are still potentially desorbable as interlayer collapse has
not yet been induced. As the conceritration of Cs* added is increased and Cs* ions occupy
sites in the more expanded parts of the wedge zoneé, a greater proportion become susceptible
to exchange by K* ions, as shown by an increase in the proportion of Cs* desorbed (Fig. 2b).
However, there is a point beyond which there is a decrease in the proportion of Cs*

: susceptible to exchange by K* (Fig. 2b). We interpre‘t' this as being due to the collapse of part
of the interlayer because the amount 6f Cs* sorbed in the ‘wedge zones is sufficiently great
to induce 1t After this has occurred, Cs* ions which once occupled sites in the wide parts of
the wedge zones become part of the collapsed micaceous core of the mineral and are no

- longer susceptible to exchange or desorption, i.c. become fixed. As a result, only Cs* ions that
are present on non-specific catioﬁ exchange sites not blocked by Ag(TU)," can be desorbed.

For all of the soils, the total amount of Cs* sorbed just before interlayer collapse
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occurred varied over an order of magnitude. This is because the number of specific sites
depends on the number of wedge zones and hence on the amount of 1lllte present. However,
irrespective of the soil sample investigated, the concentration of Cs* present in solution when
“interlayer collapse occurred lay within.a narrow concentration range, between 0.60 and 0.75
mM. Thus it is the concentration of Cs* in the vicinity of the wedge zones that determines

whether or not interlayer collapse and subsequent Cs* fixation occurs.

It should be noted, however, that for one of the soils i:nvestigated (Winter Hill) the-

vast majority (greater than 90%) were susceptible to desorption by K* ions, even when
relatively small amounts of Cs* were sorbed. This indicated that there were few unoccupied

specific sites, despite the presence of illite (Hird et al., 1995). The specific sites present must

already have been occupied by Cs* ions, which were either deposited previously or present -

naturally in the soil.

Soil solution concentrations of Cs are likeiy to be much less than the concentration
(0.60. -0.75 mM) required to bring about Cs fixation. Thus, fixation by this mechanism in
both upland and lowland soils is most unlikely. However, field and experimental observations
(Coughtrey & Thorne, 1983) clearly indicate that Cs* ions are effectively fixed in lowland
mineral soils, and in limed and fertilized upland soils containing illite.'Fixation; which takes
place in these latter-soils, but not in the soils of many semi-natural areas, is probai)ly due to
différences in the concentration of K* in soil solution, which is usually in the range 1 - 10
mM in mineral soils (Edmeades et al., 1985) and of the order of 10 mM in unimproved
upland_ soiIS'(Ferguson, 1994). K* also induces illitic clay interlayer collapse, though not as
effectively as Cs* (Sawhney,' 1972): Such K-induced collapse is reversible on the addition of
Ca® and Mg** (Sawhney, 1972), and this leads to the *frayed-edges’ of illitic crystallites,
which provide the wedge zones for the specific sorbtion of Cs*. Consequently, any additions
of Cs* will diffuse to these specific sites. Although the concentration of Cs* on its own is
insufficient to induce collapse, collapse will be induced by K*. Because of the presence of Cs*
in the inner part of the newly collapsed area, ihis-caﬁnot be fe-expanded by the presence of
Ca® and Mg”, resulting in the fixation of Cs*. "

Although Cs* jons are unlikely to be fixed in acid organ.ic soils, they can be s;rongl‘y
sorbed on any unoccupied Cs-specific sorption sites; located in the narrow parts. of illitic
wedge zones. Cs* ions sorbed on such sites are not susceptible to exchange by other ions, but

" can be desorbed if the concentration of Cs* in solution is decreased. Thus, radioactive Cs in
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such soils will remain available for plant uptake, unless interlayer collapse can be induced.
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Abstract

Vertical migration of '*’Cs from the Chernobyl fallout was investigated in an undisturbed
forest soil (Dystric Cambisol) under _spruce._Coméaring ¥Cs data of different layers (litter,
0-5 cm, 5-10 cm, 10-20 cm) from 1993 with those measured in 1995 reveals a decreasing

trend which exceeds the effect of radioactive decay. But 9 years after the deposition event

-48% of radiocaesium soil inventory derived from the Chernobyl accident remained in the litter

layer of the forest soil. The vertical distribution of '*’Cs contamination (correctqd for decay to
86-05-01) was determined as 27.8 kBq m2 in the litter layer, 22.8 kBq m and 4.4 kBq m™ in
the Subsequent S cm soil increments and 2.4 kBq m? in 10-20 cm depth of mineral soil. Resi-
dence half-times were evaluated by application of a companment model The values increased
significantly in each of the investigated layers between 1993 and 1995, in litter (5-0 cm) from
53 ato 73 a, in the Ah, layer (0-5 cm) from 9.6 to 12.6 a, in the Ah, layer (5-10 cm) from
16t025a and in the A/B layer (10-20 cm) from 0.7 to 1.0 a. The results support the theory,
that the binding of radiocaesium to different soil components is a rather slow process which
retards the vertical migration of radiocaesium in forest soils with growing efficiency. The high
mobility of caesium in the deeper soil layers partly could be interpreted as a result of cycling
processes, whe}e root uptake lééds to an upwafd migration of cations into the living biomass

of vegetation.
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1. Introduction )
Due to the high eomplexiiy and productivity of coenoses, forests are very sensitive to pol-
lutants. In such natural ecosyétems nutrient cycling leads to a long persistence of '*’Cs within
the different compartments and the foodchain (Myttenaere et ai 1992). Soil conditions of
forests tend to be extreme eg. in respect to low pH—values or hlgh organic matter contents.
~Such factors as well as ac1dxﬁcauon and the lack of fertilizer amendment or other cultwatlon
actions are thought to favour vertlcal mobility and plant avallablhty of radionuclides (Frissel
et al. 1990). Since 1988 a monitoring program including soil, vegetation and game animals is
carried out in the Weinsberger forest, a large spruce stanc'i, which was significantly affected by
the Chernobyl plume (UBA 1995). In 1993 an extended sampling and investigation program
was carried out (gamma-measurements, physico-chemical soil analyses). In 1995 soil samples
from the same spots were taken to reveal the time-dependence of 137Cs vertical migration in

forest soils.

2. Material and 'Methods v A

2.1. Site description ' _
The study area, Weinsberger forest, is situated in Lower Austria (48°23° N, 15°03" E). Acidic
brown earth soils (Dystric Cambisols), partly podsolic with mor humus types, are developed
on granite. The orgamc matter content is very high even in  greater depths. High exchang,eable

aluminium contents ‘and the vertical pattern of pH-values mdlcate acidification.

. Table 1: Physico-chemical soil characteristics of forest soils under spruce in Weinsberger

forest (mean values)

Ah(5-10 cm)

) o litter (5-0 cm) | Ah, (0-5 cm) A/B(10-20 cm)
bulk density (g cm™) 02 0.5 0.5 06 '
sand: silt: clay (%o) not analysed 43:30:27
% humus ' 66 30 18 1
pH-value (CaCly) 32 3.0 33 3.6
CEC (mval 100g™ soil) : not analysed 33.1 243 19.2
base saturation (%) not analysed 105 5.2 31
fulvic-/humic acids ratio 04 0.9 23 3.2
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;

2.2. Sampling and measurements
Vertical distribution of 3Cs was investigated in six pooled soil profiles, each consisting of
10 single cores. Besides the litter layer (which was taken according to its morphology) the
- profiles were divided into 3 strata with fixed sizes: 0-5 cm (Ah, - horizon); 5-10 cm (Al;z -
' horizon); 10-20 cm (A/B - horizon). The littér layer was collected with a frame (25 x 25 Em), .
the three mineral layers with an auger (10 cm diameter). Gamma-measurements BMCs)
were carried out with air dried material in 1-1 Marinelli béakers using Ge-Li and HPGe
detectors (25-35 % eﬂicieﬁcy). Measurement iimes were extended until the statistical
* uncertainty was below + 10%. A o
"*Cs data can be used for the distinction between '*’Cs from the Chernobyl fallout and older.
¥7Cs contaminations from the global falléut (nuclear weapon tests) of the SOies and 60ies, as
134Cs is a product of neutron activation and was not developed during the atomic explosions
of weapon tests. For this purpose **Cs data were corrected for decay (ref date: 86-05-01).
‘ Taking into account the sum coincidence of **Cs y-lines, t.he measured valges were multipiéd
with a factor of 1.9 (BOSSEW et al. ll 995) instead of 1.76, the isotopic ratio‘typical for the
Chernobyl fallout in Austria (*’Cs : **Cs = 1.76; MUCK 1988). The difference between this
calculated values and the measured "'Cs data (decay corrected) is attributed to depositions

prior the Chernobyl contamination.

'2.3. Calculations .

B1Cs - soil inventory was determined only to a depth of 20 cm of minéral soil. In 1993 less
_than 3 % of the inventory were located in strata deeper than this raﬁge (Strebl et al. 1995).
Residence half-times were evaluated usian a compartment mpdel (for details see Strebl et al.
1995). Model assumptions included only one single pulse deposition taléing place at time t =0
and immediate homogenious mixing of each layer; later inputs (litter fall, tree wash_oﬁt) as
well as’losses (e.g. root uptake, bioturbation, leaching) were thought to influence the resi-
dence time of caesium within 'the<investigated iayers; these and other (e.g. binding byv soil
components).ec'ological processes together with physical decay were described by so-called
effective loss constants (A = Accol + 7\,,,1,,5.)‘ Calculations Were carried out separately for each

layer and each of the pooled profiles. The yielded loss constants (A) are transformed to resi-
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In2
dence half-times (t) by calculating t = 4 . Division of the thickness (cm) of the investigated

layer through t (a) can be interpreted as a velocity (migration rate in cm ah.

3. Results and discussion

The "¥7Cs activities (kBq m? in dry matter; corrected for decay to 86-05-01) in soil samples
taken in 1993 and 1995 (after 1.75 yearﬁ) are shéwn in Figure 1. The vertical distribution is
very similar with highest '*’Cs contents in the upper 10 cm of the soils. Nine years after the
reactor accident 48 % of the soil inventory are still found in the litter layer. Due to migration
and ecological loss processes (e.g. root uptake, leaching) value.s are always lower in the
samples from the second sampling date. According to an applied t-test, the diﬁ‘erencgs are not

significant, but there is an evident decreasing trend.

40

35 1 - EERHIR sampics 93
XXX samples 95

N NS

litter 0-5e¢m 5-10cm 10-20 cm

soil layer

Figure 1. Vertical distribution of "*’Cs (kBq m™ in dry matter, corr. for deéay to 1986-05-01)
from Chemobyl fallout in forest soil profiles from two sampling dates (each bar: n = 6)

137

In Figure 2 ”'Cs contents from'Chemobyl fallout are compared to those from global fallout.
The values are fitted by an exponential regression. Both curves yielded describe the depth-

dependent decrease of activities with sufficient accuracy (R? = 0.81 for global fallout;
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R?=0.92 for Chernobyl fallout). ¥7Cs from global fallout already penetrated deepei.' into the
soil, this is expressed by the less stcep slope of the regression line, But e\'Jen‘ this ,,old“
contamination shows highest: values in the litter layer, which supports the firding of other
-authors (Schimmack et Bunzl 1994) that infiltration of radiocaesium into forest soil is a rather

slow process.

Bq kg d.m. (corr. for decay)

10.000 S L y=642*e 0,2624 1995 Chern. -
?'ggg SR R2=092
100 . — o S

1995 global —o

LY =325 e e
R*=081 L I ]
0 5 10 15 20 25

depth (cm)- -

Figure 2: Expo'nential regression of *’Cs content (Bq kg™ in dry matter) from Chernobyl and

global fallout in different layers of a forest soil (data basis 1995, n = 6)

Residence half-times and migration rates were calculated separately for both years of obser-
vation, the results are listed in Table 2. The migration rates decrease's_igniﬁcantly (a=0.01)
. in each of the investigated layers from 1993 to 1995. This result is in agreement with findings
of other studies (Chamard et al. 1993). Trapping of Cs - cations in the inter-layer binding sites
of clay minerals is a nearly irreversible mechanism, but it occurs only with low probability.
-Formation of clay - humic substance aggregates can protect enclosed organic molecules as
well-as cations from degrédation and leaching, respectively (Gerzabek 1994). On the basis of
data from 1995 *"Cs shows an average migration velocity of 0.7 cm a” in the litter layer. The
transition zone to the mineral layer (0-5 cm) seems to be an effective trap for radiocaesium, in
thisvla.lyer the migration rate decreases to 0.4 cm a' corresponding to a effective residence

half-time of 12.6 years (see Figure 3). In the subsequent layers radiocaesium mobility increa-
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ses distinctly with migration rates of 2.1 cm a™ (510 cm) and 11.0 cm a™ (10-20 cm), resul-

ting in low residence half-times.

Table 2: Effective residence half-times (t.s) and migration rates in different layers of a forest
soil calculated with a compartment. model. Combarison of data from samples 1993 and

- 1995 (1.75 years laté\r) (mean values + standard deviation; n = 6)

| litter (5-0 cm) | Ahy (0-5cm) | Ahy(5-10cm) | A/B(10-20 cm)
. ' 1993 _
Tar(a) 53+038 9613 16+03 07+0.1
migration rate (cma™') 1.0£0.1 05+01 © 31%06 145+24
' ' - 1995 B
Teqr (2) , 73£23 1264347788506 1.0£03
migration rate (cm a™ ) 07+0.1 04+0.1 2.1+04 11.0+23

20 -
18 ] - | EHEEE samples 93
16 g KSXY samples 95 |

—
'S
Ll

NN

—
TN
ity

residence half-time (years)
=
1

. .

i NN FHEN

litter, 0-5cm  5-10cm 10-20 cm
soil layer

Fig. 3. Effective residence half-times of ¥Cs (Chernobyl) in different layers of a forest soil.
Comparison of results derived from samples 1993 and 1995 (n = 6 each, mean values with

~ standard deviation)
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Bunzl and Schimmack (1994) found the saxﬁe‘behaviour of *’Cs in German forest soils. The
rapid increase of caesium mobility in the deeper layers is rather unexpected, as the vertical
changes of most of the physico-chemical properties (see Table 1) are only moderate. The
" most significant differences are a decrease of humus content by nearly 50% and the relative
dominance of mobile fulvic acids in soil extracts (NayP20; . 10 H,0) of humic substances
from Ah, and A/B horizon (see Table 1). Such conditions can lead to higher plant availability
and root uptake of radiocaesium, an upward transport into living biomass would enhance the
migration rate, even when losses due to leaching are low.
The estimated develqpment of 137Cs vertical distribution in forest soils for 20 years after de-
position is shown in Figure 4. According to the model estimatés and taking into account
radioactive decay, even 20 years after a fallout event 45% of the initial '*’Cs deposition are
‘expeéted to be found in the first 10 cm of the soil profile. In forests the Chernobyl fallout
contaminated the soil surface not in a single pulse (model ‘assﬁmptipn), considereable amounts
of caesium were deposited-on tree canopies and reached the forest floor. continuously during
the first years after the accident through leaf/needie litter fall and crown wash-off. Therefore,
migrétio.n rates calculated for the first years after the accident may be underestimated consi-

derably, for medium term prognosis this error becomes less imponant"

1,2
11 # [~ litter = 0-5 cm - 5-10 cm — 10-20 cm}-~--
1 & JE e e s e e e
80,7 4 ||~ :
E0’6 B N NS - G O OO U
:g 0,5 |-
,§ 0,4 |- .
0,2 R B SR
o e

0 2 4 6 8 10 12 14 16 18 20
' years after deposition .

Fig. 4. Time dependent vertical distribution of '*’Cs in a’ forest soil calculated with a

compartment model (data basis 1995; n = 6 in each layer)
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4. Conclusions .

Compartment models give only rough estimates of radionuclides’ complex behaviour in soils.

Many of the processes involved in *’Cs vertical migration are not eésy to be quantified, other

mechanisms, like interactions with organic matter and living biomass are not yet known in full

detail. In this case black-box models are appropriate tools for trend descrlptlons

Living and decaying organic matter seems to be an effective storage system, the cycling of
"*7Cs like nutrients keeps radiocaesium in the organic matter rich surface layers of forest soils

and retards its vertical migration significantly. The fixation of "*’Cs to soil components is_

time dependent and seems to increase with time.
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THE USE OF MINERAL AND ORGANIC ADSORBENTS AS COUNTERMEASURES
IN CONTAMINATED SOILS: A SOIL CHEMICAL APPROACH

VALCKE Elie?, VANDECASTEELE Christian®, VIDAL Miquel®
and CREMERS Adrien?

3L aboratory for Radio-ecology, SCK/CEN, Boeretang 200, B-2400 Mol, Belgium
. l’Labora'tory for Colloid Chemistry, KUL, Kardinaal Mercierlaan 92, 3001 Heverlee, Belgium .

" Abstract :
A simple laboratory method is presented to estimate the effect of the addition of organic or
. mineral adsorbents to 134-137Cs and 90Sr contaminated soils. It is based on batch experiments
to measure the decrease of the radionuclide solution levels upon addition of the adsorbent,
. after .presaturation ‘with the in-situ soil solution. The method is tested for a number of
potential adsorbents (natural and synthetic zeolites, bentonite and ofganic adsorbents). The
‘results can be readily interpreted on the basis of the (soil) chemical characteristics which
govern the solid/liquid distribution of 134:137Cs and 908y in soil and adsorbent. Results of plant
- growth experiments on amended soils aimed to check the accuracy of predictions are also
presented. Some theoretical and practical aspects of adsorbent applications are discussed.

-1. Introduction

After the Chernobyl accident and the widespread contamination of large areas in the Ukraine,
Belarus and Russia, a variety of countermeasures have been taken to reduce food
contamination, thus lowering the radiation dose to the population (Prister et al., 1992). In the
recent past, the emphasis in countermeasure strategy has been shifted and directed at the soil
chemical level. In particular, attempts are currently made to reduce the level of radionuclides
(mainly 3*+137Cs and 99Sr) in the soil solution by applying adsorbents characterized by high
radionuclide (RN) adsorption properties, thus lowering the levels confronted by the plant roots
and resulting in a reduced uptake. The -traditional method to test the efficiency of such
amendments by measuring the year-to-year variation of the soil-to-plant transfer is ‘costly and
time-consuming. In view of the observation that soil-to-plant transfer is mainly function of soil
type (Sandalls, 1990), a methodology has been developed to prediét, the amendment
effectiveness for a given scenario at the soil chemical level.
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2. Theoretical aspects
In the  recent past, the (reversible) sohd/hqund distribution coeﬁicrent Kq4 (dm’/kg) of

" radiocesium and radiostrontium could be reasonably well predicted on the basis of the

following equarions (Sweeck et al., 1990; Valcke, 1993; Wauters et al., 1995):

C.
gor Lmms) kK [KGN] '(1)
d —3 — N .
Ny + KNIL,/K Nan, Ng+ KAH4/K N,
K¥Ca cpe z, ’ ‘
KSr K.Sr/(a K(a c : »Ca . : 2)
.. Nca . ' .

'[KdClS.NK] (equiv./ké) refers to the specific radiocesium adsorption potential, defined as the
product of the capacity of illitic Frayed Edge Sites [FES] (equiv./kg) and the selectivity
coefficient KCCS/K of Cs towards the competitive cation K. It can be readily obtained by.
measuring the trace radiocesium distribution coefficient K, (dm?/kg) in K saturated samples-

- at sufficient high K concentrations. . K NH#/K refers to the NH,-to-K selectivity coefficient on

the FES and varies between 4 to 7 for most soils. KCS” Ca CEC and Z, refer to the Sr-to-Ca
selectivity coefficient, the Cation Exchange Capacity (equiv./kg) and the Ca saturation on the
exchange complex, respectively. Similarly as in eqn (1), KCS'/(:a.CEC.ZCa can be defined as

_the radiostrontium adsorption potential [der-NCa] (equiv./kg). KCS'/ Ca values generally vary

in the range of 1-2 (Bruggenwert and Kamphorst, 1976). Therefore, the product K S7C2.Z-,
approaches unity for most soils, as a result of which the CEC value can be taken as a first
approximation of the radiostrontium adsorption potentlal Nk. Nnps and N, refer to the
respective ( cation solution concentrations (equlv /dm3).

"Recently, the solid/liquid distribution behaviour of both radionuclides in a number of Cs and Sr

selective zeolites has been quantitatively investigated (Valcke et al., 1995a and b). Similarly as -
for soils, the zeolites studied could be characterized in terms of radiocesium - and
radjosirqntium hdsotption potentials, represented by [KdCS.NK] and [KdS'.NCa], These
parameters can readily be obtained by measuring the trace radionuclide distribution coefficient
in K (Cs) or Ca (Sr) saturated zeolites at sufficient high K or Ca concentrations. _

These quéntitative insights allow predictiohs of chs’s’ values which agree generally within a
factor of 2 with‘observed values. - In addition, they are useful to, estimate the effect of the

‘addition of. an adsorbent to contaminated soils, by comparing radionuclide adsorption

potentials before and after adsorbent addition. The procedure presented in this paper aims to
verify these predictions by some rapid and simple laboratory tests.
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- Before embarking on the experimental results, it is of interest to discuss some theoretical and
practical aspects involved with the large scale application of mineral or organic adsorbents.
Provided the adsorbent is sorption competitive with the soil, mixing of it with the soil may
result in two effects. Firstly, RN levels in the soil solution will be decreased. Secondly, a
fraction of the reversibly retained RN associated with the soil will be shifted via the soil '

- solution towards the adsorbent. The extent of the effect will depend on the ratio of the.
"weigh‘e‘d" adsorption potentials of soil and adsorbent, and on the fraction of RN remaining
available in the soil. ‘It can be expected to be minimal - particularly in the case of Cs - if several
years after the contamination availabilities are already quite low, depending on the fixation
potential of the soil.

" An important limitation inherent on the use of adsorbents is that of the doses to be applied. In
order to obtain a-reduction of RN solution levels by a factor of 2, it is required that the RN
adsorption potential of the adsorbent to be added exceeds that of the soil by at least a factor of
100. (working at a 1% dose). If adsorbents should be applied shortly after contamination of the

- soil, when only a thin layer of soil (<5 cm) is contaminated, then a dose of 1%, corresponding

to some 5 tons/ha, would be effective. HoWever, such intervention is likely to become

uneffective when the amended soil is ploughed and the upper 5 cm layer is mixed with the 20-

30 cm ploughing layer, since the adsorption of Cs and Sr'on most adsorbents is completély

reversible: If adsorbents are to be applied several years after the contamination, when the

radionuclides are distributed in the 20-30 cm ploughing layer, then a moderate dose of 1%

would amount to some 25-40 tons/ha (deperiding on the density of the soil layer). However,

the most important problem in thlS case regards the difficulty of mixing the adsorbent with the
soil layer in order to obtain a maximum contact with the contaminated sonl Therefore, the
maximum effect of such amendment may be expected after several ploughing treatments.

" An amendment may also result in a change of the ionic composition of the soil. Depending on

the "weighed" CEC values of soil and adsorbent, the i nomc composition of the soil (solution)

may change considerably. This may have posmve or negatlve consequences for nutrient supply
and physico-chemical propertnes

3. Materials and methods

3.1. Materials

Eight soils originating from different places in Belgium, Ukraine, Russia and Belarus were
studied. Table 1 gives a summary of results on CEC (Chhabra et al., 1975), pH (as measured
in 0.01 equiv./dm® KCI at solid/liquid ratios of 1/2.5), specific radiocesium adsorption
potentials and % Cs fixation (as determined using the infinite bath procedure; Wauters et al.,
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1994). The followihg adsorbents were studied: natural clinoptilolite (Hector, California) and
mordenite (Karpats, Ukraine), synthetic Na*-mordenite (Eko Nobel, Sweden), synthetic
zeolite (Ca2*) SA (Union Carbide), two organic soils (Bragin, Belarus; Donegal, Ireland),
organic sapropel (Belarus) and bentonite clay. They are all characterized by (extremely) high
adsorption potentlals for Cs ([I(dCs Nk) or 8r (CEC for soils and clays; [der NCa] for
zeolites). For zeolites, [KdCS N values are dependent on the PAR value of the soil solution
(Valcke et al.,, 1995a). Zeolites show extremely high adsorption potentials for Cs or Sr, but,
unfonunzitely, the adsorption of these radionuclides is completely reversible.

Table 1: Results of the (soil) chemical characterization of the soils and adsorbents studied.

soil or amendment (soil) type CEC or [K4s>.Ngal pH [Ka®*.Ng] % fix.
(origin) {equiv.. /kg) (equiv./kg)
Mo!-1 (BEL) podzol 0.017 4.5 0.21 15
Mol-2 (BEL) podzol 0.017 45 N 0.15 15
Wyn-A (BEL) forest soil, A hor. 0.144 32 0.36 67
Poleskoe (UKR) loam sandy podzol 0036 - - " 6.6 0.46 35
Chistogalovka(UKR) sandy podzol 0.069 ) 7.7 0.29 25
Vetka (BELA) sandy podzol . 0.024 ' 6.1 0.71 12
Novozibkov (RUS) sandy podzol 0.050 7.0 L1047 15
Bragin (BELA) peat (70 % OM.) 1.030 60 0.52 , 38
Komsomoletz (RUS)  peat (84 % O.M.) 1.140 6.3 0.26 21
Sapropel (BELA) organic(73%0.M.) 0.891 55 0.154 -
Donegal (IRE) peat (97%0.M.) 0.527 4.0 0.002 3
Bentonite : clay . 1.206 - . - -
Clinoptilolite natural zeolite - 20.317 (20 days) - >7 .. 3555 0
(Hector, Calif,US4) . ' Y (PAR)
natural Mordenite natural zcolite 4.973 (20 days) >7 60-125 0
(Karpats, UKR) © (PAR)
Na-Mordenite synthetic zeolite - >7 60-125 0
. (Eko Nobel,Sweden) . : (PAR)
54 ) synthetic zeolite 21334 (1day) . >7 - 0
(Union Carbide) 27.586 (20 days) -

3.2. Laboratory tests

The protocol to test the effect of the amendment was as follows. Known amounts of soil
samples with or without the adsorbents (at the corresponding doses) were weighted in dialysis
membranes and dialytically equilibrated with a solution representative for the soil's ‘in-situ’
solution (end-over-end shaking). After presaturation, dialysis tubings were transferred to poly-
ethylene vials containing the respective solution, labeled with known quantities of 137Cs or
858r. Systems were equilibrated for 24 hours or longer (end over-end shakmg) after which
time 137Cs or 83Sr solution activities were monitored.
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3.3. Plant growth experiments

Growth experiments were conducted on the pure Mol-2 podzol (control) or amended with 1%
clinoptilolite (Cs), 1% Na*-mordenite (Cs), 1% SA (Sr), 2% sapropel (Sr) and 2% Bragin soil
(Sr). Soils were brought to field capacity by tho’roughly mixing with the appropriate amount
of 137Cs or 83Sr labeled 1/2 diluted Steiner nutrient solution and allowed to age for 14 days (3.
wetting/drying cycles). Then, the appropriate amount of adsorbent was mixed with the
contaminated soil and systems were again allowed to age for 14 days. 1 L pots were filled
with 1.14 kg of the different amended son]s and three days old seedlings of spinach (Spinacia
oleracea L., cv. Subito) were planted. Plants were grown in a walk-in growth chamber (Weiss
18'SP/+5JU-PA) with a 8hrs/16hrs day/night cycle (18°/15°C). Soil moisture content was
adjusted with alternating deionized water or 1/2 diluted nutrient solution additions. Plants
were harvested after 4 weeks of growing and analyzed for their 137Cs or 33Sr content.

4. Results and discussion
4.1. Laboratory experiments
Results of the laboratory experiments are presented in Table 2 (Cs) and Table 3 (Sr), in terms
of chs~Sr values with (Kd+ads) and without (Kd'ads) adsorbent, the observed ratio of K,
values, and the predicted ratio based on a linear combination of RN adsorption potentials and

mass of soil and adsorbent. In Table 3, soil solution pH 4va1ues, which are important regarding
CEC of soils, are given to demonstrate the effect of adsorbent addition on the soil's CEC.

It is seen that addition of adsorbents characterized by high RN adsorption potentials to soils
with low RN adsorption potential's effectively reduce the RN soil solution levels (increase of
Ky). In the case of ré.diocesium, a 1% dose of both natural and synthetic mordenite results in
an effect of a factor 2 to 5. Clinoptilolite is less effective, but as it is available at much larger
quantities and lower prices than mordenite, the application of higher doses (e.g. 2%) of this
material may be economically more feasible than of mordenite. Furthermore, it is seen that
observed effects agree reasonably well with predicted effects, although in some cases
predictions exceed the observations. This is most probably due to the Cs fixation, the effect of
which is integrated in the measured KdCs values but not in the predictions (eqn (1) describes
only the -reversible Cs adsorption). This is nicely demonstrated for the Wyn-A soil: althéugh
[KdCS.NK] for Wyn-A is but 50% higher than the value for Mol-1 (Table 1), the measured
distribution coefficient (Kd‘ads) is 3 times higher for Wyn-A, which is due to its higher Cs
fixation capacnty (67% for Wyn-A versus 15% for Mol-1). The distribution behaviour of
radiostrontium is clearly governed by the CEC, which is demonstrated by the very good
agreement between observed and predicted ratio for bentonite and organic soils. Although the
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‘ Table 2: Results oflaboratory tests on the effect of adsorbent amendments (radiocesium)

soil treatment Ka®® Kt observed  predicted PAR
(dm*/kg) (dm*/kg) ratio . _ratio

Mol-1 -Na*-Mor 1% 294 1557 529 6.95 1.23
Mol-1 Na*-Mor 2% 294 - 2751 9.36 1290 - 1.23
Wyn-A Na*-Mor 1% 897 . 2024 2.26 4.47 ~1.23
Wyn-A Na*-Mor 2% 897 . 3353 374 7.94 1.23
Mol-1 Clinopt. 1% . 311 689 222 . 339 1.23
Mol-1 nat MOR 1% 291 . 1315 4.52 6.19 - 1.00
Poleskoe nat MOR 1% ‘807 2569 3.18 - 2.52 0.24
"Chistogalovka natMOR 1% 362 1435 3.96 3.76 . 037
Vetka nat MOR 1% 896 S 1832 204 241 RE
Novozibkov nat MOR 1% 562 1383 2.46 2.70 0.36
Bragin nat. MOR 1% 638" 1751 2.74 . 225 0.21

Komsomoletz nat MOR 1% 151 - 498 3.30 ©4.46 0.51

Table 3: Results of laboratory tests on the effect of adsorbent amendments (radiostrontium);
PAR =0.5; [K] and [Ca] = 1.057 and 8.943 méql_Jiv./dm3

soil treatment Ky T K™ observed predicted pH
(dm¥kg)  (dm’kg) - ratio ratio

Vetka 5A1% 3.02 311 . 10.30 9.92 7.05
Vetka C5A2% | - 3.02 51.3 16.99- 18.85 - 7.27
Vetka - . 5A4% 3.02 85.0 28.16 ’ 36.71 7.53
Vetka bentonite 1% 3.02 4.17 1.38 1.50 6.07
Vetka bentonite 2% .3.02 513 i 1.70 - 2.01 . 6.22
Vetka bentonite 4% 3.02 7.39 245 . 3.02 6.26
Vetka " Bragin 1% 3.02 S443 . 147 1.43 5.91
Vetka . Bragin 2% 3.02 5.71 - 190 1.86 ,6.19
Vetka - Bragin 4% 3.02 8.30 2.76 2.72 6.60
Vetka " Donegal 1% 3.02 3.69 -1.22 1.22 5.64
Vetka Donegal 2% o 3.02 433 1.44 1.44 5.29
Vetka - Donegal 4% - 3.02 4.95 .64 1.88 5.06

effect of organic soils is rather small, these adsorbents may improve e.g. the water holding
capacity of the amended soil, which in turn may reduce resuspension effects. Attention should
be given to the pH effect on KdSr : since the CEC in this poor sandy soil stems mainly from pH
dependent organic matter ion exchange sites, a pH increase drasticly increases CEC and KdS',
and vice versa. Although Donegal and Bragin virtually have a similar CEC value (at a given
pH), the "actual" CEC of the acidic Donegal soil is but half the value of the neutral Bragin soil.
Increasing doses of Donegal soil result in decreasing pH values and hence lower effects. The
opposite effect is observed for the "neutral" Bragin soil. Special attention should be paid to
the potency of synthetic zeolite SA: a 1% dose of SA results in a tenfold increase of Kd.Sr Q1
day equilibration), but also in a drastic pH increase. Therefore, the enormous increase of the
KdSr by 5A addition is partly due to the increase of the soil’s CEC by this pH increase.

-
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4.2. Plant growth experiment

Results of transfer factors TF, defined as the ratio of Bg/g plant and Bq/g soil, are given in .
Table 4, together with -pH values in the soil solution. It is seen that for this podzol soil,
characterized by a low radiocesium ([KdCS.NK]) and radiostrontium (CEC) adsorption
potential (Tablé 1), addition of organic or mineral adsorbents characterized by higher

adsorption potentials considerably reduces the transfer of these radionuclides. Furthermore, it
is seen that observed effects coincide very well with predictions for organic substrates (Sr). For .
zeolites, the agreement is not so good. For mordenite and clinoptilolite, this is very likely due
. to the drastical changes of the ionic composition (détails not shown). For SA, this
disagreement can partly be explained by the enormous increase of the soil’s CEC value.

Table 4: Results of the plant growth experiment (standard deviations in'parent'heses)

treatment TF ratio of TF * predicted pH CEC
(g soil/g plant) effect (equiv./kg)

: radiocesium j i
control 0.750 (0.093) - 4.67 0.018
Nat-Mor 1% - 0.164 (0.042) 4.57 . 933 5.11 .. 0019
Clinopt. 1% 0.251 (0.040) 2.99 4.33 ) 6.19° 0.022

: radiostrontium . -
control 35.100 (6.421) - : 4.74 0:018 .
SA 1% 1.407 (0.104) 24.95 " 16.33 7.68 . 0.065
Bragin 2% 12.748 (1.455) 2.75 2.14 5.27 0.019

Sapropel 2% 17.039 (2.135) 2.06 1.99 4.86 0.018

S. Conclusions ]

. The use of Cs and/or Sr specific adsorbents as countermeasures will be effective if the
radionuclide -adsorption potential of the adsorbent exceeds that of the contaminated soil by a
factor of 100. In practice, only soils characterized by low Cs or Sr adsorption potentials are to’
be considered. Based on a soil chemical characterization of soil and adsorbent, (a) the
solid/liquid distribution behaviour of Cs and Sr in soils and adsorbents can fairly well be
predicted and (b) the effect of addition of an adsorbent on the Cs or Sr solution levels can be
estimated satisfactorily. Although the soil-to-plant transfer is influenced by both soil chemical
and plant physiological properties, the observed reduction of. tranfer fa’ctors coincides fairly
well with our predictions based on a soil chemical characterization. Therefore, the presented

A laboratory method may be a first step to assess whether the ad;iition of an adsorbent will be
effective and, if so, to what dose it must be applied to obtain the desired effect.
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.

Abstract

Because of its high ability to fix dried cations like cesium, specimen (commercial) vermiculite
minerals were sounded as potential opportune material for soil remediation techniques. The A
initial presence of mica layers in Transvaal vermiculite (3% K20 = 30% mica) promote Cs
sorption on existing edge sites. In the range of the K-Ca syntheﬁc solution tested, low K level
is needed to induce more lattice collapse but also to initiate more competitive effects; asa

Fora Russnan mineral characterised by more pronounced vermiculitic properties, much hi ghcr
selective sorptio‘n occurs only after the structure has markedly collapsed. At high K loading,
competitive effects are balanced by the number and selectivity of the newly created edge specific
fixation sites. However, such an optimal structural environment for Cs fixation is only
achieved with K levels which are-not encountered in soil solution. Independently of the
venmcullte specnmens and the K-Ca status, the NH, loading of the different systems clearly
induces additional Cs entrapment. This fixation behaviour is apparently obtained in the
presence of NH, level certainly below 10-3 M, a concentration which is realistic in rich organic

acid soils.
1 Introduction
Especially in semi-natural areas, the persistence of a relatively high radiocaesium bioavailability

is often related to the presence in soil surface of raw humus layers (Sandalls et al., 1988; Thiry -

and Myttenaere, 1993). In this context, Vermiculite clay minerals as a countermeasure for site
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remediation, offer high selectwnty properties for Cs sorption, which could directly reduce the
long-lastmo avallablllty of radiocaesium for plant uptake.
In case of underground (specimen) vermiculite application in nature, chemical changes in the
mineral associated with re-equilibrium with the soil environment complicate interpretation of the
nature and capability of the fixation processes involved. The cationic environment can affect
the sorption of microquantities of Cs by clays; moreover, since vermiculite is alsoan
exchanger with phase transition (Relchenbach 1968), its structure and. selecthty properties
may change while chemical sorption is occuring.
This possible different reaction of radiocaesium wnth clay led to the present investi gatlon onCs
retention from different chemical forms of vermiculite in the presence of the major soil
‘competing ions able to influence clay propemes Sorptnon tests were conducted using 2 types
“of natural vermiculite with a range of K-Ca saturation to determine the effect of chemical
changes in exchange sites and of resulting interlayer spacings. In each s'cenario’ the potentials
of Cs fixation are determined by subm1t1ng the clay samples to 2 types of desorption, in the
presence of mixed K+- Ca++ or NH4 as a counter-ion solution.

>2 Material and lnethdds

A South African (Transvaal) and a Russian vermiculite were obtained from Vermiculite et
Perlite SIBLI S.A.. Original mineral flakes were ground and the 100-200 pm (5-10 mesh)
fraction sepafated by wet sieving. The clay fraction was purified by the Na-resin method
{Rouiller et al., 1972) and washed with distilled water. Two vermiculite were selected because
of interest in their different structure properties. The Transvaal specimen is dominated by
trioctahedral vermiculite and mica-vermiculite mixed-layer clays. The Russian specimen
consists of trioctahedral vermiculite and minor amounts-of chlorite.
100 mg of clay were dispersed in dialysis membrane with 5 ml of distilled water. With a batch
* technique, samples were saturated by K*+/Ca*+ ions in various K-Ca scenarios (2 replicates). -
- Five mixed KCI-CaCl; 103N equilibrillm solutions were used with respective equivalent V
fractions of 0.0, 0.04, 0.16, 0.5} and 1. The clay-solution ratio was 100 mg/100 ml. After
equilibration, the solutions were labelled with trace levels of 137Cs (10-10N) and the system
gently shaken for 1 week. Sorption rate is regularly monitored by sampling of the solution.
Radiocaesium desorption is based upon the generation of "infinite bath” boundary conditions
(modified method from Wauters et al., 1992). The desorption (2 weeks) was carried out by
in(roducing in the system astrong Cs* sorbent which is renewed regularly to obtain a

cumulative desorption yields. Two desorption agents were compared. In one case, use is
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made of a K-Ca saturated acid resin (Amberlite IR120, 5 g), previously equilibrated with the
same respective K-Ca (103 N) equilibrium solutions. In the other case, radiocaesiﬁm was
desorbed by using the Giese Granulate (Ammonium-copper-hexacyanoferrate, 5 g) as an .
infinite Cs* sorbent, equilibrated with a NH4Cl 10-3N solution as the exchange liquid reagent.

3 Results and discussion

3.1 Radiocaesium sorption

Figure 1 illustrates the variation in Kd with increasing potassium saturation. The Transvaal
vermiculite showed higher Kd values in Ca-rich scenarios. In the low K loading region (Zx =
0 to 0.2), Kd values first increased and then decreased with Zx > 0.04. The increase is related

to a K-collapse inducing effect (Jacobs, 1963).

Kd(ml/g)

4 . —@— Transvaal vermiculite
3.01 0 ~—@— Russian vermiculite

2.510°
2.010%
'1.5 10"
1.010°

5.010°

Figure 1: Distribution coefficients from various K-Ca scenarios (mean of 2 replicates).

" With higher K loading, Kd values decreased in the 0.2-0.5K equivalent fraction range; K*-
Cs* competition occurs on similar interlayer sorption sites.
AtK saturation, the selected specimens exhibit a strikingly different behaviour: Cs sorption
markedly increases in the Russian sample and remains fairly constant in the Transvaal
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specimen. Tamura and Jacobs (1960) similarly found that vermiculite expanding lattice
collapses after K saturation, giving rise to higher Cs sorption. The Kd for Cs increases rapidly
probably because of an increase in edge fixation sites made availablé by a clear K-collapse
inducing effect.

Itis generally accepted that micas and vermiculitic clay minerals sorb more Cs when saturated
with Ca and inversely with K, due to respective effectiveness of the competing cation. In the

sorption of micro-quantities of Cs by vermiculite saturated with mono-ionic solutions of KCl or

CaCl,, the K cation having size, charge and hydratation similar to that of Cs* was shown to be
more effective than Ca in competing for Cs exchange sites (Shawney, 1964). However, ina
more complex medium such as mixed K-Ca solution, the normal ion-exchange adsorption and
competition processes seem insufficient to explain the selective Cs sorption by different
vermiculite types. Depending on the initial "steric” conditions, the saturating cation differently
influences the amount of selective sites for Cs* sorption on the minerals, by either decreasing
orincreasing it. In the Transvaal specimen; mixed-layering of vermiculite with mica generates
frayed edge sites with a high selectivity for radiocaesium (Cremers et al., 1988). Increasing K
loading mainly results in increasing ion exchange competition between K+ and Cs* ions. For .
the Russian mineral, a-high K loading is nécessary to promote interlayer collapse inducing a »

higher Cs* sorption.
3.2 Radiocaesinm fixation

In the current investigation, desorption of radiocaesium in various cationic environments was
first performed using an acid exchange resin, previously equilibrated with the respective K-Ca
solutions. The resulting Cs net retention is herein computed as the Cs relative quantity which
was not desorbed in our experimental conditions. The desorption yields are illustrated in
figures 2 and 3, using the K/Ca'Amberlite resin and the NH4-GG as respective desorption
agents.

The figures shows two main features:

(1) for the K equivalent fraction range 0 < Zg <0.51, the Transvaal vermiculite
invariably exhibits higher Cs* net retention than the Russian specimen while the "reverse
situation” is observed for the K-homoionic scenario (Zg = 1), -

(2) the radiocaesium fixation is distinctly higher when using NH4-GG as the desorbent '

whatever the tested material and the ionic scenario.
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Using a K/Ca Amberlite resin_as desorbent leads to low radiocaesium fixation values in the
range O < Zg <0.51: the values vary from 28 to 17% and 12 to 5% for the Transvaal and

Russian minerals respectively. Under such ionic scenarios, the occurence of frayed edge sites
on the Transvaal specimen may explain a higher Cs fixation. Nevertheless increasing K
loading (Zk = 1) does not enhance the net retention of radiocaesium. For the Transvaal
mineral, K loading thereforé has little influence on the radiocaesium net fixation. This
observation is supported by other results (Klobe and Gast, 1970) which showed that neither
residual K, nor K added before Cs, affected Cs fixation, measured by isotbpiq éxchange ona
K-extracted hydrobiotite-vermiculite clay (0.2-62 um). For a K-treated hydrobiotite, Jacobs
(1963) and Tamura (1964) interprated this behaviour as a collapse of the lattice during K
pretreatment and as the cause of more pronounced competitive effect at the edge of the
interlayers. This last effect would be particularly predominant if, as suggested by Rhoades and
Coleman (1967), the Transvaal vermiculite failed to conﬁact completely, even though the

analytical data showed nearly complete saturation with K.

Cs fixed
(% of initial loading)

100

90 @ Transvaal vermiculite
E3  Russian vermiculite

80
70 -
60
50
40
30

0 0.04 0.16 0.51 1

Figure 2: Radiocaesium net fixation in various K-Ca scenarios

(extraction with K-Ca acid resin).

Similar observations emerge from the net retention val ues computed for the Russian specimen
(fig.2) except for the Zg = 1 scenario: The Cs fixation is indeed much higher for the K+-
saturated Russian vermiculite. This is due to a K-collapse inducing effect giving rise to frayed '

Ay
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edge sites. At that scenario Zg = 1, the differing behaviour of the tested materials is probably

due to different layer charge properties.

 Using the NI;I;_IQGG as desorbent leads to much higher Cs net retention values.

Itis well known that ammonium, like other alkali metals can compefe with Cs* for specific
sorption sites. In comparison to K+, the strong effectiveness of NH4+ in competing for Cs*
frayed edge sites has been shown by Sweeck et al. (1990) for various reference micaceous clay .
minerals and Belgian agricultural soils. Their results indicate that NH4* is 4 to 7 times more
selective than K+ for Cs* specific adsorption sites. Although the ammonium is generally ‘
considered as competitive with other cations for interlayer adsorption sites, collapse-inducing
effect of the vermiculite and consecutive ions entrapment can promote the unavailability of
radiocaesium (Jacobs, 1963) in addition to other different cations (Barshad, 1954).-In Figure
3, it is shown that desorption is strongly reduced, independently of the chemical scenario and

of the mineral type.

Cs fixed X
(% of initial loading) B Transvaal vermiculite
' E3 Russian vermiculite

100 : 90.2
90 ] 84.1
80
70
- 60
50
40
30
20
10
0

0 004 0.16. o081 - ’ 1

ZK

Figure 3: Radiocaesium net fixation in various K-Ca scenarios
(extraction with NH4-Giese Granulate).

The entrapment effect is such that for all samples, more than 85% of the sorbed Cs remain
fixed. Observation of the desorption curves has shown that well defined plateau were obtained
after first extraction (24 houts). These data are in agreement with the proposed edge collapse

and consequent interlayer entrapment that hinder Cs extraction. A similar effect have been
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) described for K (Klobe and Gast; 1970) when a Cs contaminated vermiculite were immersed in
a solution containing a K amount > 20% of the clay exchange capacity. In the same context,
Griitter et al. (1986) observed that caesium concentrations in the exchange solutions aS low as
10-7 M can initiate the collapse of the edge adjacent to the surface of chlorite grains and increase
the Cs fixation. ' ‘ '

4. Conclusions

: Radiocaesiﬁrr; sorption and desorption yields on the tested vermiculitic specimeﬁs depend upon
the ionic scenario and the type of mineral. The presence of K+ ions has two main effects: (1) a
collapse inducing effect, increasing Cs* fixation, (2) a cationic competition for specific
interlayer sites, decreasing Cs* fixation. NH4* ions have a strong entrapment effect: the

trapped radiocaesium is scarcely desorbed, whatever the K-Ca status of the clay.

At low K saturation scenarios, as occurs in realistic soil conditions, the tested Transvaal mineral
behaves as a powerful sink for radiocaesium. The specimen consists of a micaceous

~ vermiculite: low K+ and NH4* loadings strongly promote net radiocaéesium retention. This
observation is of major importance: in acid forest soils, K* and NH,4* are major cations
involved in ion exchange process. Indeed, rich organic surface léyers are generally
characterized by a low mineralization rate, éllowing high levels of N-NH4* in the soil solution.
In another hand, the K produced By decayiﬁ g organic matter i$ not affected by organic complex

formation and consequently, it remains also highly soluble in surface horizons.

Itcan be concluded that interstratified mica-vermiculite minerals should be preferred as
vermiculite minerals countermeasure to reduce radiocaesium bioavailability in soil..In these
conditions, two effects are combined: high charge vermiculitic interlayers promote the

entrapment process while the specific mica frayed edge sites fix radiocaesium.
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ABSTRACT
In 1986, 25 sites in the county of Giivleborg and 17 sites in the county of Jémtland in Sweden,

weré investigated regarding 137Cs transfer to grass on different types of pasture and to cereal
grain. The aim was to study the impact of site and soil characteristics ones a long-term
'perspecti\}e from 1986-1994. Grass and grain sambles were radioassayed and chemlcally
analysed. The transfer of l37Cs was higher to grass on permanent pasture land than on
temporary grassland. It was much higher to grass than to cereal grain. For both crop products,
however, there was a considerable annual reduction. In the fallout year, 1986, the
~ contamination Jevel dei)ended on the interception capacity of the stubble and grass sward and
on dilution by growth, especially on grassland. To some degree, the transfer was also
influenced by soil fertility and by the level of K-fertilization, In the following years, the ﬁmsfer
to grass was reduced by a factor of 2 to 100. Apparently, the ploughing down and mixing of °
the contaminated surface soil layer with a larger soil volume was effective in reduciné the
transfer to crops. However, this measure was less effective on organic- soils than on mineral
soils. Measures to reduce the long-term transfer to cropsiare discussed in relation to a new

‘concept for description of the development with time of the transfer, “Tar”.

INTRODUCTION

The agricultural environmeni is @mplex and varies due to climate and soil conditions, to
farming practices, and the type of animal husbandry. It is susceptible to for atmospheric
pollution, including radioactive fallout. Part of the land is used-as pastures and for cultivation
of grass crops for the feeding of animals, other arable lands used for grain producﬁon. Farming
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intensity varies regionally in Sweden and usizally less intensive where the land is used for
pasture compared with hay production. , . _ g . ‘

After the Chernobyl accident in April 1986, investigations- began into the transfer of
radiocaesium to grass and cereal crops in the most heavily contaminated counties of Sweden.
* The aim was to investigate the short- and iong-teﬁn situation after the fallout. The districts
selected weré parts of the Gavléborg, Visternorrland, Jimtland and Uppland counties. These
counties were reported to-suffer from high contamination levels in the grass crops during the
early part of the growing season (cf. Erikssonl& Rosén, 1991). .

The studies were to be continued for a sequénce of yeé.rs and cover the period of
equilibration for radiocaesium on grassland as well ‘as the beginning of an expected later lag
period. Results from G&vleborg_county, where the transfer to giass was compared with the
transfer to cereals, and from Jémtlé.n_d county, where the transfer to grass in.a mountain areais
compared. with that in a river valley area,'aré to be published in Rosén, (1995) and Rosén et al., -
(1995) respectively. A summary is given at this symposium. The invesﬁﬁation was financial -
supported by the Swedish Radiation Protection Iﬁstitute and the Swedish University of
Agricultural Sciences. ' o B :

MATERIALS AND METHODS

Study areas and sampling procedures

1n_ 1986, 15 farms with 25 sites in Gﬁvlebdrg county and

*Kiruna

: : 17 grass sites in Jimtland county were selected for study,
Jamtland - county Figure 1. On most farms in Gavleborg .cou'nty, one site .
was located on oultivated grassland with hay production
and the other on ploughea land with cereals or il crops, -
| often located on adjacent fields. In Jimtland. county, 9

Gavleborg -~ | sites were témporary grassland and 8 sites permanent

BB sundsval

county | pasture in a mountain area and .river. valley area
260 respectively. The investigations were carried out in the
3060 | | SrOWing seasons of 1986.1994'
10-30

Figure 1. Deposition of fallout *’Cs from ‘Chernobyl,
3-10. | based on inflight measurements performed from May to
. October 1986 in Sweden (SGAB, 1986) and the study -
Caesium - 137 (kBq/m’) areas. : ' :
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On each site, an area of 100 m”* was randomly selecnj,d for sampling of soil and crop. The
.sampling of the crop was performed on 4 microplots of 0.25 m” at the normal harvest time
every year. In Giivleborg county, gr&ss was sampiéd twice and cereals once per year, except in
1986, when cereals were sampled twice. In Jamtland county the grass was harvested only once
per year. The grass was cut about 3-5 cm above the ground. The cereals were cut at a height
of about 5 cm above the ground a'nd threshed. The four grass or grain subsamples w;are pooled
into a bulk sample, which thus contained the yield from an area of 1 m’. The soil was sampled
by taklng three or four soil cores, 57 mm in diameter and to a depth of 5 cm or 10 cm, on each
mlcrop_lot and pooled into a bulk sample for each site in 1986. Soil characteristics are given in
Table 1.

Table 1. Soil characteristics of the surface layer (Giivleborg county 0-5 cm and 0-10 cm in
Jimtland county) at the sampled sites.. Soil type, organic -matter %, pH, easily soluble

potassium (Ky) mg per 100 g soil and *’Cs deposited, kBq /m

Farm  Soil Org. pH KaL Dep.l Farm Soil Org. PH KAL Dep. .
& Site  type. matter H,0 'cs & Site type matter HyO TG

X-Al lsand 13 50 7.1 203 Z1 Lsand 81 57 300 37
- X-B3  peat 37 67 87 163 Z2 Llsand 67 59 172 37
X-C5 opeat 50 59 193 53 Z3 hsand 99 60 160 34
X-D7 peat ‘45 55 270 72 Z4 sand 54 57 80 40
X-E9 - peat 53 56 372 97 Z-5. sloam 82 57 96 27
X-F11 peat 56 63 274 131 Z-6 sloam 104 57 172 21
X-G13 peat 51 67 88 202 Z7 sloam 105 58 168 27
X-H15 sand 5 65 61190 Z8 sad 77 55 108 21
X117 opeat 57 63 253 95 Z9 sloam - - -3
X-J19 peat 31 55 159 89 Z-10 s.loam 110 53 348 34
X-K20 Scl.l 11 58 206 157 Z-11 sand 145 59 204 43
X-L21 S.loam 16 60 94 209 Z-12 s.loam 93 59 180 44
X-M22 Scll 11 62 50 179 Z-13 lLsand 108 46 97 17
X-M23 S.loam 12 "53. 69 149 Z-14 lIsand 60 64 72 34
X-N24 peat - 58 55 229 83 Z-15 siltleam 97 59 -151 38
X-025 peat 41 58 294 20 Z-16 peat 287 55 316 33

Z-17 loam 50 54 92 23

S. cl. 1. = Sandy clay loam
Analysis

The grass and grain samples were artificially dried at 70-90 °C ,fbr 1-3 days, weighed and
ground, passing t.hroﬁgh a 2 mm sieve, and then stored in 1 litre Marinelli beakers or 330 ml
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4

plastic containers. The pooled soil core samples were air-dried for one week, weighed, ground
and passed through a 2 mm sieve. Aliquots of these samples were. used for radiometric
‘analyses, the soil samples also for chemical analyses (Egnér et al., 1960), for determination of
-soil type by the hydrometer method (Day, 1965), and for estimation of the deposition level of
radiocaesium. The latter was recalculated oﬁ the basis of volume and surface of the soil cores.

Radiocaesium activity. concentrations of *’Cs of the soil and vegetation samples were
determined using high purely germanium.detector systems, housed in a low-background
laboratory. Thé measurement errors were in the range of 1-5 % for *Cs. All activity
concentrations in soil and crop sé:nples refer to dry weight (d.w.) basis. The soil activity were

» récalculated to the date of the Chernobyl fallout in 1986 _and the vegetation to sampling day.

Transfer factor

Comparison of radionuclide transfers to feed.and food items between studies of different

environments cannot easily be made without referencing the nuclide activity concentration to

the deposition level on the ground surface. Accordingly, the ratio obtained is a coefficient or

transfer factor which, should be independent of the depdsition level, but vary according td

environmental and / or experimental conditions (Eriksson, 1977; Haak, 1983).

In the formula below, this transfer factor, TFg, is used to describe the transfer of '*’Cs to

. grass aﬁd cereal gram TF stands for transfer factor and index g for ground. TFg then denotes

the ’Cs activity concentration in the plant, Bq per kg dry weight, as related to the total

ground deposition, Bq per m” (IAEA, 1987).

_ Activity concentration in plant (Bq {kgd.w.)
- 2
)

TF, (1)

Activity deposited on ground (Bq / m
Unit:  [m®(kgdw.)’] . .
A reduction with time in the nuclide transfer to. crop products, independent of decay, is
observed in'mqst environments. The reduction is sometimes called ageing, and is attributed to
decreased plant availability of the nuclide in the soil. An ecological haif-tixhe, Tec,=In 2/A, can
be calculated, based on the assumption that the reduction in transfer, like radioactive decay, is
exponential (cf. Eq. 2). As found by Eriksson (1994), ‘an exponential reduction 6f the nuclide
transfer does not apply on contaminated pasture sites, at least not during the first years after -
the fallout. Instead, a function or equation of the following type is.recommehded (cf. Eq. 3).

- Yi=Yo*exp(A*t) )  fM=exp(A*T+B)  (3)

' ] - OBG,UBA



International. Symposium on Radioecology 1996 _ ' 105

In Eq. 3, the coefficients A, N and B are estimated by a least square fit of the function to the
annual TFg-values observed during a sequence of years. From this equation, the “half-time for

the annual reduction rate”, denoted Tar can be calculated. Generally Tar starts from a low

value and increases with time. Tar is thus inversely related to the annual decrease of TFg. An -
increase in the Tar indicates that the ‘annual reduction of the nuclide transfer decreases with

years.
RESULT AND DISCUSSION

Fal-lout conditions

The deposition range of **’Cs in the sampling area in Givleborg county was 20-209 kBq per
‘m of 'mCs and in Jimtland county 17-44 kBq per m’ of 'Cs. The mean depositions for

Givleborg and Jdmtland were 114 and 32 kBq per m’ of 137Cs, respectively (Table 1).

Transfer of “Cs to the grass and grain crops
The data presented in Figures 2 and 3 give a description of the development with time~in.
the average Pes transfer to sampled crops frqrh each site in Guvleborg and Jimtland
counties. Figure 2 for Givleborg county is based on 12 sites sampled for temporary
- cultivated hay crops, on 4 sites sampled for pasture grass, and on 9 sites in grain-grass
rotation with grain in the first two years after fallout. Figure 3 for Jimtland county is based
on 9 sites sémpled for temporary grass crops and 8 sites sampled for pemianent pasture
grass. :
It should be noted that TFg:values, m® kg™ x 10, obtained from a survey like this, as
" well as others after Cherpobyl, are not equal in preéision to those obtained from
experimental setups, where the deposition level is known exactly. The TFg-values obtained
reflect the influence of various field conditions. In this case, the variability in conditions on
pésture sites and temporary grassland, also influenced by ploughing and K—fertilizatioﬁ, have- o
contributed to the significant variation observed. The TFg-values for grass of the first cut
was lower than those of the second. This may depend on lower straw content from root

. uptake and higher mineral content in the grass of the second cut.
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TFg, m* kg™ x 10° ..

126

Gévieborg 1986 - 1994 |

20 -

11014,

0 +—+ . ; )
1986;1 19881 19901 19921 19941 19862 19882 - 19902 19922 19942

Cutl © Year Jouz ]

Figure 2. Change in radiocaesium transfer to temporary grass crops, pasture grass and to grain

crops during the period 1986-1994. The averages for the sites in G#ivleborg county have been

used for estimation of the curves by equation 3. The lowest curves refer to grain and grass of '
crop rotations, with grain as initial crops in'1986 and 1987.

The main impression of Figure 2 is the different and persistent levels in '*’Cs transfer to the

grasé crops from temporary and pasture grassland. The latter was more sensitive to fallout and

showed a higher transfer and a slowér feduction rate throughout the whole pexjiod.

The transfer to the grain-grass rotations was considera:.bly lower vihan that to the
temporary grass crops throughout the period and stresses the impoﬁance of plqughihg the
contaminated land and the use of a crop rotation to reduce theAtransfer of radiocaesium to
the animal feed. ) | |
The main feature in- Jamﬂand county was the high transfer to grass in 1986, especially on the
' pasturé sites. It was often reduced to lés_s than half the value in 1987 on sites where this
comparison was possible (Figu;e-S). Also, the radiocaesium transfer to grass was much hlgher
during the first years on‘pasture sites than on temporary grass sites.- After a period of years vthis
difference seemed to diminish. The Tar-values were invérsgly rela,ted-‘ to the values of the
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functions for the average TFg-values. Consequently the Tar-values for temporary grass and
pastures described different developments with time.

TFg, m* kg™ x 10° o ~ Tar,year
120_ . : : e 16
100 1 Jamtland 1986 - 1994 114

+ 12
80 + L 10

) . —a—TFg, pasture ~o—TFg, gras'
60 + : ’ . ’ +8
: —a—Tar, pasture —a—Tar, grass

40 +
+ 4
20 +
' ‘ - g—p——g 7 2
0 } + + e} t } } 0
1986 1987 1988 1989 1990 1991 1992 1993 1994

Year

Figure 3. Change in radiocaesium transfer to grass crops during the period 1986 - 1994 in
Jimtland county. The annual averages for the group of sites with temporary grass fields and
that of the sites with pastures have been used for estimation of curves by the least square
method according to equation 3. The Tar-values are calculated from the function for TFg and
shows the half-time of change in radiocaesium transfer to the crop from one year to next year
(cf. Eriksson, 1994).

The first values for 1986- 1987 were about the same but in the following years the curves
mdlcated an mcreasmg difference between sites representmg these types of grassland. During
the observation penod of 9 years the higher reduction rate for TFg in the pasture group than
for the temporary grass caused lower Tar- values or shorter “half-times between years” for the

former than for the latter.
-If no countermeasure was employed, the level of 137Cs ’transfer generally was higher on’
unploughed than on ploughed and K-fertilized land. K-fertilization alone was effective to

decrease the- " Cs transfer. In line with earlier Swedish field studies (Lonsjd et al., 1990;
Rosén, 1991), repeated K-fertilization was effective in retaining a reduction in the level of’

137Cs transfer to grass. If no K-fertilization took place for some years, s transfer usually

.. OBG,UBA



108 - A International Symposium on Radioecology 1996

potennal value on these poor soils. They were necessary measures at least during the ﬁrst
decade after the Chemobyl fallout.
- As shown in Table 1, many of the soils in the two counties were sandy with low contents of
, available nutrients. The content of organic matter ranged from 5-58 % and 5.4-29 % in the
Givleborg and Jimtland respectively. The plant cover was a varymg mixture of domestic
grasses and natural herbs. As a consequence of these varying background conditions, the
radiocaesium transfer to grass varied considerably.

Sensitive grasslands like the pastures investigated here often show high interception of
fallout as well as high transfer to the grass produced and a slow reduction rate with'time of the
transfer (cf. also Rosén et al., 1995, a and b). K-fertilized grasslands showed lower transférs to
grass already in the first year, 1986. ' : '

CONCLUSIONS
In two Swedish counties discussed here, grass production is more unportant tha,n cereal
_production. For the farmers, the development with time of '*’Cs transfér, and measures to
decrease it are important, both with respect to short and long-term perspectives. As regards
the development with time, '*’Cs transfer was much higher in the- year of fallout than later. As
 observed in the Giivleborg county '*’Cs transfer was significantly lower to cereal grain than to ;
grass. In Jimtland county it was lower than to grass on permanent pasture.
* 37Cs transfer varied with site due to soil fertility. It decreased with increased growth and K- \
- fertilization, and by ploughing down the contaminated sward on sites where this measure was
possible. While soil fertility is partly site-speciﬁc, i.e. influenced by texture and organic matter,
K-fertilization increases growth and thereby counteracts the '*’Cs transfer to crop products,
indirectly by growth dilution and directly by potassium dilution.
V Ploughing decreases '*Cs transfer m both arable and grass land Tlus stresses the
importance of early ploughing after fallout and also grass production in rotatxon Liberal annual
- application of K-fertilizer for some years during the lag period of mcreasmg Tar is
recommended in agncultural systems sensitive to '*’Cs fallout.
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CHERNOBYL ACCIDENT
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" Abstract

In ﬁeld studles after the Chernobyl fallout in Austria distinct differences in soﬂ-to-plant transfer
of 'Cs and "'Sr between crops were observed. However, within single plant species transfer
values varied over one to three orders of magmtude The main influencing factors are the soil
propcrnes, the soil adhesion phenomenon and probably the unhomogeneous vertical
distribution of the radionuclides after plowing. On the basis of the presented results we should -
be aware of the uncertainities of the simple soﬂ-to-plant transfer model, which partly mask the
influence of soil paramaters on root uptake and translocation.

1 Introduction
The soil is the most important compartment of the ecosystem with respect to immobilisation of
radionuclides. However, in long term the soil is a source for the uptake of radionuclides into
plants und thus plays a ajor role in modeling the ingestion dose response to large scale
contaminations. The radloactlve fallout in Austna after the Chemobyl accident in 1986 made
: studxes on the behaviour of ' Cs and ° St in the soil-plant system feasible. The median values
of 'Cs soil contamination of Austrian federal states ranged from 4.2 kBg/m® (Vienna) to ,
44.1 kBg/m® (Upper Austria; Gerzabek et al. 1994). %Sr soil contamination is much lower and
was measured between 0.40 and 2.0 kBg/m’ (Gerzabek et al. 1991). However, the
contribution of the Chemobyl fallout to the total amount of %Sr is only one quarter (Meisel et
al. 1992). Therefore, in the case of strontium *°Sr from the weapons fallout still has to be
- considered the main source for plant uptake
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2 Materlals and Methods
In 1987 and 1988 soil and plant samples were taken at more than 100 sites in Lower Austria,.
Upper Austna Burgenland and Styria. Transfer factors ([Bq/kg plant f.w.]}/[Bg/kg soil d w 1)
lT’Cs, 'Sr and stable Sr were obtained and correlated to soil parameters. The '7'Cs
measurements were conducted on a high purity Ge-detector with 30 % relative efﬁmency ina
-well-shielded configuration in a low-level laboratory. %St was determined by low-level beta
measurements of ist daughter nuclid *’Y after separation by radiochemical precipitation
accofding to Hermann and Erdelen (1959). Stable strontium was determined by means of ICP-
"AES after aqua regia extraction of the soil samples and extraction of plant ashes with 6 m HCL
Soil mass loading on plant surfaces was derived from Sc. measurements using the **Sc neutron
activation method (Li et al. 1994). Measures for the 137Cs-extractability from soil texture
fractions were thained using the method described elsewhere (Gerzabek et al. 1992).

. 3 Results and Discussion
Distinct differences in 137Cs transfer values (TF) occurred between the investigated crops. -
Zucchini and cauliflower showed TF of only 0.0004. Cereal straw exhibited the highest values
(Table 1) Cs-TF into cereal grains were 2.3, 3.4, 4.9 and 5.0 times lower compared to straw
for barley, lye, wheat and maize, respectively. Within single plant species TF varied over one _
to three ‘orders of magnitude. Soil parameters like pH, clay and l:numus content showed minor

Table 1: Transfer factors for 137Cs, 9OSr and stable Sr for selected crops on a plant
+ fresh weight - soil dry welght bases

median

crop - - . 137Cs ~ 90sr stable Sr
maize straw 0.0116 - 0.494 ‘ 0.208
grain 0.0023 ’ 0.010 0.003
wheat straw 0.0294 '0.455 _ 0.243
, grain 0.0060 0049 0.026
fye straw ©0.0236 0.369 0.284
. grain 0.0069 0.097 ' 0.027
barley straw 0.0265 0.897 . 0.265
grain - 0.0116 © 0.095 . 0.038
potato shoot 0.0100 0.625 0.359
tuber 0.0024 0.029 0.015
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correlations with TF. On the other hand, TF into straw of cereals were signiﬁcéndy
correlated with I37Cs—concent'ral;ions in the soil (Table 2). This effect can be explained
by an influence of soil adhesion or an intercorrelation of soil parameters and
contamination levels. Due to differences between wet and dry deposition areas,
resuspension of *Cs-contaminatéd soil particles was higher in low contaminated
regions as compared to high deposition areas (Garland and Pattenden 1989). Thus,
the contribution of the soil adhesion effect to plant contamination should be higher
in low contaminated regions. R'ecen.t results of soil adhesion measurements (Li et al.

Table 2: Correlation of 137Cs soil-to- plant transfer factors with
137Cs-concentration in soil

crop ' equatibn correlation coefficient
barley straw y = 0.325-x-0.696 - -0.86
wheat straw y = 0.040-x-0.486 - -0.85

maize straw y = 0.022-x-0.525 0.79

y : transfer factor x : Bq137Cs/kg soil

Table 3: Soil adhesion on plant shoots from field studies after the Chernobyl fallout in
Austria obtained by 46Sc neutron activation method and its impact on radiocaesium plant
contamination (Li et al. 1994). .

Sample myg soil/g dry Bq!37Csb)/kg dry plant-
plant 2) . (% of total)
barley straw 6.01 _ ' 0.141(18.34)
barley straw ‘ 1.33 . 0.063(05.53)
barley straw 2.31 0.087(03.41)
barley straw 4.23 - 1.328(23.18)
wheat straw 1.16 0.023(02.61)
wheat straw 1.53 0.223(14.48)

a) Detection limit 0.05 mg soil/g dry plant;
" b) Radioactivity derived from soil adhesion.
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1994) show that e.g. for barley and wheat straw mCs derived from outer contamination can
contribute in a range from 2.6 vto 23:2 % to the toial mCs content (Table 3). However, this
effect seems not to be sufficient to explain the phenomenon exclusively. Low transfer values
were obtained in Upper Austria, where Eutric Cambisols are dominating. High transfer values
were determined on the Chernozems of Lower Austria. Despite the fact that chemical and
physical properties of these soils are quite similar, differences could be shown in a particle size:

Figufe 1: 137 Cs in the texture fractions of an Eutric
Cambsiol (1) and a Calcic Chernozem (2) and
median values of soil-to-plant transfer factors

" (TF).
o1370s O TR®)
100 — — :
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fractionation experiment (Gerzabek et al. 1992). *'Cs in silt fraction was four times higher in
the Calcic Chernozem than -in the Eutric Cambisol (Figune_ 1). Extractability of radiocaesium
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from the organic matter of the silt fraction was considerably higher. for the Calcic Chemozem

" as compared to the Eutric Cambisol (Figure 2), which corresponds to the investigated transfer -
factors. Obviously, the total soil. organic matter content does ud reflect the Cs-availability of
soils with exception of very hlgh values of more than 15 % (Frissel et al. 1990). Further |
uncertainties in calculatmg plant contamination by the transfer model can be attributed to a
lack of homogeneous *Cs vertical distribution in the soil after the first and second plowing,
which may lead to under- or overpredictions using transfer factors based on a well deﬁned
contaminated soil layer (Mexsel et al. 1991). '

Figure 2: Extractable radnocaesnum in the silt fraction of an Eutric Cambisol (1) and a
Calcic Chernozem (2) in Austria. .
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Sr-TF for cereal grains were approxxmately 3 to 14 times hlghcr than the mspecnve values
"Cs obtained for the same samples (Table 1). Maize straw exhibited a 50 times higher TF
compared to thp grains, whichis the ten fold discrimination compared to' Cs. This effect is
due to the clearly lower translocation rate of strontium. Translocation occurs to plant parts just
" in development. Thus, vegetative plant parts are supplied by the transpiration flow with St
during the whole growing period, grains only during a significant shorter time span.
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In all cases soil-to-plant transfer of stable strontium was distinctly lower compared to the
radioactive'isotope. The TF for total stable strontium amounted on average only up to 60% of
the respective values for St (Figure 3). The respective linear regression was statlstlcally
significant (r = 0.908***). Thus, natural stable Sr was less plant available than Sr from the
. Chemobyl and atomic bomb fallout. Statlstlcal analysis showed a satisfactory correlation
between exchangeable soil calcium and * St-TF. Due to ion competition Sr-uptake diminishes
with increasing exchangeable Ca-contents of the soil. Soil adhesion obviously had no
significant impact on Sr-TF. : ‘

Figure 3: Relation between *Sr-transfer factors and plant/soil concentration ratios for stable
Sr (Gerzabek et al. 1992) :
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3 -0.013+0.583x
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0.01 PN | L4 eaaaql .
0.0% 0.10 1.00
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4 Conclusion’

We have to be aware of uncertainties of the simple soil-to-plant transfer miodel, which partly
mask the influence of soil parameters on root uptake and translocation. Special attention
should be given to the mobile radionuclide fraction, the radionuclide depth distribution in the
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soil during three years after fallout and the soﬂ adhesion phenomen(m in the case of
radionuclides with low plant availability and low TF values.
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SOIL FACTORS INFLUENCING THE LONG-TERM TRANSFER OF
%gr AND ¥’Cs TO ARABLE CROPS

Results from experimental studies under Swedish field conditions

'LONSJO, Hans & HAAK, Enok

Department of Radioecology, Swedish University of Agricultural Sciences
P.O. Box 7031, S-750 07 Uppsala, Sweden

ABSTRACT
The transfer of '*’Cs and *Sr from arable soils to barley and peas has been e);perimentall);
studied in microplot experiments during 1961-1980. The experiment included the
combination of 12 topsoil's. and 2 Qubsoﬂs. Clear differences in the TFg were found between
nuclides, crop products, topéoils; and subsoils, and, furthermore, there " were strong
interactions between the parameters studied. The TFg were a factor 5-10 higher for *Sr than
for "*’Cs and for both nuclides higher for grain of peas than for grain of barley. A high
" availability of Ca'and K in the subsoil lowered the transfer of *°Sr and "*’Cs by a factor of up
to 2 as compared with unfavourable conditions in this respect. The TFg for '*’Cs were found
to decrease with increasing contents of clé,y and potassium in the topsoils but increased with
increasing content of organic matter. For %Sr the TFg decreased with increasing pH, -'CEC
“and Ca-saturation of the topsoils. The 1ong-term trend in the TFg differed between the
npqlides and was strongly influenced by the feeding of Ca and K in the subsoil. A

INTRODUCTION ‘ _

" The testing of ‘nuclear weapons in the 1950s and early 1960s irxitiated extensive studies on
the transfer of the long-lived nuclides “Sr and '3-_7C.s from soils to crops and further to maﬁ.
At that time the detection téchniques, in combination with the low deposition levels, limited
the use of environmental monitoring or conventional field experiments for studies of the
influence of soil type and fertilisation practice on the transfer of the nuclides from soil to

_ .&ops under long-term field conditions. Therefore, in Sweden a new field experimental

- technique, using microplots and artificial contamination of the soils studied, was introduced
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. (Fredriksson, 1963).

© Results from an investigation using this technique, performed during 1961-1980, will be
presented and- discussed below with respect to the influence of topsoil ' and subsoil
characteristics on the long_-term,u'ansfer of the two nuclides to arable crops. Data from parts 4
.of the experimental period have been published earlier (Fredriksson et al., 1969; Haak &
Lonsjd, 1975). A more detailed final paper is in preparation (i.;dnsjd & Haak, 1995).

MATERIALS AND METHODS

In this investigation 12 topsoils, Table 1. Characteristics of the topsoils (1-12)
representing main agricultural districts of ~2nd subsoils (I-IT) : '

Sweden, were sampled from the plough- Soil pH- SOM Clay Cax CEC

layer, homogenised and uniformly labelled HO %_ % _mequiv/100g
"th ) lu £ 905 37 Topsoils

w carrierfree solutions of ™' Sr or s. 63 1.7 51 68 6.6

The contaminated soils were placed in 2 53 40 7.1 - 38 6.9

' ) . 3 75 25 105 220 11.7
steel frame works, enclosing single :
microplots of 0,25 m? on two different - 4 73 28 17.5 145 15.0

. . . 5 60. 54 . 176 95 11.8
subsoils, one artificial subsoil of sandto 1 ¢ 56 5.2 297 115 19.1

.m depth and the subsoil in situ, a heavy

o 7 61 53 333 102 15.8
clay. Each soil-nuclide combination was g 68 33 370 125 15.5

replicated 4 times. In total the experiment 9 70 36 400 150 17.8
comprised 192 plots. Details on the 19 67 28 411 145 179

experimental technique, lay out of the ex- 11 52 66 431 100 :20.1

: 12 74 57 500 375 400
periment etc. were given by Fredriksson  gyhsoils

(1963). : I. 69 - 49 46 3.8
' I 76 - 485 16.0 162

The topsoils covered a w1de range with

respect to soil type and physico-chemical properﬁes (Table 1). The ranges were for contents

of clay and organic‘matter 5-50 and 1.7-6.6 per cent, for pH 5.2-7.5, and for CEC and easily

exchangeable Ca (Caar) 7-40 and 4—38 mequiv. per 100 g of soil, respectively. The suBsoils

differed, besides in the clay content, also in contents of exchangeable Ca and K (Table 1).
* More soil data were given by Fredriksson et al. (1969). ‘
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The soils were annually fertilised with N, P, K, Mé and S. The crops, barley and peas, were
grown to maturity, The harvested material was dried artificially, threshed and ground. The
PSr-contents were determined by -GM-cbuntiné, using the briquette technique, and the
13Cs-contents by gamma-spectrometry and a 4x4" Nal-detector. The measurement errors
were usually in the range of <1-3 per cent. Chemical analyses on Ca and K were performed
using conventional methods. All data refer to dry weight (DW) basis. The activity contents
were corrected for decay to the start of the experiment in May 1961 and normalised to the
activity deposited at that time, resulting in the transfer factor TFg,ie.

Bq@%I“N).
qu

with the dimension m® (kg DW)"! (Briksson 1977, 1AEA, 1987) The TFg-data were
subjected to analyses of variance and multiple regression according to methods described in

TFg =

the references earlier cited.

vRESULTS AND DISCUSSION

Differences due to nuclide and crop type _

The soil-plant.transfer of ‘radionuclidw differs between species and also between cultivars of
one and the same species growing under different environmental conditions. Differences
among species are caused by a combination of plant characteristics and environmental
factors as reviewed by Davis (1963). The annual TFg-values for grain of barley in 1961-80
and for grain of peas in 1961-68, averaged over the 12 topsbi.ls, are shown t_'or the two
subsoils in Table 2. As can be seen the TFg for as well ®Sr as *’Cs varied considerably from
one year to another. The transfer of ®Sr to barley grain was 5-10 times higher than that of
37Cs, the difference being strongly influenced by the subsoil type. A low or high annual
transfer of *’Cs was not necessarily accompanied by a corresponding high or low transfer of
%Sr and vice versa (Table 2). This indicates that the relative availability of the two nuclides
has varied due to unequal rooting and uptake of Ca and K from topsoil and subsoil in
different years. The transfer of *’Cs to grain of peas was about a factor 5 higher than to
graip of barley, while for ®Sr the transfer was about the same (Table 2). These diffgrences

were due to a much higher content of potassium in grain of peas than in grain of barley, thus
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-also giving a higher TFg for '*’Cs, while the

. corresponding contents of calcium and hence Table 2. Annual Tfg for *’Cs and *Sr
) in grain of barley and peas, averaged
over the 12 topsoils, on Subsoil I and
the two crop products (compare Fredriksson et ~ Subsoil I, m’kg DW™ .
al, 19§9 and Haak & Lonsjs, 1975). Yoo TCa _ %
Effects and time trends due to the subsoil 1 oI 1]
; " : . S Barley '
As can be seen in Table 2 and Fig. 1 the long 1961 0030 0054 058 046
term trends in the nuclide transfer were different 1962 0.038 0044 0.27 021
137 % . 1963 . 0.050 0.065 0.56 0.46 -
for as well‘ Cs and “"Sr as for the subsoils. The 1964 0028 0045 033 028
variation in the annual TFg-values was mainly 1965 0.041 0057 042 032
Lo 1966 0.048 . 0.074° 033 0.32
. 1967 0.035 0.063 0.18 0.10
rooting depth and hence in the uptake of Ca and 1968 0023 0032 034 0.22
: 64-68 .0.036 .0.054 0.383 0.30
1969 - 0.047 0.042 048 0.17
dilutions of *Sr and '*’Cs respectively in the 1970 0.066 0053 0.52. 0.25
. . . 1971 . 0.047 0.036 047 022
crop products (Haak & Lonsjo, 1975). , 1972 0048 0048 055 0.19
For °Sr the annual TFg-values were throughout 69-72  0.052 0.045 0.50 0.21°
- Lo . . 1974 - 0.066 0.030 0.54 0.28
the period hlghf’.l’ on Subsoil I than on Subsoil II 1975 0.058 0034 -0.40 0.19
both for barley and peas (Table 2). Also the 1976 0.045 0.028 0.32 0.15
' 1977 0.034 0.024 0.54 0.23
_ 1978 0.024 0.019 052 0.23
higher on the former subsoil (data not shown; 1979 0.028 0.022 0.41 0.21
compare Haak & Lonsjs, 1975), which indicates ;fgo 8'83? 8'832 8'22 8'3
that the growing conditions have been more 61-80 0.041 0.042 043 0.25
favourable on the sandy subsoil than. on the . 1961 P¢35154 0.176 _0' 67 046
compact clay subsoil. .Despite the lower Ca- 1962 0.192 0238 025 027
te . th . the clay subsoil 1963 0.180 0.289 0.37 043
contents in the grain on the clay subsoll, & 1964 0222 0269 031 030
relatively larger proportion of calcium may have 1965 = 0.206 0.246 0.24 026
' . I 1966 0321 .0.322 O. )
been taken up from this subsoil than from the 1967 0242 0.229 03:; 83(2)
sandy subsoil during the grain formation. This 1968 0.176 0.147 0.28 0.20
61-68 0.212 0.240 0.34 031

also the ®Sr-contents were almost the same in

due to differences between single years in the

K from the subsoils, resulting in unequal

yields and the Ca-contents were significantly

unequal uptake of calcium from the two subsoils
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explains the lower ®Sr-contents and *Sr/Ca-ratios on the clay subsoil ( Hask & Mﬂsjb,
1975).
As illustrated in Fig. 1:a the ®Sr-transfer to barley on Subsoﬂ I mcreased irregularly with
year during the period, whﬂe on Subsoil IT a slight and more regular decrease with year was
obtained. This dlfference may partly be due to a slight depletion of major nutrient elemen!s
such as P and K, in some of the topsoils. On the clay subsoil the crops.seem to have .
‘compensated this deplet;ioﬁ by an increased nutrient uptake from this subsoil. The sandy
subsoil, relatively poor in nutrients (Table 1), has not been available to the same extent by
the crops, which has resulted in eventually decreasing yields and hence in increasing transfer
of Sr.
Although the averaged TFg for '¥’Cs in barley during 1961-80 were almost the same on the
two sﬁbsoi]s (Table 2), the time trends varied considerably during the course of the period as
can be seen in Fig. 2:b. During the first'8 years of the experimental period the more '
’ favourable growing conditions on Subsoil I, giving higher yielas' and higher uptake of
potassium, thiis resulted in a lower transfer of ¥'Cs as compared witﬁ Subsoil II. Later a
negative potassium balance took plaoe in some of the topsoils, which increased the average
transfer of '*’Cs. This depletion seems to haye been compensated for by uptake of
‘potassium from the subsoil, vi}hereby a much better effect was obtained on the clay subsoil
than on the sandy subsoil. 'iherefore, a faster decrease with‘ time and lower TFg-values were
obtained on Subsoil II than on Subsoil 1. Other effects, such as ageing, may also have
contributed to the decreasing transfer of ’J?Cs at the end of the period.
Effects of topsoils and topsojVsubsoil combination
A wide and cbnsistent variation in the TFg améng the 12 topsoils was fecorded for both
- nuclides (Table 3). Thus for the transfer of *’Cs to grain of barley this variation amounted to
" afactor of about 6 on Subﬁoi_l I and to a factor of up to 16 on Subsoil II. For peas a similar
variation and relation between the subsoils was found. For *Sr the variation was somewhat
less apparent, a factor of ca. 3.3 for barley, relatively independent of the subsoil, and a factor
of 4.8 and 6.5 for peas on Subsoil I and II respectively (Table 3; compare Fredriksson et al,
1969; Hask & Lonsjo, 1975). - S ' ' ‘
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As shown by‘.Fredriksson et al. (1969) the soil-plant transfer of '*’Cs increased with the

~ content of soil organic matter and decreased with the content of clay (or with the content of
slightly soluble potassium, Kgc. which is strongly intercorrelated with the clay content).
These relations, based on data for barley during the period 1961-68, are shown in Fig. 2.
However, also a low content of easily soluble calcium and hence a low pH of the soil will
increase the transfer of *’Cs to the crop. This is illustrdted by the data for Topsoil 2.
(Table 1), which all favour an extremely high and consistent transfer of *’Cs (and also of
*Sr, see below). ,
Haak and L&nsj6 (1975) showed that the transfer of 2Sr decreased with the soil content of

. easily soluble calcium (Caay) and also by pH and CEC. These relations are shown in Fig. 3. .
As showp By the curves in Figures 2-3, a certain increment in contents of >clay or in CEC
causés arl large decrease in the transfer of ¥7Cs or ®Sr at low levels but small ones at
increasing levels.This also means that the effect of K—faﬁﬁsaﬁon ;)r liming in order to reduce
the nuc_lide transfer will be most effective on soils with a low clay content or with a low Ca-
saﬁétion degree. '

Table 3. Transfer of '*'Cs and *Sr to grain of barley and peas, averaged over
the years 1961-68, on Subsoil I and Subsoil IL, mi(kg DW)'*10°

Tc?p- Barley . Peas Barley Peas . .
soll | I I o I o I o
no ]
TFg for YCs - TFg for *Sr
1 0.026 0041 0227 0240 0.56 041 036 038 .
2 0.077 °0.121 0572 0.772 - 0.60 043 082 078
3 0.025 0043 0.124 0.118 044 029 - 025 0.25
4 0.016 0024 0.153 0135 026 0.20 0.20 0.19
5 0.077 0.117 0370 0435. 047 034 033 034
6 0.041 0054 0236 0224 041 036 043 037

0.045 0070 0250 0300 031 029 028 o028
0.038 0.051 0136 0.172 033 027 034 024
0041 0064 0138 0.161 031 026 032 0.23

O 00

10 0016 0015 0074 0068 024 022 022 020
11 0022 0035 0.170 0.171 040 034 036 031
12 0014 0018 0.08 0079 0.18 013 017 o0.12

Mean 0036 0054 0212 0240 038 030 034 0.31
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TFg n2{kg DH)-1 * 10-3 1Fg n2(kg DW)-1 * 10-3

A ) . ll\
-

. - BJ3ICs /cluy subsoil (II}

Candy subsoil (I}

1 1 L te, : It 1 e i e -

1961-64 1965-68 1969-72 1973-76 1977-80 1961-64 1965-68 T 1969-72 1973-76 1977-80

_ Figure 1:a-b. Time trends in the transfer of *'Sr () and '*’Cs (b) to grain of barley during
1961-1980. The annual TFg-values in Table 2 are averaged over each 4-year period.

TF
PP , Y A :
\ - Boil Org. Matter | Boll Org. Matter
y b.
008 a. S B ol LT IS PN I I < som v . | |
' - soM, 4 ‘Peas -7~ 80M, 4%
\ Sandy subsoﬁ | % som en ‘ Sandy subsou -R- 30M, 8%

i pam - 0,8

o.o:——- < _-I\ : 04 \\

° X
5 15 25 3s 48 . 5 15 ) 25 3s 45

Clay content, % Clay content, % .

Figure 2:a-b. Expected transfer of *'Cs to barley arid peas, related to the contents of clay
and organic matter in the topsoils. Calculations based on data in Tables 1 and 3 (compare
text and Fredriksson et al., 1969).
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Figure 3:a-b. Expected transfer of *Sr to barley and peas, related to CEC and pH in the

topsoils. Calculations based on data in Tables 1 and 3 (compare text and Haak ‘& Lonsju,
1975).
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CONCLUSIONS ,

The following may be concluded from the expérimental data reported:.

¢ On arable soils unifoxmly contaminated in the plough-layer, the TFg-values for 2Sr will
usually be a factor of 5 to’ 10 higher than for '*’Cs depending on the crop cultivated and
on the root avallablhty and nutrient supply in the subsoil. '

. The_ transfer of 13‘7Cs and PSr will strongly be influenced .by uptake of K and Ca _
respectively from the subsoil. As shown in the experiments the higher uptake of these
.elements from the subsoil, the lower nuclide contents are found in the crop productsv. The
two nuclides do not necessarily show the same relatioh in TFg on different topsoi]/subsoii
combinations. T

. Increasmg content of clay in the topsoils Wl]l usua.lly decrease the transfer of both 137Cs
_ and *Sr, while increasing content of organic'matter will increase the "¥'Cs-transfer and
decrease the Sr-transfer. With mcreasmg pH and Ca-saturatxon the transfer of both.
nuclides will decrease, the effect usually beinig more clear for *Sr than for *'Cs. ‘

¢ The long-term trendS in the nuclide transfer to the crops wﬂl be influenced by the nutrient
status in both-topsoil and subsoil. The maintenance of a positive potassium balance in the
topsoils will result in a sustainable low '¥'Cs-transfer with the years. It is also of

. -importancé that acid soils are limed in order to prevent an increased transfer of *Sr. Such .

measures will be most 'effecgive when a negative influence of the subsoil can be expected...
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ABSTRACT

In 1961 two contrasting types of Swedish pastures were artificially contaminated with
*Sr and'’Cs. One site, Lovsta, was a patural pasture on a sandy soil. The other,
‘Risslinge, was a grazing ley on a clay soil. On both sites field experiments had ‘been
running for 10 years. Unique possibilities, to study the long term transfer to grass under '
- equilibrated field conditions, were thus at hand. Results of the two experiments for the
‘period 1961-1981 are treated in this article.

In years of fallout direct deposition was the main transfer to grass. It was larger on
the permanent natural pasture than on the grazing ley. For some years after a radioactive
inventory, or during a lag period, the nuclides are retained in the surface mat zone of
pastures and more available for uptake.

The type of pasture has large impact on the behaviour of the radionuclides. The lag -
'penod is longer for ®'Cs than for ™Sr. TF, decreases from year to year due to downward
migration, which is always effective at surplus precipitation between growth periods.

- Although the migration of *Sr is larger than of ’Cs the transfer to grass is much higher
for ®Sr than of “'Cs of all types of pasture on mineral soils. .

Liming and fertilization has a large impact on nuclide transfer to grass on permanent
pastures established on coarse soils. Use of acldeymg N fertilizers, AS, may give a
9°Sr/Ca-rat10 twice that of CaN. Fertilization with AS increases the leaching of *Sr and
thereby decreases the *Sr/Ca-ratios in the long run. On coarse soils the ¥'Cs transfer
to grass is lower on P- and K- fertlhzed pasture than on unfertilized pasture.
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INTRODUCTION . : ,
Direct deposition on growing c:ops is the main way of radmnuchde transfer in a fallout
situation. A considerable fraction of 'Cs and ¥Sr can be retained by the crops.
Rainfall may effectively reduce this contamination but the nuclide transfer to crops will
be much higher in the year of fallout than later (Rosén; et al., 1995).
Grass cropé are sensitive for transfer during some years after the radioactive inventory.
. The main reason is the nuclide contamination of the surface mat zone, which consists
of the stubble and grass sward created durmg the pasture or ley establishment and during
regrowth of grass year by year As a consquence radionuclides are then easier transferred
to grass than to arable crops.
Results from the first six years (1961‘-1966) of the two experiments to be presented
‘ here, have been treated in detail in (Haak et al. 1973). The aim of this article' is to
summarize these experiments and their extension-up to 20 years, i.e. between 1961-.
1981. We also discuss countermeasures to decrease the nuclide transfer to grass. .-

MATERIALS AND METHODS

In Sweden two types of grassland are used for grazing. One type is pemlancnt natural
. pasture with low yield potential due to meagre soil and a mixture of wild" grass and

other plant species. The other type is grazing ley on arable fertile soils, with high yield:

potential due to domestic grass species. Liming and fertilization are also less frequent

on natural pastures than on grazing leys. Table 1. ‘Design of experiments

To cover this range of soil and growth .
conditions, two sites were selected in 1961, _Treatm. Fertilization, amounts per hectare

where microplots were artificially contami- —L

" nated with ®Sr and“’Cs. One site, Lovsta,
was a natural pasture ona sandy soil. The
other, Risslinge, was a grazing ley on a

- clay soil. On both sites field experiments
had been running for 10 years. The
fertilizers were superphosphate (SSP),
muriate of potash (MUK), ammonium
sulphate (AS), calcium nitrate (CaN) and
ammonium nitrate (AN).

Grass harvesting and N-fertilization, 31
kg/ha N, took place four times per year in

MY o

S

Lovsta, permanent pasture
Unfertilized

- 300 kg/ha SSP + 31 kg/ha N as AS
300 kg/ha SSP + 150 kg/ha MUK +
31 kg/ha N as CaN
31 kg/ha N as AN
300 kg/ha SSP + 150 kg/ha MUK

& c. Unlimed
4 tons/ha CaCO,
4 tons/ha Ca(OH),

‘Risslinge, grazing ley
Unfertilized with P and K

.150 kg/ha SSP

150 kg/ha SSP + 75 kg/ha MUK
300 kg/ha SSP + 150 kg/ha MUK

vow»
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1950-60, 23 . times in total during 1961-66, and later two times per year. From 1961
onwards one third of each PI(-plot at Risslinge recieved N-fertilizers as CaN and two
tthdsasANmbothcasestoeachharvesL :
" For transfer of nuclides the observed activity contexits in herbage, Bq per kg DW, has
been normahzed to transfer factors, as mmally defined by Enksson (1977)
Bq(kg DW)' '
TF, = --—--=--m-—- = m’(kg DW)" -
Bq m*
The TF,-values thus express the nuclide transferred per kg dry welght of grass from
a deposition of 1 Bq per m’ ground. TF, is a suitable transfer unit for comparison
between sites and treatments. '
Reduction with time in nuclide transfer to crops, ‘independent of decay, is obse.rved
in most terrestric environments due to reduced plant availability. An ecologmal half-
txme Tec, has often been calculated from the general exponentlal equation

Y, =Y, * exp(A*t) ‘ .(2)

As 1dent1ﬁed in these experiments and later in field surveys of Cs after the
Chemobyl accident (Rosén et al, 1996) annual reductxon in nuclide transfer is not
constant on grassland during a lag period after fallout. Instead an equation of the type

f(t) = exp(A*t" + B) 3
‘can be used (Eriksson, 1994), where A, N and B are constants and t years, as-obtained
by least square fit of observed annual mean TF, values. From Eq. 3 the annual reduction
‘rate in nuclide transfer Tar, can be calculated. The ‘Tar concept depends on the real

annual reduction in nuclide transfer.

RESULTS AND DISCUSSION

 Effect of nutrient regimes on soil fertility :

In 1967 soil profiles were taken at both sites to quantify the effect of liming and
repeated fertilization on soil properties. The most smkmg feature was the high contents
of soil organic matter and easily soluble nutrients in the surface zone. This reflects the
typical situation on grassland sites, which in’ this case ha{s’ impacts’ on nuclide upta.ké
and transfer to grass. The reason that the contents of organic matter and nutrients were
higher'.in the surface mat zone at Lovsta than at Risslinge, relates back to the time of
establishment of pasture - Lovsta centuries, Risslinge 10 years ago, but also to
differences in plant species.
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" Nuclide transfer to grass
‘Table 2 and Table 3 give an overwiev of the Table 2. Mean TF, of “'Cs and ®Sr'in

. } . ' 1 grass on Lavsta, m*(kg DW)* x 10°.
TF,-values obtained for the transfer of *'Cs yge.nc'ang ranges per year 1961-1981

and ®Sr to grass, presented as annual means

and ranges for single cuts taken per year. As Year ¥iCs - oGy
137 . . .
can be seen, the transfer of 'Cs was much Mean Range v Range
less than that of ®Sr. This is the general case S :
on mineral soils. 1961 222 174296 730 547-89.4
. 1962 6.85 3.52-104 504 35.3-76.1
Effect of year 1963 348 1.52-4.89 33.0 17.0-51.6

" There was a larger reduction in transfer of 19649311 14.6-394 248 11.5-372
. wa. ; ) : ion 1965 153 115189 219  74-354.
Cs than of ®Sr in 1961: 1963. The reduction 1966 7.16 1.55.10.1 187 81302

in ¥'Cs was larger on the Lévsta natural :

o N 1967 248 1.19-3.79 184  6.7-314
‘pasture than on the Risslinge grazing ley. 1963 186 1.02-2-86 183 85-30.9

After recontamination with "Cs in 1964 the 1969 110 060220 137 62237
1970 068 032172 153 64282

difference between the two sites was repeated. 1971 0.83 030-1.94 146 5.3-272
The differences between nuclides and sites are 1972 096 ' 058220 109  3.1-17.7

= much thicker stubble and 1973 070 021-165 118  4.0-18.4
due to the much thc © BNC BIASS 1574 074 046158 128  4.0:155 -

sward at Lovsta than at Risslinge. - 1975 0.72 0.38-348 137 28-179

_ , 1976 078 019272 108 3.0-16.9
The transfer of “'Cs and ™Sr to grass 1977 067 015437 103 25144

"continued to decline, as displayed in Figure 1- 1928 082 023215 122 26215
) 1979 0.82 0.16-1.64 120 1.8-232
4, also” during the long-term period and 1980 053 0.07-076 126 3.3-272

relatively more at Lovsta than at Risslinge. 1981 044 024-090. 107 26-24.0

This decline is to be attributed to increased 1;’1)3;’11 072 027214 118 30197
contact between nuclide and mineral soil i

. L. 9 ‘Iamjn i 137 3 '
surfaces, the contact beeing more effective at  Rcconaminated with 'Cs in 1964

Risslinge than at Lovsta. ‘

The nuclide transfer did not always decrease with year, which indicates uneqﬁal
rooting depth relative to nuclide distribution in the soil profile. The long-term reduction
is shown in\Figure 1, as evaluated by Eq. 3. The annual reduction in transfer decreased

* from .year to year, as also is shown by the increase of the inverse relation, Tar.

s

" Effect of site

The differences in transfer between the nuclides and sites were confirmed in the years
1972-1981. The average transfer of ’Cs was six times higher and of *Sr three times
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" higher at Lovsta than at Risslinge. The transfer of ®Sr was 16 and 33 times higher than
that of 'Cs at Lovsta and Risslinge respectively. This shows the higher fixation of *'Cs
to heavy clay soil and the higher dilution of ®Sr with calcium at Risslinge than at the

coarse sandy soil at Lovsta.

Effects of fertilization
The TF,-values in Table 2 and Table 3
show the range of the effects of liming
and fettilizaﬁon at Lovsta and of
fertilization at Risslinge. As expected the
effects were much larger on the low
buffered sandy' soil at Lovsta than on the
well-buffered clay soil at Risslinge.
Treatment effects are presented as means
for the years 1967-1971 and 1972-1981
in Table 4. As seen the reduction in
transfer between the two periods was
higher for ®’Cs than for *Sr and varied
with treatment. The means for sites
decreased- with 50 and 30 % respec-
tively. The reduction was about the same
for Tfg of "’Sf/Ca as for ®Sr/DW.
The reduction in nuclide transfer with
year varied with fertilization at Lvsta
and was not the same for *Sr as for
¥ICs. For 'Cs the order was .
E < A <B <C<Din 1967-1971 and
E<C<B< A<D in 1972-1981.

Table 3. Mean TF, of ™Cs and *Sr in

.~ grass on Risslinge, m*(kg DW)* x 10°.

Means and ranges per year 1961-1981

° Recontaminated with 'Cs in 1964

Year *'Cs oSr
Mean Range Mean Range -
1961 925 739-112 232 313261
. 1962 071 054106 158 15.1-167
1963 041 033064 118 114122
1964°7.93 6.10-113 99  94-105
1965 137 094222 97 92-103
1966 080 058-1.10 87 8389
1967 035 027-052 66 6369
1968 024 022-030 6. 5569
1969 0.10 0080.14 51 50-53
1970 0.11 008-0.14 55 . 5457
1971 0.18 0.16-022 57 5259
1972 0.18 0.14-020 54 52:56
1973 010 007-0.13 38 3639
1974 022 0.17-029 45 4249
1975 0.08 004-0.11 42 4044 -
1976 006 0.03-007 28 . 27-30
1977 0.06 * 0.03-008 36 35-38
1978 0.13 006-020 35 32-36
1979 010 005-0.14 ~ 35 3336
1980 0.12 006-0.17 48 4251
1981 0.10 0050.15 36 3343
Mean 0.12 0.07-0.15 40 3742
72-81 :

It was lowest for P- and K-fertilized pasture (E), and highest for pasture only recieving
AN (D). For ®Sr the order was B < C < D < E < A in 1967-1971 and B< C < E <
D<Am.1972-1981.For”Sr/CatheorderwasC<E<B<D<AandC<B <E
< D < A respectively. For both Tfg it was highest for unfertilized pasture (A).

In treatments limed with CaCO, (b) and with Ca(OH), (d), the Tfg of ®Sr and
*Sr/Ca decreased during both periods, as can be seen by comparison with unlimed
pasture, a and ¢ respectively. As seen liming did not have the same consistent influence
on the Tfg of *"Cs probably due to a fertility gradient across the site.
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The low transfer of *Sr and "'Cs at
Risslinge was accompanied by small but

Table 4. Effect of nutrient regime on transfer
of Cs and *Sr, m*(kgDW)* x 10* and

%81/Ca, m*(g Ca)* x 10° at Lovsta and Riss-

.

consistent effects of fertilization. Thus
fertilization with P increased (B) and
fertilization with K in additon 'to P (C-_ Treat- ”’Cs. S _
D) decreased the nuclide transfer. ment 67-71 72-81 67-71 72-81
Fertilization with CaN for ®Sr and for

®'Cs (a and b) gave lower Tf, -than

linge 1967-1971 and 1972-1981

28r/Ca

67-71 72-81

Lovsta natural pasture on sandy soil

S _ A 1.09 060 275 204 3.07 202 °

fertilization with AS (c). B - 126 065 72 30 232 084

: : c 147 044 106 80 123 07t

Migration of nuclides D 252 163 157 147 235 168
L . E 073 028° 200 127 211 123 .

In 1967 migration or leaching of the two ‘

: : termined in <o a 173 082 238 153 3.03 164
auclides was determined in soil profiles 158 079 135 103 179 Li3
at both sites. It was repeated in 1981 at ¢ 094 061 159 112 215 132

- ; e 132 06 2 8 1.06
Risslinge. The migration is shown by d 2 6 . 112 105 , 1'5,
: Mean 139 072 161 11.8 219 1.32

median depths in Tables 5 and 6 on the

next page. Except for treatment B at Risslinge. prazing lev on clay soil
.. . . A 020 0.14 96 5.7 061 042 .
Lovsta, where acidification of the soil by . g 026 0.15 58 42 066 044 -
: ; : ratic o of % C 017 008 . 60. 40 061 043
AS increased migration and more of *Sr D . 015 007 S7 38 057 040
than of ¥'Cs, no large effect of fertili- . ) ’
0.16 0.10 55 38 061 040
zation was observed (Table 1). The lower -: 55 139 0.55 040

[¢]

median depth of *’Cs in the sandy soil 024 012 64 42 069 047 -

‘at Lovsta than at the clay soil at Mean 020 0.11 58 40 061 042

Risslinge was unexpected. The much
thicker stubble and grass sward at Lovsta
than at Risslinge may in some way have
interacted. . '

CONCLUSIONS . o .
Results at the two" expcrihnental sites and of the fertilizer and liming treatments
employed, can be considered to cover a considerable range of pastures on mineral soils.
_This makes it possible to estimate the potential transfer of *Sr and “'Cs in a long-
situation, which fallout on pasture land may give rise to.

In years of fallout direct deposition is. the main transfer to grass. Later, plant base
absorption is. important for transfer on all types of pastures. It is larger on permanent

natural pastures than on grazing leys. For some years after a radioactive inventory, or
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during a lag period, - the Table 5. Medidn depth of activity in the soil pmmc
nuclides are retained in the' @ LAVsia in 1967, em

surface mat zone and more C .
. : Nu-  NPK-treatment Lime treatment
available for uptake thanlater, jige A B C D E a b c d  Mean

when  soil-plant  transfer

increases relatively with year. “Cs 20 2617 17 17 18 18 2119 |19
- - ®Sr 3.8 10346 40 52 41 50 57 54 56
The type of pasture has .
large impact on the behaviour
of the radionuclides. The Table 6. Median depth of activity in the soil proﬁle
migration of especially "”Cs at Risslinge in 1967 and 1981, cm
can be less and thg transfer Nu- PK-treatment - Lime treatment Mean _

definitely larger and of longer «clide Year B C D E a b ¢

|

duration on  permanent

pastures than on grazing leys. ~Cs 1967 30 26 32 31 33 38 26 30
. 1981 50 54 53 57 55 56 50 53 .
The lag period is longer for : : ) . >
i . ® ©$r 1967 50 51 52 57 53 52 52 52
Cs than for™ "Sr. TF, 1981 87 84 93 102 -92 90 9.1 91
decreases from year to year : i : :

due to downward migration, -

which is always effectlve at surplus preclpltatxon between growth periods. Although the
migration of *Sr is la.rge.r than of “'Cs the transfer to grass is much higher for *Sr
than for '’Cs on all types of pasture on mineral soils. A

Some 'yeé.fs after fallout the soil properties largely ‘determine the nuclide transfer to
grass. The ®Sr/Ca-ratio can thus be four timesAhigher' on acid soils thﬁn on neutral soils.
The *'Cs content in grass can be ten times higher on coarse soils than on clay soils.

Fertilization has a large impact on nuclide transfer to grass on permanent paétﬁres
established on coarse soils. Use of acidifying N fertilizers, AS, may give a *Sr/Ca-ratio
twice that of CaN. Fertilization with AS increases the mig}ation of ¥Sr and thereby

" decreases the *Sr/Ca-ratios in the long run. On coarse soils the ¥'Cs transfer to grass
is lower on P- and K- fertilized pasture than on unferuhzed pasture.

Regarding N fertilizers, the influence is less consistent. While AS usually increases the
¥Cs transfer, AN and CaN may increase or decrease it. On clay soils rich in Ca, the *
influence of type of fertilizer on *Sr- and ”’Csfuﬁnsfer is small compared to that on
coarse soils low in Ca. For both nuclides, however, the transfer decréased with K-
fertilization and increased with P-fertilization. ‘
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Abstract '
Experimeﬁtal swards of Agrostis capillaris were established in pots with peaty soil artificially
_contaminated with *’Cs. Through regular clipping a sward height of 6 cm waé maintained A
and plant mateﬁal and soil were sampled between July and December. During July to August
17Cs concentrations in leaves of all age classes increased with time and were highest in the

137

youngest leaves. After late August only ~'Cs concentrations in very mature, semi-dead and dead

leaves continued to increase and concentrations in very mature and semi-dead leaves exceeded

133
Cs were very

those in younger leaves. The seasonal changes in concentrations of ¥7Cs and
similar. However, the seasonal pattern for K differed markedly, showing a steady decline in
tissue concentrations from July to December. During senescence the relative loss of K was

greater than that of '’Cs and '*

Cs. In the soil, concentrations of exchangeable Bcs and K
decreased by a factor of 2-3 between July and December. The ratio of B1Cs/K. in plant tissues
increased while the ratio in soil extracts decreased. Relative to exchangeable concentrations in

the soil, plant uptake of K was 1-3 orders of magnitude greater than that of ¢,

1. Introduction’

Semi-natural ecosystems with soils rich in orgénic matter and poor in clay minerals are
particulaﬂy sensitive to inputs of radiocaesium (Livens and Loveland 1988) due to high plant
availability compared to mineral soils (Sandalls and Bennett 19925. The affected soils are also
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typically poor in plant nutrients such as potassium. Many authors suggest that in the soil-plant
systern radiocaesium behaves similarly to its .physiollog'ical analogue potassium (e.g. Bunzl and -
Kracke 1989). However, results on hill pasture in the UK (C.A. Salt, unpub.) suggest that
seasonal changes in plant uptake can differ markedly between radiocaesium and K with.
important ‘implicati()ns‘for the radiocaesium intake by grazing animals. These differences may
arise when radiocaesium has not -reached equilibrium with naturaily occurring stable caesium
(Salbu et al. 1994). But it is equally possible that genuine differencas exist between Cs and K in
terms of seasonal changas in plant uptake or supply from the soil solution. -
In previous field experiments, levels of radiocaesium in plants fluctuated strongly during the
growmg season (Salt and Mayes 1’991 ; Salt and Mayes 1993) possibly due to changes in soil
moisture. The current experiment was de51gned to supply plants with near constant moisture in
order to be able to study seasonal effects without the effects of soil moisture.
- The impact of plant senescence on radlocaesmm and K is studied by followmg uptake patterns
“for leaves of different age classes from summer to winter. Agrostis capillaris was chosen since it
is a common species of ummproved acidic grasslands and preferentailly grazed by sheep.
Analysis of stable caesium, mostly lacking from radloecologlca] studles is carned out to trace

any dissimilarities between artificially introduced and naturally present Cs 1sotopes.

2. Materials and Methods

: 4Top'soil from a peaty podzol at Devoke Water, Cumbria with an organic matter content of 50%
was artificially. contaminated with *’Cs in vSeptember 1993 ‘and used for growing Agrostis
capillaris in a pot experiment. The'pots were kept under a perspex roof and the soil was
maintained at 80% field capacity by regular'additi‘on of rainwater. During.July-December 1994
pots were consecutively harvested on 8 dates by removing 5 pots per date and separating the
biomass into immature, mature, very mature, semi-dead and dead leaves. Fresh soil samples
~were extracted with 0.5M BaCl,. Plant samples were analysed- for 13_7Cs, B3¢Cs and K, soil

extracts only for 137

Cs and K. Results refer to-oven-dry plant tissues and air-dried soil.
‘Analytical methods were gamma ray spectrometry using a 3-inch Nal crystal detector for 137cs;

HNO; digestion followed by ICP-MS for 133¢s; flame AAS forK.
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3. Results

137Cs concentrations in A. capillaris tissues were affected by both sampling date and

Mean
age of plant tissue. Figure 1 shows a consistent rise in '*’Cs concentration in very mature and
semi-dead leaves until December, whilst in immature and mature leaves concentrations began
to level off in early September. Until this time the youngest tissues were the most
contaminated, thereafter the very‘mature and senescing tissues showed higher concentrations.

In comparison concentrations in dead leaves remained low over the experimental period.
. 2500

4

2000
1500

1000

137¢s kBq kg'! DM

Figure 1: Time trends of mean '37‘Cs in dry matter (kBq kg'l; n=5 ) of immature, mature, very

mature, semi-dead and dead leaves of Agrostis capillaris.

The temporal changes in *’Cs and stable ’33_ Cs concentrations in the different leaf categories
were very similar. Figure 2 illustrates this for mature leaves and also shows that time trends
for K were very different. While concentratioﬂs of Cs isotopes were r'isix{g, those of K weré
declining. This applied to both live and dead tissues.. Linea;r correlations between '*'Cs and
3cs géve R? values of 95-98 % (P<0.001, n=40). During senescence the mean relative loss
of K from plant tissues was estimated at 94-98%, while losses for '*’Cs and 'PCs were-

~ typically 78-87%. Losses of tissue water as this ranged from 32-58%.
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Figure 3. Changes in exchangeable mean Pcs (kBq kg™) and K (mg kg) in air-dried soil

during the period of vegetation sampling with standard errors.

Total concentrations of *’Cs in soil and soil moisture did not change over the experimental . '

137

period, however, seasonal changes in the exchangeable concentration of “'Cs and K were

measured (stable Cs was not analysed). Figure 3 shows a decline of these isotopes with time,
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137Cs and the square root of K was not very strc;ng (R2=40%,

though correlation beween log
- P<0.001, n=40). The percentage of total 137Cs extracted from the soil followed the same trend
and fell from 32% in July to 12% in December. Concentrations of exchangeable '*’Cs and K

B7Cs/K increased

were not correlated with concentrations in plant tissues. In fact the ratio of
in plants but decreased in soil extracts. Table 1 shows ‘the relative magnitude of soil/plant
transfer of K versus "Cs for green and dead tissues. Compared to exchangeable

concentrations in the soil, the K uptake was 1-3 orders of magnitude greater than that of Bics.

Table 1. Relative soil/plant transfer of K/™"Cs, mean values, n=5.

_ Date Immature leaves ~ Mature leaves - Dead leaves

14 July 1534 © 1609 338

1 August 1223 S 232 - 94

15 August - | 168 145 83

20 August - | 30 T 16 R

12 September | 35 | 14 15

3 October 29 : 11 8

24 November | 32 13 10

5 December 47 23 10

The findings reported here still require more rigorous statiétical analysis to identify
statistically significant results. The following data interpretation should therefore be regarded

as preliminary.

4. Discussion

- Seasonal changes in 13,7Cs and 'Cs concentration in plant tissues followed the same pattern,
_ indicating that the artificially applied isotope was behaving as its nat;n'al. counterpart. The initial
rapid increase in Cs concentration in immature and mature leaves levelled off in August
coinciding with a decrease in net prodﬁction and an increase in the proportion of dead matter in

_the swardé. This resulted in a sldwer increase in concentration in unseparated vegetation. It

appears that peak uptake of Cs in summer led to a delayed increase in tissue levels over a
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considerable time and there was little change in contéminaﬁon of total biomass 'towa.rds winter.
This béhaviour of A. capillaris contrasts with field studies of ryeglass/feécue/clover pasture
where con@nination declined each autumn for 3 years (Salt and Mayes 1991; C. A. Salt
unpub ). l

Sombre etal (1994) reported a similar seasonal pattern for both 133¢s and K- in spruce needles,
with a gradual decline towards winter followed by an abrupt increase in spring. In this study

potassium di_splayed a wvery different seasonal trend, decreasing while 133

Cs was increasing.
‘Bunz] and Kracke (1989) reported very similar seasonal patterns for 17Cs.and K concentrations
in Trichophorum caespitosum qnd Moiinia»caerulea, both declining from spring to winter.
However, other research shows that K and Cs do. not necessarily behavé in the same way -
(Wolterbéek and De Bruin 1986); Wyttenbach et al., in press). Plants seem more able to regulate
tissue concentrations of K than Cs and root experiments show. that K+-sele§:tive ion channels are
much less selective towards Cs (Gassmann and Schroeder 1994). '
Peak concentrations‘of '*’Cs were found in very maturé leaves from October onwards showing
that youngest tissues are not necessarily the most contarmnated as reported in many studies (e 2.
Handley and Babcock 1970; Salt and Mayes 1993) Relative to the dry matter content of plant
tissues, concentrations of both Cs 1sotopes and K were low in dead compared to live tissue.
These differences are likely to be, at least partly, due to differences in tissue moisture levels ( '
Lelgh and Johnston 1983).

Losses of K due to senescence were greater than for l37Cs and 133Cs This agrees with studies by - .
Wolterbeek and De Bruin (1986) and Clint et al. (1992) which demonstrate lower mobility of Cs
in ‘plants comi)ared to K and greater loss of K from litter. Witkamp and Frank (1969)
demonstrated greater loss of Cs and K cofnpared to mass during litter decomposition, resulting
in a net decrease in concentration of. bbtﬁ elements in the dry matter. The same trend-v'vas
apparent in this study in dead leaves prior to detachment. ’

Results not presented here show that percentage loss of Wat_er during senescence may only
explain up to 50% of the element loss. They also show that most of the element loss occurs
while dead leaves were still attached to the parent plant. ,

Temporal changes in exchangezible 17Cs in the soil bore no relationship to te;hporal changes

observed in plants, while for K there was general agreement of trends in soil and plant. Similar
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results were reported by Nishita et al. (1960). Measurements of exchangeable fractions

137Cs relative to

highlighted that K uptake was 1-3 orders of magnitude greater than uptake of
the amounts potentiallylavailable in the soil. Since trends in exchangeable l37CAs and K in soil
were similar, but trends within the plant differed greatly, it may be concluded that plant specific
factors playéd a key role. The discrimination against Cs ét» the soil solution-root interface
tGassmann and Schroeder 1994) may be stronger during periods of highest growth when the
-plant requires K. Neither levels of K in soil or plantsA were particularly. low, indicating a
-sufficient supply for the plant. '
5. Conclusions ' ‘

The effect of plant tissue age on Cs and K concentrations was time-dependent. Within the plant,
stable and radioactive Cs behaved similarly, but both differed from K. The relative supply of Cs
and K from the soil as weil as plant specific factors seem to iﬁﬂuence the temporal changes of
Cs in the plant. It appéars that the selective uptake of K diminished with a decline in plant -
growth. The results suggest that stable Cs can be -used as an indicator of the long term behaviour
of radiocaesium in the environment. The possibility of high 137Cs levels in plants in wintel; has
important implications for the radiocaesium intake of grazing animals and needs to be supported

by evidence from the field. -
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Abstract

AFCF [Ammonium-ferric-hexacyano-ferrate(11)] was proven to be an effective countermeasure
against radiocaesium uptake in domestic animals.- In this paper we evaluate the possibility of using
AFCF as a countermeasure for radiocaesium soil-plant transfer. On a sandy soil, AFCF application
rates of 10 and 100 g AFCF/m? reduced the radiocaesium transfer to ryegrass by a factor of 25 )
and 225, respectively, without affecting plant growth. Even additions of 1 g AFCF/m? resulted
in a fourfold r\eduction of the radiocesium transfer factor. On a loamy soil, the picture was slightly
different. 10 g AFCF/m? resulted only in a twofdld reduct-ion of the transfer. The difference in
effectiveness of AFCF in reducing the transfer on a loamy soil compared to a sandy soil, was
explained by the higher inherent Cs-fixation capacity of the former (presence of micaceous clays).
Due to the decreased dry weight productioh at elevated AFCF application rates and the effective
reduction in Cs transfer by mixing the radiocaesium through the profile, mixing can be considered

as a more effective countermeasure for radiocesium uptake on a loamy soil.

1. lntroduétioh _

The use of AFCF [(Ami'nonium-fénic-hexacyano—ferrate(II), NH,Fe(IIT)Fe(I)(CN),] and related
compounds as countermeasure against radiocesium uptake in domestic animals dates back to the
late 1960s, the era of the atmospheric bomb testing. Researchers looked for methods to rgdﬁce
the sorption of radiocesium in the gz;strointestinal tract and enhance its elimination from the body

and AFCF came out as being very effective (Nigrovi¢, 1965; Madshus et al., 1966; Bozorgzadéh
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and Catsch, 1972). AFCF research regained intetest (Giese, 1988) with the Chernobyl accident,
where radiocaesiurﬁ was one of the major fall-out isotopes ranking high as a hazard because of
its l'o.ng half life. The use of AFCF‘as a countermeasure for radiocaesium uptake in domestic .
' atlima]s, leaves us-with at least three major topics to ihi/estigate: 1) What is the 10né-te_rm
availability of radiocaesium to the plants when contartﬁnated faeces; containing>AF CF is used as
manure? 2) Will the AFCF present in the manure affect plant growth? 3) Is AFCF also effective -

in reducing the soil to plant radiocesium transfer? This article will deal with the third question.

2 Materlals and Methods ‘
BiCs (Amersham International plc, Amersham UK) and AFCF (Riedel deHaen Industrial Giese
Salt, containing 60-65% AFCF and 35-40% NH,Cl) were used throughout the experiments. For
the transfer studies in greenhouse an Orthic Podzol (so called sandy soil) was used. In a first
experiment on sandy soil, 3500 g of méist (11 %) soil was mixed y\'/ith 400 ml distilled water and
transferred to rectangular shaped darkened containers (20*15*%11 cm®). 2 g of Italian ryegrass-
' (Lblium muhiﬂorum) was spread evenly over the soil and were covered with a 0.4 cm moist soil
layer, homogeneously contammated with 1 MBq **Cs. Thc final contamination level per pot was
303.2 Bq/g, the final soil depth 10cm. 5 dlfferent concentrations of AFCF (0,0.0316,0.1,0.316
and 1 g/m®) were evenly sprayed over the soil surface with three different amounts of water (30,
60 and 90 ml/container). All treatments were set up with 4 replicates. Plants were given water
every two days. Ryegrass was harvested every two or three weeks, depending on growth. Dry
‘ weight-wés determined and activity tneasured by y-counting ( minaxi, auto-gamma 5000 series-
gamma counter) The transfer factors are defined as (Bg/g dry ﬁlant material)/(Bq/g dry soil).
leference in transfer between treatments were analysed with SAS-statistical software. After
- every harvest, plants were given N"P*'K"’- femhzer (30 ml/dm’ of a solution containing 17g
fertilizer/L). On the whole 15 cuts were ‘harvested. '
Given the results of this ﬁrst expcnment a second experiment was similarly set up using higher
AFCF-doses (0, 1, 10, 100 and 1000 g/m?). Since the first experiment showed tha_t the amount
of water used.to spray the AFCF did not influence 'Cs transfer, only one water level (90 ml)

was used in experiment 2. The final contamination level was 312.5 Bq/g. Plants were treated and:
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data were analysed as in Experiment 1. o .

For the transfer expenments on loamy soil, 1150 g of moist (20 98 %) soil was transferred to
1L cylindrical (d=11 cm), dark containers. 0.634 g ryegrass was sown and covered with a 0.4

" om ™Cs contaminated layer (final contamination level: 1441 Bq/g, final soil depth: 10 cm). Five
concentrations of AFCF were applied on top of the_' coﬁtziminated soil (0,0.3, 1,3, 10 g/m) by
spreading 10 ml of an appropriate solution. To simulate the effect of ploughing on transfer, in
a sixth treatment, "**Cs was homogeneously mixed through the profile (822 Bq/g) and 1 g

A AFCF/m’ was ai)plied superficially. For the seventh tréatment, both '**Cs (1274 Bq/g) and AFCF
(1 g/m®) were homogenedusly -miﬁ(cd through the profile. All seven treatments were set up with
4 replicates. Plants were treafed and data were analysed as in the experiments on sandy soil. 6

cuts were harvested.

3. Results

3.1 Experiment 1 0,‘-1 sandy soil

As already mentionéd, thé amount bf water used for the spraying of the AFCF did not influence
trans}er. The mean values for the transfer factors per treatmént and per cut as appearing in
Figure 1 are the averages of 9 measurement points (3 Watef levels * 3 replicates). The transfer
value for the control (1.869) is'ili agreement with literature data (Alexakhin, 1993) Addition of
0.0316 g AFCF/m’ did not result ina signiﬁcanf decrease in transfer. Higher levels of AFCF did

" significantly reducé the soil to plant transfer of **Cs, by up to a factor of 4 when 1 g AFCF/m®
was applied (Table 1). AFCF applications did not affect dry weight production.
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Table 1: Effect of AFCF dosé on the '**Cs transfer to rye grass grown on sandy soil

AFCF | Transfer factors Transfer factors
g/m’ (Exp. D), “(Exp. 2)

. Average for 15 cuts Average for 15 cuts
0 1.869 £ 0.946% " | 1.853 £0.636"
0.0316 | 1.742 £0.857* i
0.1 1.210 £ 0.548°
0.316 0.869 + 0.369° .

1 0.446 = 0.185° 0.489 +0.183°
10 . 0.075 +0.038°
100 : '- 0.008 +0.008*

Transfer factors with a different letter are significantly different at the 5% level: *=stdev

—~°— AFCF: 0 g/m?
——0—— AFCF: 0.0316 g/m
—+—— AFCF: 0.1 .g/n‘1’
——=-— AFCF: 0.316 g/m?

Transfer factor (Bq/g.plant / Bg/g soil)

——CO— AFCF: 1 g/m?
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Figure 1: Effect of AFCF-additions on '*Cs-transfer to ryegrass (Sandy soil, Exp. 1

3.24Experime‘nt 2 on sandy soil '
Since low levels of AFCF additions were effective in reducing transfer and did not affect plant
growth, a second experiment was started with elevated AFCF additions. At 1000 g AFCF/m?,

seeds were unable to emerge through the clogged AFCF layer. The other AFCF concentrations
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did not affeét growth. As shown in Figﬁrc 2 and Table 1, AFCF clearly reduces transfer: by a -
factor 4 when 1 g AFCF/m® is applied, as was found in the first experiment (results are thus
reproducible), and by a factor of 25 and 225, réspectively, Whgn. 10 and 100 g AFCF/m’ were

- used, resulting fn transfer factors of 0.0748 and 0.0083. -
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Figure 2: Effgct of AFCF-additions on *'Cs trﬁnsfer to ryegrass (Sandy seil, Exp. 2) .

- 33 Experimeht on loamy soil
When considering the first 5 treatments ("*Cs applied superficially), the results obtained for the
loémy soil (Fig. 3 and Table 2) differ from those obtained for the sandy soil on three major: 1)
' For the loamy  soil, AFCF applications of up to 1 g AFCF/m® do not result in a significant
decrease of the transfer factor. 2) 10 g AFCF/m” only reduces the transfer by a factor of 2,
cbmpared to the 25-fold reduction on a sandy soil. 3) For the 5 first cuts, 10 g AFCF/m’ resulted
m a growth reduction of 20 % (results not shown). For the 6th cut, no such negative effect on )
" growth was observed. - '
For both treatments 3 and 6, 1 g AFCF/m® was applied superficially but '**Cs was either applied
superficially or mixed through the profile. When comparing both treatments, we can deduce the
beneficial effect of ploughing (reduction of transfer factor with factor 2, Table 2). Mixing both
1Cs and AFCF (treatment 7) reduces the TF even more (Table 2). v
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Table 2: Effect of AFCF dose and "Cs and AFCF abpl{catibn mode on '**Cs transfer to

ryegrass on a loamy soil

Treat. {| AFCF | Mode of Mode of Transfer factor

' gm® | "Cs AFCF Average over 6 -

| application application cuts -

1 0 Superficial Superficial | 0.0759 + 0.0336°,*
2 03 " . " 7 10.0869£0.0192°
3 1 " " 0.0808 + 0.0348*
4 3 " " 0.0705 £ 0.0126"
5 10 on " 0.0437 £0.0147°
6 1 Mixed " 0.0361 +£0.0166"
7 1 " Mixed 0.0229 + 0.0099°

Transfer factors with a different letter are significantly different at the 5% level: *=stdev
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Figure 3: Effect of AFCF -additions on Cs transfer to ryegrass (Loamy soil)
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- 4. Conclusions ) ]
On a sandy soil, AFCF is undoubtedly effective in reducing '*Cs transfer to ryegrass without
affectingits growth. Among some of the countermeasures applied after the Chernobyl accident,

l ploughing and application of mineral fertilizers yielded at most a 4-fold reduction in transfer and
results were often inconsistent (Alexakhin, 1993; Konoplev et al., 1993; Lembrcchté, 1993). A
25fold_—reduction of the transfer factor was, however, obtéined with 10 g AFCF/m’ on a sandy

" - ‘soil. Its low cost ( £60 $/kg: at 1 g/m’ the cost is 60 $/ha)), its easy application (at can be sprayed

‘making use of the machinery for applying pesticides) and its non-toxicity for plants (at least
under the prevalent experimental conditions) make it a seemingly ideal countermeasure for low-
Cs-affinity soils. One should, however, be conscious of the fact that AFCF might enhance the
rrﬁgratioh of radiocaésium so that it will, eventually, reach the ﬁﬁregtic water table. Meeussen
et al. (1995) found that Prussian blue, a chemical form similar to AFCF [Fe,(Fe(CN),),] can _
reach thetgroundwater Migration experiments recently initiated in our laboratory also indicated
an enhanced "**Cs mobility in sandy soil due to AFCF. A
On a loamy soil AFCF showed to be less effective in reducing the transfer. Undoubtedly so
because the loamy 5011 itself already has a high '**Cs fixation capac1ty, which is related to its’
micaceous clay content (qualitative XRD-analysis). In control treatments, the .'“Cs transfer-
factor for the loamy soil is 22 times lower than for the sandy soil. Only when 10 g AFCF/m* was
applied to the sandy soil, was its transfer éomparablé to the transfer on the loamy soil without :
AFCF addition. These findings were conﬁrmed>by "*Cs adsorption/desorption studies (data not )
' 'shown), using dialysis membranes, separately filled With soil and AFCF in the proportion of the
quantitie§ used in the pot experiments. For the loamy soil, even vﬁthout AFCF, no **Cs was
detectable in the solution surroﬁnding the membrane and when an equivalent of 10 g AFCFA/m2
was 'present in the second membrane, still more than 50 % of the added *Cs was present on the
soil, pointing to the high sorption capacity of the loam. For the sandy soil on the other hand,
even with the equivalent of 10 g AFCF/m? in the second membrane, Cs was low but still
detectable in the solution surrounding the: mcmbrth. More than +80 .% of the added
radiocaesium was_recgveréd from the solution by the AFCF and only £15 % by the soil.. '
The reduction of plant growth with i.O g AFCF/m? might be caused by the possible release of
CN after the breakdown of the AFCF molecule. Meeussen (1992) investigated the stability of

Prussian.blue in different soils, and found that the molecule was less stable at elevated soi] clay
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contents. ) . _
Mixing "*Cs through the profile of the loamy soil (treatments 6&7) resulted in a-two fold
reduction of the transfer. Similar reductions were found after shallow ploughing (Vovk et al.,
1993) This reduction in TF was comparable with the decrease in TF when 10 g AFCF/m? was
applied. Given the above and given the growth reduction caused by elevated AFCF
concentrations, it is doubtful whether AFCF should be recommended as a countermeasure for
- Cs on a loamy soil. An important conclusion, howcver remains in that AFCF dlstnbuted on
the field together with the faeces of AFCF-@reated animals, will not be harmful for AFCF

concentration up to at least 3 g m
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Abstract - Radioactive strontium in the form of a carrier-free aqueous solution of 85SrCl, was
taken up by the leaves of strawberry plants and grapevines at different rates. Only a limited
amount was transported from the contaminated leaves into other plant organs. However no
strontium was found in the fruit. These findings show that bivalent strontium'is mobile in

plants only to a very minor extent. In contrast, radioactive ‘cesium applied as an aqueous -

solution of carrier-free 134CsCl was taken up very quickly from the leaf surface, transported
from there to other plant parts and released to some extent into the soil via the roots. In our
investigations strawberry fruit showed a high cesium content. The cesium content in grape
berries rose during growth and décreased again in a late phase of ‘maturation and the nuclide -
was partly redistributed to other plant parts. Cesium reaching the soil may interact with clay
particles resulting in a very limited availability for plants. First results of investigations with
grapevines in hydroculture demonstrated a close relationship between potassium supply and
cesium release. The foliar uptake of radioactive strontium into pléms is minor and represents
" therefore a negligible risk for the consumer of fruits, berries and nuts. Radioactive cesium
" nuclides may however reach the human food chain through the leaves of food plants.

Introduchon .
Radxoactmty in fruit, berries, nuts and some processed fruit products was slightly elevated in

" Switzerland in the summer and autumn of 1986, as a consequence of the Chernobyl disaster
of April 26 (Zchnder 1988). This increase in the radioactivity of plant parts which were not
éven formed at the time of the accident was mainly due to radioactive isotopes of cesium, '

1 Present address : Schaienweg 25, CH-41‘07 Ettingen, Switzerland
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Cs-137 and Cs-134. Cesium is an alkali metal and its interactions with soil particles are
similar to those of potassium (Rich 1968). The availability of extraneous cesium to crop plants
depends on the soil properties (e.g. soil texture, composition of clay minerals, contents of
‘other cations, pH). In general, this element becomes less available with the increasing clay
content of the soil (Andersen 1967). In soils with a high clay content the uptake of cesium into
the roots can be considerably lowered and delayed, but not completely eliminated. From the
above findings it appears unlikely that the cesium isétopes found shortly after the Chernobyl
accident in fruit, berries and nuts grown on loamy soils in Switzerland were taken up from the
soil via the roots. These isotopes must therefore have followed another pathway into fruit,
berries and nuts, e.g. through the leaves (Bucovac et al. 1965). Consequently, investigations
have been carried out on strawberry plants and grapevines over a period of several years in
order 1o determine the foliar uptake of radioactive cesium and strontium - another interesting
- nuclide in this context - and to trace the transport of these isotopes to other plant organs as
well as their release from the plants into the soil (Zehnder et al. 1993, 1995). The
accumulation of radioactivity in the berries was of particular interest since this represents a
pathway for these undesirable isotopes into the human food chain. .

Material and methods

" Refrigerator-stored strawberry plants (Variety Elvira) and 2- to 3-year-old grapevines (Variety
Riesling x Sylvaner) were planted in large pléstic pot§. The top surface of each of the pots
with grapcvineé were covered with black plastic to prevent contamination of the soil. The
plants were cultivated in a gr‘eenhouse‘usi'ng normal procédures. Pesticides were used only if
necessary and only before starting the experiments. The floor of the greenhouse was covered
with plastic sheeting and the two short sides (front and back) were made of fine plastic
netting; for the two long sides polyester sheets were used. The Plexigl'ass roof was fitted with
a rain proof ventilation hole. These precautionary measures enstred protection against loss of '
radioactivity and allowed air circulation. On the upper surface of the first two fully developed
leaves of each strawberry plant and each grapevine 50 pi of 134CsCl- or 838rCly-solutions
were applied with a micro pipette as 20 - 25 small droplets which dried within 2 - 3 hours.
We used the short-lived isotopes cesium-134 (half-life 2 years) and strontium-85 (half-life 65
days) instead of the long-lived isotopes (Cs-137, Sr-90) for safety reasons. ’
Samples were taken periodically. Per sampling date three strawberry plants and two grapevi-
nes were harvested. The two contaminated leaves of each plant were first removed and
washed in 50 ml of 0.1 N HCI for five minutes with constant shaking. The washed,
contaminated leaves were dried and the washing solution was poured into standard 50 ml
polyethylene bottles. The plants were separated into their different organs, chopped and air
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dried. Small samples (contaminated leaves, grape stalks) were placed in flat plastic dishes
with a diameter of 5 cm and larger samples were put into 50 ml polyethylene bottles. The
roots- were separated manually from the soil and treated similarly to the other plant parts. The
soil was sieved, well mixed, dried and about one kilogram was put into a 1 litre plastic bottle.
The radioactivity of all samples was measured in a P-type coaxial sdhd state intrinsic
germanium detector. Because of the different half-lives of the radioisotopes and the different
times of analysis all measured activities were calculated back to the application date to provide
a basis for comparison of the measured activities at different times. A detailed description of
eXpeﬁhJenwl procedures has been published elswhere (Zehnder etal. 1993, 1995).

Results and Discussion

_In both plant varieties most of the applied 83strontium-chloride could be washed off the conta-
minated leaves. Up to 48 % was taken up in the leaves of strawberry plants but only 12 % in
grapevines. In strawberry plants a third of the incorporated radioactivity was transported

strawberry plants' 1989 grapevines 1990

g

F IR T N |

% of recovered activity
]
1

1.0 2.0 3.0 10 20 3.0 4.0
months after contamination - months after contamination

1) The contaminated strawberry leaves had to be
removed after 2 months because of necrotic decay
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to other plant parts and the s§il, whereas in grapevines the translocated activity was only
one percent. No radioactive strontium was detected in the fruit. These results show that
strontium taken up by the leaves was relatively immobile in strawberry plants and highly
" immobile in grapevines (Fig. 1).
In contrast 134Cesium-chloride solution deposited on plant leaves behaved very dlfferently It
was taken up very quickly by both plant varieties and transponcd from the leaves to other
" organs'and into the soil. Up to 90 % of radioactive cesium was incorporated into the leaves of
strawberry plants and 75 % was distributed within the plant. The leaves of grapevines took up-
34 - 65 % of the deposited cesium activiiy and 24 - 55 % was translocated within the plant and
" into the soil. Fifteen pércent of the applied activity was stored in the leaves of the strawberry
plants and 6 - 14 % in grapevines. The rest of the cesxum-chlonde could be washed off the
leaves (Flg 2)..

strawberry plants? 1989 grapevines 1992
100 -, ’ '

" % of recovered activity
N

10 20 " 3.0 Y 20 3.0 40
months after contamination ' months after contamination

1) The contaminated strawberry leaves had to be
removed after 2 months because of necrotic decay

Up to 45 % of the recovered cesium activity was located in strawberry fruits and 7 - 9 % was.
.detected in grape berries. It was found that grape berries acted as a transient sink for cesium. .
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Cesium accumulated in grape betries during growth and the levels decreased again in a laie
phase of maturation when the nuclide was partly redistributed to other plant parts (Fig. 3).
Salts may be taken up by the leaves as long as they are in solution (Franke 1984). Once dried,
radioactivity can no longer be taken up, except when the salt is dissolved again by mist, fog,
water of condensation, guttation liquid, etc. The results of the investigations with grapevines
carried out during the hot and dry summer of 1991 showed that the uptake of cesium was
lower than during the cooler and wetter summer of 1992. The soil samples from grapevines
- generally showed a higher cesium activity (up to 25 %) than the sampleé from.strawberry
‘plants (< 10 %). First results of invesiigations with grapevines in hydroculture show a close '

strawberry plants 1989
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relationship between potassium supply and cesium release. Grapevines with a limited
potassium supply release less cesium into .the‘nutrient solution than those proi/ided with an
excessive supply (Fig. 4). After having reached the soil, cesium is no longer taken up by the
plants, even in a second vegetation period. This observation confirms the finding that radio-
cesitim, once bound to clay minerals in the soil, is not casily' available to plants (Andersen
1967; Rich 1968). . _

The results of our investigations with strawberry plants and grapevines demonstrate that thé
foliar uptake of radioactive strontium into food plants represents only a very minor risk to the
consumer of fruit, berries and nuts - except in the case of direct external contamination - as.

these bivalent nuclides are mobile in plants only to a very minor extent. Radioactive cesium

nuclides, however, are very mobile in plants and may easily enter the human food chain
through the leaves of food plants.

" % of total applied activity

1-4 . ) 5-8 9-12 . 13-186
weeks after contamination

Dn=5; 2 the nutrient solution was renewed every 4 weeks
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1%Cs FOLIAR CONTAMINATION OF VINE: TRANSLOCATION TO
GRAPES AND TRANSFER TO WINE
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Universita Cattolica del Sacro Cuore, Via Emilia Parmense 84, 1-29100 Piacenza, Italy _

Abstract.

Grape vines growing in pots placed in open field were contaminated by sprinkling an aqueous
solution of carrier free ''Cs. Activity was determined in acini and must at the ripening stage.
Interception and Translocation Factors (TLF) were quantified. They strictly depend on the
state of growth of the crop. Wine was produced by a laboratory process and analysed as to
radiocesium. Transfer parameters, F, and P, were calculated to predict radiocesium
concentration in wine: it is 0.6 times the activity found in grapes. The leaf-fruit translocation
seems to be the dominant process in the contamination of acini when compared to direct
deposition. )

1. Introduction

Fruit trees play a primary role in the economy of Mediterranean countries and represent an
‘essential part of the diet of populations living in such areas. The radiocontamination of
orchards in the case of a serious nuclear accident has to be taken into account by responsible
authorities to limit the exposure of populations via ingestion of contaminated food pfoducts.
The behaviour of radionuclides in fruit trees is not well known. In particular, data about the
uptake and translocation of radiocesium are fairly scarce.

After the Chemobyl event research was carried out and data were collected on dlfferent kinds
of fruit trees in qrder to understand or improve the knowledge of some pathways of migration
and to evaluate some of the parameters determining radiocesium fluxes between different
compartments. In particular; it has been established that, in the case of an accident, the foliar
- translocation is the main pathway for "*'Cs’ migrfltion to the fruits (Monte et al., 1990;
 Anguissola Scotti and Silva, 1992). ' L
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In the present research a preliminary study was carried out on vine, perennial plant of high
economic value, considering also that Italy is the main producer of wine in the world.
Translocation of radiocesium was studied from leaves to grapes after a wet deposmon on
aereal part of plants. An attempt was made to separate deposited from translocated activity in
acini and to evaluate the transfer of radiocesium to wine.

2. Matenals and Methods

Research was performed on three year-old grape vmes of "Pinot wh1te" growing in pots of 10
liters capacity and placed in open field. Vines were directly contaminated at the phenological
stage of turn of colour by sprinkling an aqueous solution containing 109 kBq of carrier free
mCs/plant.' During treatment the soil surface was covered with a plastic sheet to prevent its
contamination. Each treatment was effected on five replicates.

In order to study the trénslocaﬁon of radiocesium from the leaves to the fruits, some vines
were sprinkled after covering grapes with a plastic wrapping, removed a few hours later, to
prevent the surface contamination of fruits. . v
The inierce’ption fraction was calculated by determining the P4cs act_ivity of all the leaves
picked from each of three plants a few hours after the treatment. .

Grapes were picked at the npenmg stage, 35 days after contamination. The harvest was of
0.2440.02 kg/plant Acini were stripped from the stem and squeezed to obtam must. Acini
and must were analyzed to determine the '**Cs activity. .

Must was inoculated under controlled conditions with 2.8x10° cells’ of. Saccharomyc'es
cerevisiae yeast/mL and kept in anaerobiosis at 25°C until constant weight to obtain wine.
During the fermentation process sugar changes into alcohol releasing CO, with a loss of
weight. Wine was ﬁltered and its "**Cs content was determined. ’
The ‘concentrations of **Cs were analyzed by y-spectrometry by means of a HpGe detector
with an efficiency of 38% and a resolution FWHM of 1.76 keV at 1,33 MeV of the “Co. The
different matrices were introduced into Marinelli beakers keeping a constant weight for each
of them. An efficiency-energy calibration curve was calculated for each geometry.

3. Results and Discussion

As the translocation is highly dependent on the time at which contamination occurs during the
growth period of crops (Simmonds, 1985), the contamination of vines was carried out at the
phenological stage of turn of colour when the leaf-fruit translocation reaches its highest level.
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The interception capacity of a crop depends mostly on LAI (Leaf; Area Index). In fruit trees
the LAI can change over a rather wide range even inside the same species (0.5 to 4) according
to the pla\.ntation density and the growing form (Baldini and Bettoli, 1988). The leaf area of
one vineyard of 1 ha can range from 10 to 30 thousand square metres. In the present research
branches and clusters were not considered for interception. The fraction of activity initially
intercepted by vegetation surfaces, expressed as the interception percentage of sprayed
activity, was of 36.1+2.2%. The avérage wet weight of the foliar mas$ was 109.4+6.9 g.
Humidity was 63.6% at 65°C. o .

Plants were kept'under a shed for 48 hours to prevent the wash-off of externally deposited
radionuclide by rain and were placed afterwards protected by an antihail net in open field.
Foliar absorption is a very rapid process that occurs within a few hours. Levi (1970) suggests
an absorption/accumulation period of about 12 hours p{ior to cellular fixation and
translocation. Therefore rain which falls 48 hours after contamination should not strongly
affect the activity translocated to-fruits.

" After deposition a fraction of radiocesium is absorbed by leaves and, being extremely mobile
within the plant, is translocated to its different organs. The average activity + standard error
in acini, must and wine is reported in table 1. 94% of the activity found in the acini (5.7
kBg/kg) is concentrated-in the grape juice. Only 6% of the radiocesium remains in peels and
grape seeds (pips) after squeezing, but during wine-making 43% of activity is lost. This is a
consequence of the p;ocess of filtration of wine that removes radiocesium in the sediment.

The mechanisms responsible for the separation of radiocesium can be very . varied:
precipitation with insoluble potassium tartrate instead of or together with potassium,
absorption on organic matter (i.e. bacteria, yeasts), or mechanical deposition because of links
with jons and solid particles (van der Waals forces, hydrogen links). There are several

different industrial wine-making processes and all entail filtration. The oversight of this stage, .

carried out also for home-made wine, can lead to an overestimation of the calculated dose to
population. o

Translocation factors (TLF) have been quantified considering the fraction of activity
intercepted by the foliage at the time of deﬁosition and translocated within the acini (table 1).
Activity data have been corrected for decay. The field loss of radiocesium was not evaluated. -

- Activity concentration in acini at harvest (Bg/kg)

TLF (plantkg) = - ™
Activity intercepted by foliage at the time of deposition (Bg/plant)

TLF were also calculated for must and wine (piant/L or kg). TLF data can be useful to predict
the contamination of grapes or wine, if the activity intercepted by the vines is known. They
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~are (2.120.2) 10" for grapes and (1.20. 08) 10 for wine and agree with data collected by
. Coughtrey & Thorne (1983).
Determining the activity mtercepted by the vines can be vefy hard in several situations. More
frequently, one can rely on the availability of data concerning food, like grapes: The activity
of wine can therefore be quantified using transfer parameters relevant to food processing: F,
and P, (IAEA, 1994). They can be used to predict wine contamination, if the activity of
grapes is known.
. F, is defined as the total amount of a radionuclide in processed food divided by the total
amount of the radionuclide in ;he original raw food. It expresses the fraction of radiocesium
which is retained in wine after pfocessing of grapes. The total amount' of **Cs in wine
divided by the total amount in clusters glves an F, = 0 33: 67% of **Cs is removed by the
conversion of grapes to wine. :
P, is processing efficiency, i.e. the yield, deﬁned as the ratio (kg prepared food)/(kg raw
_product). In the present research P, is 0.58.
Radiocesium in wine = F/P, = 0.6 times radiocesium in grapes.

In our second year of research, problems occurred at the irrigation system during the first
_phenological stages of vines. They caused a lesser growth of the plant with a reduction of
three times in the foliar mass and four times in the' yield, compa:ed with the first year.
However the p]ants were in a good metabolic state. Trials were nevertheless carned out and

yield was homogeneous _ '
The experimental circumstances gave the chance to verify that interception strictly depends
on the foliar mass of crop and the translocation factor on the growth. Growth acts both by
increasing the hydration of tissues and by increasing the contaminated biomass. Therefore a
lesser yield will cause, in the same conditions, a lesser dilution of radioactivity in fruits with a
greater concentratioq per unit of weight and viceversa. ’ '
The interception percentage of sprayed activity -27.7+1.0%- was lower than the previous -
year, because of a lesser amount of foliar mass, whereas the concentration in acini -31.245.5
 kBg/kg- and the correspondihg TLF -1.500.47- were considerably higher, because of a
- lesser yield. : '
"A relative comparison between the activity of grapes covered or not covered durmg treatment
indicates that though the total activity of acini is greater in non-covered grapes than in
covered grapes,,31.2i5.5 and 23.946.7 kBg/kg respectively, the corresponding activities of
must do not present a significant difference: 19.8+3.5 and 17.9+5.6 kBg/kg. It seems ‘
therefore that the peel-must translocation is negligible compared with the leaf-fruit
. translocation. The greater ‘concentration of radiocesium in peels and seeds of directly
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contaminated grapes (37% of acini) (figure 1) can be explained by the rate absorbed in peels

* without being translocated to other plant parts and not removable by rain, whereas the
contamination of peels of covered grapes (25% of acini) is due to the translocation from the
leaves to.the fruits and, to a lesser extent, to the contact with contaminated leaves and with
rain contaminated after the washing of leaves. '

4. Conclusions

The analysis of expenmental trials on foliar contamination of vines in pots with radlocesmm

suggests that: ‘ :

Data are strongly affected by the state of growth of the crop. In particular intéfception strictly

depends on foliar mass and the TLF on harvest.

Transfer paraméters relevant to food processing, F;and P, allow one to predlct radiocesium

concentration in wine: in the present research the foreseen activity in wine is 0.6 times that of
grapes.

" Non-covered grapes. preseﬁt 23% increase of activity when compared to covered ones, while

the activity in must from covered and non-covered grapes does not differ significantly. Leaf-

fruit translocation of radiocesium seems therefore to be the dominant process in determining

the radioactivity of acini when .compared to direct deposition. »

Data presented in this paper are the result of a preliminary approach to the understanding of

- mechanisms involved in‘the translocation of radionuclides in fohar contammated vines. They

can be used to verify some pathways of migration, but need further mvestlgatlons to improve

a quantitative evaluation of some of the parameters. '

5. References .

* Anguissola Scotti, 1. and Silva, S. (1992): Foliar absorption and leaf-fruit transfer of '>’Cs in
fruit trees, J. Environ. Radioactivity 16, 97-108

Baldini E., Bettoli M.G., (1988): Aésorbi_meﬁt_o e distribuzione dei radionuclidi nelle piante.
In: V. Prodi: La contaminazione radioattiva: Chernobyl ieri, oggi, domani. Maggioli,
Bologna, p.70-76 ' -

Coughtrey P.J. & Thorne M.C. (1983): Radionuclide distribution and transport in terrestrial
and aquatic ecosystems. A critical review of data. A.A. Balkema, Rotterdam, p. 336-343

OBG,UBA



International Symposium on Radioecology 1996 . 169 |

IAEA (1994): Handbook of Parameter Values for the Prediction of Radionuclide Transfer in
Temperate Environments, Technical Report Series I_\I(_). 364, Vienna, 50-58

Levi, E. (1970): Penetration, retention and transport of foliar applied single salt of Na, K, Rb
and Cs, Physiol. Plant. 23, 81_1 . '

Monte, L., Quaggia, S., Pompei, F. and Fratarcangeli S. (1990): The behaviour of '*’Cs in
some edible fruits, J. Environ. Radioactivity 11, 207-214 -

Simmonds J.R. (1985): The influence of season of the year on the transfer of radionuclides to
terrestrial foods following an accidental release to atmosphere. National Radiological
Protection Board, Rapporto NRPB-M121, Chilton, Didcot, Oxon.

OBG, UBA



170 . . International Symposium on Radioecology 1996

OBG,UBA



Mitt. d. Osterr. Bodenkundl. Ges., H. 53, S. 171-178,-1996

ANALYTICAL MODELS OF THE VERTICAL DISTRIBUTION OF
RADIONUCLIDES IN SOIL

Peter Bossew

Austrian Ecology Institute, Waehringerstrasse 59, A-1090 Vienna, Austria

Abstract :

Two analytxcal models for the vertical distribution of radionuclides in soil are presented, one
bemg the tradmonal diffusion-convection model with linear sorptlon equilibrium, the second
“one a non-equilibrium model. The differential equatlons onwhich the models are based are
established and their solutions are shown. The two models are then fitted to a measured soil
profile, both showing reasonablé goodness of fit. '

1 Introduction
Radionuclides deposited on the soil surface by atmosbh'en'c fall-out migrate into deeper soil

layers forming a depth distribution. The shape of the proﬁle depends on migration nme and
phys:cal and chemical propemes of both soil and nuclides involved.

In Austria, rather precise empirieal data of 137Cs and 134Cs soil profiles are readily available as
some areas show hlgh levels of contamination due to ChemoByl fall-out. Maximum values of
137Cs have been found to be around 200 kBq/m? , the mean value is 23.4 kBq/m? (BOSSEW et
al., 1995). However, in low fall-out areas the Chernobyl contribution can easily be
dlstmgulshed from global fall-out still present in soil (mean value for Austria 2.6 kBq/m?, for
all ﬁgures the reference date is 1 May 1986)

-+ In most soils caesium rmgrates rather slowly. Therefore, in undisturbed soil, i.e. assuming only
natqral redistribution, Chernobyl caesium is still concentrated in the highest few centimeters of .
the soil column and usually shows a steep concentration decease with soil depth. In some
cases, particularly in acidic alpine soils, no dislocation of the concentration maximum away
from the top soil layer can be found in measured profiles even 9 years after initial deposition,
thus indicating very strong fixation.
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Bomb-test fall-out caesium, on the other hand, with migration times of up to almost 40 years,
has usually migrated down comparably deep, now showing concentration maxima typically 5

" to 10 cm deep and very flat distributions. However, in the mentioned alpihe._soils also bomb- .
caesium maxima may still lie very close to the surface, in fact sometimes indistinguishably close
by empirical means. '

2 Analytical' migration models

As opposed to the compartment type approach where redistribution between discrete soil
layers of empiric profiles is studied by numeric means, the analytical method states a physical
mechanism which is supposed to govern the migration process. It takes the mathematical form
of a set of partial differential equations, the parameters of which are material constants that are
typical for soil type and rhigrating substance, in this case radionuclide.

The traditional approach anticipates that the nuclides are being transported in the liquid phase
by diffusion and convection, the migration being influenced or "retarded" by interaction with
the solid soil phase, mainly by sorption. The corresponding first-order equations are:

J=-DC +vC
Cs=aC ~bCs

‘where J denotes the activity flux in the liquid phase (m2 s1), C and Cs the concentrations
in the liquid and solid phases, respectively, dimension (m3), D the appearant diffusion
constant (m?%s), v the convection velocity (m/s), and a and b the constants which
- characterize adsorption (a) to and desorption (b) from the solid phase; linear first-order
sorption kinetics assumed. .

The first equation is aiso called Fick's law. Combined with the conservation law:
€L = =J' —%Cs, \

.where W denotes the soil water content (dimension = unity), C =Cs+ W Cp, arid assumption )
of sorption egqilibrium, i.e. Cs = k Cp, this leads to the well-known diffusion equation.
However, here we shall stick with the first order set of equations, o

C*=-J and
=-aC*+BC*
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where a :=D/R, B:=v/R, R:=1+k/W, the so-called retardation factor, and C* =R C..

This pair of equations will be the subject of the further investigations of this paper. - We
always omit radioactive decay here, as it only adds a -A C. type term to the conservation law.
which reappears in the solution as a exp(-A t) factor. X

The second model proposed here is a physical analogon one, not anticipating an actual soil
model. Soil is considered as a "black box", in which there happens to be an activity flux J and
a related activity concentration C. The equation governing the flux consists of an "absorption"
term, inspired e.g. by photon flux attenuation, J' = - a J, and an activation type "desbrption"
term, J=bC. ‘ ‘

" The two contributions now combine to a first-order differential equation,

J=-aJ+bC. ’

Together with a simple version of the conservation law, C =-J this yields the dynamics of the
system. Like the diffusion model also this one involves two parameters, which, however, are
not a priori linked to physical reality. The mathematical analysis shows, that the flux equation, '
which sinulates a sorption situation, plays the role of a transport equation, without a.nt1c1patmg
any physical transport mechanism. The model is therefore called the * sorptlon model" here, in
analogy to-the dlﬂ’usmn-convectlon model, where the transport equation is governed by the
latter mechanisms. ’

The idea of this is to see if a model which has a totally different mathematical structure is able,
ﬁrst to produce a simple analytical solution, and second, of course, to simulate a real, physical
situation satisfactorily.

_ A general drawback of any analyticai model is that it anticipates material parameters like D and
v to be constants over the entire soil column. This may be true for laboratory soil columns but
is ceﬁaidy not, in general, for naturaﬂy occurring multi-layered soils. However, it turns out
that, generally, the such idealized analyl/tical models fit well to natural profiles. ‘

3 Solution of the differential equations

Traditionally the diffusion equation is being used in second order form. It can be solved either
by single Laplace transformation, see e.g. BUNZL (1978), or transformation into an integral
equation and iterative solution, see e.g. KASIMOVSKY (1993). The latter author further
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simplifies the equation by onuttmg diffusion, while, on the other hand, keepmg sorption non- .
equilibrium.

Here, we use double Laplace transform, one for the time and one for space coordinate. The -
two linear equations are transformed separately and the variable J is only eliminated from the
transformed, algebraic pair of équations‘ The advantage of this method is that initial fall-out
J(0,t) remains in the equations, theref.ore\no surface layer needs to be introduced as the quoted
“authors do in order to satisfy the boundary conditions. In the following consid‘er‘atiohs C* has
been replaced by C for convenience. ‘ '

Initial and boundary conditions are C(x,0) = C, and J(0,t) = J,. Lim C(x) = 0 for X = ®
follows from the conservation law. Double Laplace transform leads to

(:3(u )= —3< €0s)  Eu0)+i0s)
X G —BuU—(5+1) oaU?—Pu—(s+A)

where u and s are the transformed variables c<:)rrespondi‘ng‘to x and t, respectively..
Transforms in respect to x and t are denoted as ~ and ™, respectively. Radioactive decay has

14

been inchided in this formula.
: The somewhat lenghty back-transform yields the following solution:

Cixt)= C(x t)<y> + C(x, t)<c> w1th

x2 X ' .
C(Xt)<J> Ly0.t# Vo e e %—{#e‘ﬁ— e‘i;+§—e,f B o )}
_ X : BE e—‘:—i‘ (2x-e? 22 p_p2xt) B [T, 2x5
C(xt)<c>=£d§q(x-;,0)ega 2@ e W e uE |- erfo( 1 2J_)

where # denotes convolution. Radioactive decay would add another exp(-A t) factor.

Of particular interest are the initial conditions representing ' "sudden” filll-out sudden méaning
short compared with the macroscopical change rate of the system: The fall-out is set to happen
att= 0 there is no pre-existing contamination, C(x,0-) = 0, and J(0-,t) = Jo 8(t). The factor J,
is the total deposition in (m-2). The solution now reduces to a haadier

C(x,t)— °'3 45(7—-erfc(z)) , z= z+%‘
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with normalized coordinates & = Bx/4a, T = B*/4a.

Fig.1 solutions of the diffusion model
Fig.1 shows the graphs of the normalized function c(x,t) := e4x(...) for four valuesof t. ..
The "sorption” model can be solved the same way. The solution is

Cixt) = e~ C(x 0-) + e~Dt-8 {@ 14(2/abxt)#C(x,0-) + alg (2\/» abxt)# J(0, t)}

where Io and Iy are the modified Bessél functions of O-th and first order, respectwely With the
same lmtxal and boundary conditions as above we get the very simple function

08

0.2

Fig.2 Solutions of the sorption model’
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C(x 1) = Joa e~ax~Dt 10(2,/at;xt) '

Fig.2 shows the graphs>6f the normalized function f(x t):= e %t 10(2‘/%) for different

normalized times;
4 Fitting of solutions to measured soil profiles

The solutions can be tested by fitting them to empirical profiles. From general regression
theory follows that best fit of f to the measured values y; at the points x; is achieved if the
model parameters {a,} are chosen such that the function '

. ca Y_v.)2 _ .
x2:= Zw isa minimum; i counts the soil layers, o; = measuring SD of y;.
N O; .
i ' ) ] i
" The classical way of doing this is to solve the set of so-called normal equations:
0(x®/0ay = 0 (k=1 .. n; in this case, n = 2). Since the functions involved are quite
uncomfortably non-polynomial ones they have to be solved by numerical means.

Here, the function to be fitted is not Simply the concentration C(xi ,t;a, b) but the integrated
X :
one, F:= '[C(g,t;ak:) dt , where x;; and x;; are the upper and lower edges of layer (i),

X1

Fig.3: X2 surface plot
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" respectively. Accordingly, the measured points to which F is being fitted, are the fractions of
the deposition present in the respective layer, i.e. Vi = Cimeaqred * (Xi2 - Xi1)
Fig.3 shows an example of how the %(a,b) - function looks like (A = p/4a, B = B¥4qr).

The measured values in the exami)le presented here form the empirical '37Cs soil profile in an
undisturbed meadow in Salzburg with a measured total deposition of 41.3 kBg/m’. The
sample was taken in summer 1993, so the migration time of Chernobyl fall-out is 7 years in this
" profile.

Figs. 4 and 5 show the results of a fitting process. In fig.4, the diffusion mbdel has been fitted
to the measured profile which is represented by the step function; in fig.5 the sorption model.
Goodness of fit is somewhat better for the diffusion model (x2 = 13.4) then for the sorption
. model (x2 = 19.3). As both y2 are below the citical value xz(p=0.65; 11 d.f) = 19.7 both fits
are acceptable from a statistical point of view.

5 Conc}usions

I Though idealizing natural conditions by ignoring the multi-layeredness of soil both models
show reasonable goodness of fit to a natural, undisturbed soil profile. The use of the pair of
first-order differential equations rather than of the second-order one facilitates the realization
of the sudden fall-out initial condition.
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FEg‘.4: measured and calculated profile, diffusion model
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Abstract

Total process standard deviations of soil deposition measurement originating from spatial
variability of fail-out deposition and measuring uncertainties have been determined. The related
total coefficient of variation (CV) of ¥Cs fall-out-in a I ha area, measured by soil core
sampling; amounts to 21.5%. The measuring process contributes with 12.2% leaving a 17.7%
CV purely due to spatial variability of the fall-out, normal distribution of the values assumed.

1 Introduction

In order to assess the statistical significance of soil deposition data measured by soil sampling ~
or in situ gamma spectrometry, information about process standard deviations in general and
spatial variability of the fall-out in particular is necessary. Distinguishing between different
contributions to the total measuring process standard devnatlon requires a series of expenments
especnally tallored to uncover these sources.

In this project, the total process standard deviation, measured as a coefficient of variation and
" hereafter called TPCV (total process CV), -has been determined by vr;nul'tip]ev fall-out
measurement on an undisturbed meadow in Salzburg. The - contributions to the TPCV .
ongmatmg from the measurmg process itself were determined by separate expenments or
estimated from practlce :

The data derived from this project are being used in the Austrian soil contamination survey
("Caesium Map", BOSSEW et al. 1995) as input to the calculation of confidence levels of the' .
deposition figures. According to the requirement of the Austrian Caésium Map which defines
the contamination at a location as the AM of the deposition density of a 100 x 100 m? area,
this area has been chosen as the basic size for this investigation. (In practice such uniform
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sampling could not be achieved in the Caesium Map: for various technical reasons. However
the statistical analysis informs about confidence levels associated with samples which do not
fulfil the requirement to have been collected from a 1 ha area.) -

2 Experimenfal procedure

A meadow in the city of S‘alzbﬁrg‘which is known to have been undisturbed since the |
Cherﬁobyl accident in 1986 has been selected for the investigation. The avérage 137Cs soil
contamination’ is relatively high ‘with 43 kBg/m? (ref.1 May 1986) thus allowing short

" measuring times. A 100 x 100 m? section of the entire 5 ha area has been sampled extensively
vaccording to a grid as follows (Fig.1):

9143,:100x100 m*

grid 3: the 100 x 100 m? area divided in 25 12 3 45 6 7 8 9
20 x 20 m? squares, 9 of them (i.e. every 10b B b 1 Y bis 1ed Y e

19 25 21 3 5 26 27

second in each row and column) containing

3 x 3 sampling points, ie. a total of 81 4o 20 1o 132 35 36
" sampling points. srf 38 |39 ad a1 fe2 43| 44 |45
. . : L T 550 4T 55 353
grid 2: starting area 10 x 10 m?, subdivision 142, 1010
. : 56 $7 59 6D gl 62 §3- X
according to the same pattern. : . otd 1, txt ot
64 65 |66 68 §69 79 72

grid 1. starting area 1 x 1 m?, subdivision Bors Tearas o TREE

according to the same pattern. [ 100m .y

Grid 2 is located in one corner of grid 3, and grid 1 in a corner of grid 2, in turn. As some of
the points coincide a total of 235 soil samples was taken: The soil cores were dried,
homogenized and measured with HPGe detectors. 24 out of the 235 soil cores were divided in
7 layers (each 2 cm thick) in order to get information about the depth distribution.

Several possible sources of process uncertainties, apart from fall-out deposition variability,
were taken into account, among them:

- error in determining the cross section of the soil core;

- cut-off of the profil, i.e. neglecting contamination of deeper layers (systematic error);
- preparing aliquots from the total sample for gamma-spectrometry; !

- positioning of the sample on the detector (partly systematic);

- detector calibration,
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- photon attenuation in the sample (systematic);
- mcasuring statistics.

The experimental process cannot be described here in full detail due to space limitations (see
LETTNER et al.,1994). The results will be summed up in the following section, however.

Statistical analysis was carried out with the analysis of variance (ANOVA) method.
3 Results and discussion
3.1 Analysis of the soil sample grids -

‘Tab.1 summarizes the statistical parameters related to the three grids. SD(between / within
groups) refer to the 9 sub-squares (= groups) of each grid. The principal result is that,
according to the F-tést, which basically compares the group- means, the sub-groups of grid 3
can not be anticipated to be representative for the whole area. In other words, samples taken
-from grid 2 the size of which (100 m?) is of the same order of magnitude as the groups of grid
3, are not representative for the deposition of an 10,000 m? area (grid 3)..On the other hand,
an additional t-test, which compares the AMs of grid 2 and ’grid 3 shows no significant
" difference (p—O 71 >> 0.05) from which we conclude that the location of gnd 2 within grid 3
has been chosen such as to yield representative (for grid 3) deposition values by chance.

The Bartlett-test, finally, indicates homogeneity for the CVs of the subgroups of grid 3, which
fits the result that 32.0 = SD(grid 2) ~ SD(within; grid 3) = 33.0. However, from SD(grid 2) < -
SD(grid 3) with weak significance (additional F-test: p = 0. 072) follows that by selecting grid 2
we have found a sub- -group with lower SD. - If the CVs would not be homogenous, the
selection of one sub-group would not necessarily yield a CV which is representative for an area
of this size. ‘ ' '

Tab.1. statistical parameters

parameter grid 1 (1m?) |grid 2 (100 grid 3 (10,000 m?)
m?)

AM(B@’) 171.3 1733 175.3
SD - . 38.7 32.0 378
CV% 22.6 18.5 215
SD(between groups) 44.6 : 29.7 66.7
SD(within groups) 38.0 - 323 33.0
p(F-test) 022 0.56 : 0.005
p(Bartlett-test) 0.19 - 0.067 - 0.31 -
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As grid 2 is concerned in comparison with grid 1, AMs of subgroups of grid 2 are very well
homogenous (large p(F)). On the other hand, the almost significant Bartlett-value indicates a
slight inhomogeneity of the CVs of the sub-groups of grid 2. This fits the observation that

- SD(grid l>) = 38.7 is quite different from SD(within‘g.roups; grid2) = 32.3. Therefore, arbitrary -
selection of a grid-1-size area may not produce a CV which is representative for this area size.
Finally, both SDs between and within groups of grid 1 are relatively high indicating possible
very small-scale (10 cm range) inhomogeneity. ' e .

It must be emphastzed that so far, all CV values include not only spatial variance e but also
uncertainties related to sampling and measuring, i.e. are TPVC values.

3.2 Contribution of process uncertainties’

Tab.2 overviews the sources of errors related to the sampling and measuring process. Values
have been determined or estimated for the methods used by the Austrian.Ecology Institute and
the University of Salzburg, respectlvely All figures are in CV = SD% and- refer to 137Cs
measurement. ‘

Tab.2: process related errors

source : : : Ecol.Inst. | Uni.Salzb.

cross section of soil cores 10 <2
loss of soil when removing the core (system ) [-02 - [-02

. | profile cut-off (systematic) - 13 -13

* | weighing - . <0.2 <0.2
sample aliquots ‘ 3 ’ X
remaining inomogenity of the sample 4 n.i.
positioning on the detector 2.7 ~|ni.
detector efficiency: calibration solution - |25 2.5
counting error, detector calibration 11 1
calculated efficiency (fitted curve)(system.) . |-2 +3

| photon attenuation.in-the sample (system ) -1 +1
statistical measuring error 3 15
total statistical . : 12.2 6.8
malumal total systematic -17 -11

X = cannot occur; n.i. = not mvestlgated

In some cases, very disadvantageous assumptions or experimental simulations (like in the case
of remaining inhomogeneity and bad positioning) have been made. Therefore we believe that,
in general, the figures give upper bounds of the errors. ° . '
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From a TPCV = 21.5 % (grid 3) and a 12.2.% process contribution follows the net.CV due to
spatial vgriability only, equalling 17.7 %.

33 Confidénce levels

" From the above findings confidence levels. (CL) for measured deposition values can be
calculated. The normalized CL (in %) for N random samples out of a whole grid 3 size area
(1 ha) is '

CV, a3 snatial
Clgriaa = x(p) \/ —fﬂ%"ﬂ‘ + CVprocessz ,

x(p) = Gauss distribution value for significance level p. If N samples are randomly taken out
of an area of the size of grid 2 (=100 m?), but interpreted as an estimation of the deposition
AM of a grid 3 size area, the respective CL is clearly larger:

' ; v, 2 2
Clgridz;est forgria3 = X(P) C'Vgn'd:i,spat.2 ~ CVyiithin,grid3, spat. (1 - %) +CVproc.

Fig.2: Confidence timits for different sa::npling methods

p=0.05
confidence limit (CL. %) .
) A I — ]
ST I 1 1 : )
L 42.1% CL(grid'3) ]
a0 | \ CL{grid 2, est. for grid 3) ]

i — CL(n=co)f-31.5%
30 N : ]
\\\ ' chwrooessp 12.2%] 2
a5 \\ . CLS”’;E )=2_'4'5%
[ _ \ - CL(n=00)=22.7%
20 - N ) ]
L \ CV(process) = 5%
15 F \\ l.' .
X Co \\ " CL(d= 30)=9.8%
10[
0 5 10 5 - 20 @ 25 30 .

-sample size (N)
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CVspatia* = TP Cvz - CVprocess™

In our case, CVgigaspat = 17.7%, CVyithingrid 3, spat. = 17.5%, CVpoc=12.2%; x(p=5%, 2- -
sided) = 1.96. Normal distribution of the randomly sampled deposition values is assumed here
(it 1s true in our example, as checked by meahs of xz-fests). Another assumption made here is -
that CVpyec, is independent of N, which is probably not entirely correct. For example the
sample aliquot error probably even increases with N | because the more soil cores, the more
~ total mass out of which the ali(iuot for meésuring must be drawn thus increasing the resultiﬁ'g
error. If the CVs are being és;imated from an actual sample, x(p) must be replaced by the
Student value t(p;N-1). . V

Fig. 2 shows the CLs "as functions of N for two different sampling methods (sami)les from
the whole of grid 3, samples from the sub-area grid 2 as estimation for the AM of the grid 3-
size area) and two different assumptions for the process related uncertainty CVproc. It can be

. Fig 3: Coefficient of variance of Cs-137 deposition versus area size
120
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seen that, the larger the process related contribution to the TPCV, the smaller the difference
between the CLs resulting from the two différe_m ‘sampling methods. As the assumption
CVoroc= 5% is probably the more realistic one, sampling is much more effective (in terms of
_ minimizing the CL) if done over the whole 1 ha area rather than just over a 100 m? one.

;t Corylclusion's

The spatial variability of 197Cs _deposition found in this investigation fits well the values
reported in literature, as can be see from ﬁg 3 which shows coefficients of variation of 137Cs
deposition versus area size.

The point labels refer to literature as follows:

* this project
Austrian Ecology Institue. LETTNER et al.(1994)
Austrian Federal Environmental Agency. radionuclides in a forest ecosysiem. UBA (1995)
Austrian Federal Environmental Agency. investigations of an agrarian ecosystem, unpublished .
Austrian Ecology Institute. investigation of an area near Gmunden. Upper Austria, LETTNER et al.
994)
BACHHUBER el al.(1987) (global [all-out)
GUSTAFSSON et al. (1987)
HENRICH et al. (1988)
NYHAN el al. (1983) (global fall-out)
PADOVANI et al. (1990)
10 SIMOPOULOS (1989)
12 McGEE et al. (1995)
"13  SUTHERLAND & DE JONG (1990)
14 HAUGEN (1992)

RN U BN -

If the mean deposition density of a 1 ha area has to be determined, the samples should in fact
been taken from points spread over the whole of this area, as 100 m? sub-areas may not yield
representative figures.

However, it is hard to say how representative the selected area actually is for Austrian
meadows and pastures. Further similar investigations on different types of areas and fields
would be necessary to answer this question.
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CONTAMINATION OF AUSTRIAN SOILS BY CAESIUM-137 .
"KIENZL Karl2, HENRICH EberhardtP, BOSSEW Peter ¢ and FALKNER ﬁomu?

"8Federal Environment Agency, S_pittelauér Linde 5, A-1090 Vienna, Austria
b Federal Ministry of Health and Consumer Proieclion, Radetzkystrafie 2, A-1030 Vienna, Austria
€Austrian Ecology Institute, Seidengasse 13, A-1070 Vienna, Austria ’ ’

- Austria ranks among the countries of the world that are most strongly affected by-the
Chernobyl fallout. The average contamination in Austria amounts to 23.4 kBq '¥'Cs/m®.
Higher fallout values (above 200 KBq 137Cs/m2) can only be found in the Ukraine, Belarns,

Russia and in some parts of Scandinavia.

Of the 70 PBq '*’Cs that were released from the Chemobyl plant and disiributed over the .

whole world, approximately 2 PBq were deposited on the Austrian territory.

Thjé‘sAtudy was elaborated by the Austrian Federal Environmént Agency and the Federal
Ministry of Health. It combines all measurements (of 137C_s in spil made after the Chernobyl ,
accident) available up to now and preéer_ns them graphically. 1,788 m'easurerr.)ents'could be ‘
used for the presentation of the map, 168 of which had been carried out in areas of
neighbouring states near the Austrian border. ‘ .

The data are compiled in a data bank which will serve as evideﬁce in case of radioactive
fallout on Austria in tﬁe future. The data are ‘stored in the Geographic Information System
(GIS) of the Federal Environment Agency and are now part of the Austriaﬁ-wide soil

information system. .

- Fallout of radionuclides leads to the contamination of the soil. The fallout activity, however, is
not the same as the activity of the soil at the time of the measurement. There are two reasons
for this. First, very often measuring took place years after theactual fallout- of the

radionuclides. In order to compare the measured values, they were calculated for the 1st of
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May 1986 taking into account the:physical decay of radionuclides according to their half-life.
And second, ecologic processes can lead toa dispersion or to an accumulation in soil and thus

to a change of the fallout amount at a specific point.

i

The following are very strongly contaminated siteé in Austria with péak values of soil

contamination up to more than 100 kquCs/mz; .

-- A strip leading from the North of Austrian to the Hohe Tauem' parts of the areas Wald-
viertel, Miihlviertel and Hausruckviertel, the area around L1nz the Welser Heide, the Pyhm
Area ‘the Salzkammergut, and the western Nledere Tauern and Hohe Tauern up to the '
Zillertaler Alps.

- An'area in the South of Austria: Koralpe, Southern Carinthia — this strip stretches into Italy

Owing to the large number of measuring points a detailed isoline interpolation could be made
in some highly contaminated areas. )

The following are areas with a very low contammatxon below 10 kquCs/m

- The East Austrian lowland, the Marchfeld, the Wcmvwnel the northern Burgenland and the
Tullnerfeld '

- Parts of .Cva_rinthia ahd the southern part of East Tyrol,

- Some of the western parts of the Miihlviertel and the Innviertel,

- Parts of Vorarlberg: the Rhine Valley and the southern part of the Province.
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VARIABILITY OF THE DEPTH-PROFILES OF CS IN SOILS OF
THE PROVINCE OF SALZBURG

LETTNER Herbert';, BOSSEW Peter’, HUBMER' Alexander and GASTBERGER
Michael . .

'Institute of Physics and Biophysics, University of Salzburg, HellbrunnerstraBe 34, A-5020
Salzburg » : i
2 Austrian Ecology Institute, WihringerstraBe 59, A-1090 Wien

ABSTRACT

Radionuclide contamination in soil does- not only reveal spatial distribution but is also subject
toa great variety of vertical depth-profiles 'changing with time. Sma}l—sgale scattering of the
depth profiles due to statistical processes can be distinguished from differences correlating with
different soil types. Based only on geographical criteria a classification scheme into a few

peduéed number of types can be established.

INTRODUCTION

The Chernobyl fallout in 1986 was very unevenly distributed in the environment in general as a
consequence of the prevailing meteorological conditions at the sites affected. Different
methods for the determination and for the measurement of the surface contamination have been
applied. The majority .of the surface deposition data originate from aﬁa]ysis of soil samples
.collected after the fallout. Another source for contamination data are the results of in-situ
gmnma—spectrorﬁetry measuremients that became more and more important in the last years. In
terms of the statistical interpretation of the data collected the question of representativness of
the results of contamination measurements was recognised to be of great importance but only
few ‘daia concerning this issue have become available. As a contribution to the important
question of spatial vaniability of the fallout a detailed study of the ho_mbgeneity of the surface
contamination was carried out in the Province of Salzburg (LETTNER et al, 1994). In the

course of this study information about the variability of the depth-profiles of *'Cs was ‘
collected and furtheron used for tlge interpretation of in-situ ga;hma spectrometric

measurements.
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MATERIALS and METHODS

AV

For the detailed investigation of the

spatial radionuclide distribution
(BOSSEW et al, this issue) and for the
depth-distribution of the radionuclides in_

Grid 2

. :
3¢ Grid 1

7./

the soil, soil-core samples were collected

on a predetermined test-site in the urban

area of Salzburg. On the test site an area
of 100m * 100 m (grid 3) was selected
and divided into v25 squares of 20m by
~ 20m each. For the detemimtion o_f the .

7
%

N : _ depth profile the sarhples from the. centre’
¥ , 100m : : of the hatched squares(Fig.1) were used. -
L

The subsquare at the NE comer was -

. Fig.l: Sketch map for sampling procedure on divided further into 4 . squares -of
: test-site in the urban area of Salzburg. 1o * 10m each: The same procedure
Dots on hatched squares of grid- 3 . '

(100m *100m) mark points for soil  applied for soil-core sampling at grid 1
sample collection. Analogous procedure - : L
for sample-collection on grid 1 and grid 2.

was scaled down and repeated on the
outermost 10 m*10 m square (gnd 2).
Another grid of Im * 1 m (gnd 1) was deﬁned on the NE corner of grid 2, where the same
procedure was repeated again.

The soil cores were sampled with a commercial soil-sampler of 8.1 cm diameter, resp.
50.3 cm® cross-section. For the deterjm.ination of the depth-profile the cores were cut into slices
2 cm thick, dltogether 7 slices summing up to 14 cm core—'length The slices were dried at
105°C, homogenised, measured with a HPGe-Detector and the spectra were evaluated w1th an
internally developed software , V
For further mvestlgatlon of the surface contamination in the Province of Salzburg - covering an
area df appr. 7200 km® - in-situ gamma-spectrometry. measuremepts have been performed on -
abdut 40 sites and soil samples were collected on each site. Only undisturbed meadows were
selected where the depth-profile ‘was determined by cutting the soil-cores into slices, 1cm -
thick in the uppermost 2 cm soil core and 2 crﬁ thick below. For the evaluation of the in-situ’
gammaspectra the depth-profiles were used as a basis for the calculation of the unscattered

photon flux. '
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RESULT and DISCUSSION

The soil depth-distribution in genera.l varies to a great extent both on small-scale and on large-
scale. Inspite of these variations typical patterns or shapes of depth-distribution curves can be
distinguished and attributed to different soil types. The most detailed data are available for the
test-site in the urban area of Salzburg, wher;. significant differences between the soil-profiles of
grid 1 (1 m?), gn'd‘2 (100 m?) and grid 3 (10.000'm?) can be recognised (Fig.2). In each grid
" the largest variation of the relative activity tends to be in the uppermost and the lowest layer.”
‘ _The largest scatten'ng is within the depth-profiles of grid 3, that covers the whole area of the

100 —————r——————r 100 ——r——re———————
GRID1/1m? GRID2/100 m?
:g .
Q
<
o
i
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Soil-depth [cm] : . Saikdepth [cm]
100 —~———————————— 100 ——r————
GRID 3/10.000 m? - MEAN VALUES -
&
£ 10 C10]
% —o— Grid1
<_ —0— Grid2
& —A— Grid3
"—+—Allsamples)
3 4 6 8 1012 14 W2 4 6 8 10 12 14

‘Sail-depth [cm] : Soi-depth [cm]

Fig.2: Soil depth-profiles for ¥1Cs in soil cores of grid 1-3 from the test site in the urban area in
’ Salzburg city. : - :
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test-site (10.000 m?). If the mean values of the grids are compared it is obvious that the relative
activity in the soil layer from 4-6 cm is almost identical in each grid (Table 1). The depth-
profile from grid 1 is similar to the average depth-profile. Thé largest differences are between .
grid 2 and grid 3, witﬁ similar relative activities in the layer from 4-6 cm and increasing
differences downwards and upwards as well. In grid 1 and grid 2 the maximum of the relative
| activity can be found between 4-6 cm, indicating intensive dowﬁward-migraﬁon, whereas in
grid 3 the maximum relative activify is between 2-4 cm. Considering the sampling areas for
grid 1, grid 2 and grid 3, the depth-profile for gxid 3 is more representafive for the whole area
than the other depth-profiles. The differences between the soil proﬁl_es-' are significant,
accepting an error-probability of 5% for the layer 0-2 cm, 2-4 cm, 10-12 cm and 12-14 cm
(Table 1). '
The 50% depth is 4.3 cm for grid 3 and 5.1 cm for gnd 1 and grid 2. The diffeérence in the
position of the 50% depth is significant between grid 2 and grid 3 (Table 2). These findings »
indicaté that a considerable variability i.n the depth-profiles of the radionuclides in the soil can -

be expected on a relatively small scale.

Table 1: Mean values (AM) and coefficients of variation (CV%) of the relative activities for
137Cs in the soil layers for grid 1, grid 2 and grid 3 from the test-site in the urban area

. of Salzburg.
Soil layer- Grid1 /1 m? " Grid2/10m* | Grid 3 /10.000 m?

from -to (cm){ AM CV% AM CV% AM CV%
0-2 12.58 17 12.93 16 | 17.51 27
24 18.11 14 16.01 16 20.91 18
4-6 18.82 22 17.68 13 17.81 25
6-8 18.11 16 17.5 9 15.90 35
8-10 . 14.1 17 14.95 20 1341 42
10-12 1101 - - 24 12.35 14 8.79 54
12-14 7.26 34 8.58 16 5.67 70

Table 2: Paosition of the '*’Cs activity 50% depth for soil cores from grid 1 - 3. AM=arithmetic
mean, CV% = coefficient of variation, n = number of measurements. Statistical test
result: + significant difference with error-probability of < 5%

Position of the 50% depth [cm] Statistical test result
Grid1 * Grid2 Qﬁd3 _ Grid2 Grid3
AM . 50 sl 43 . Grid1
SD 0.4 0.4 12 Grid 2
CV% 7 7 28 Gnd 3
o K 7 8 '
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As physico-chemical processes like leaching and doWnWmd migfation are assumed to be rather
constant in one soil-type, similar shapes of depth-profiles without significant differences due to
these processes could be expected. It is unclear to which. extent biological activities of soil-
organisms contribute to the distribution of radionuclides in the soil and to the distortion of
depth-profiles. It is obvious that there is an influence of bioturbation which is not negligible
an& this might be a poséible explanation for the differences. These findings could at least be

qualitatively  explained - by the

T T T ™ activities of moles, producing large
mole hills covering between 5 and
10% o.f the test area of 10.000 m32.
The depth profiles show only a small
variation within ‘the period from
] 1993 to 1995 by downwards

Rel Activity [%]

10-
migration resulting in ﬂattening out
of the depth profile (Fig‘3). The

small changes’ over these years

o 2 4 & & 10 12 14 indicate a temporal variation of the
Soi-depth [cm] migration velocity along the soil
profile which was also found by

Fig.3: Vaﬁaﬁon' of the depth-profile with time: 'other authors (VELASCO et al,
Mean values of soil samples from grid3. : . :
: 1993, KONSHIN, 1992a,b).

. Further depth-profiles were sampled on agricultural used land in the Province of Salzburg, that
can be classified on geographical criteria in soil samples from upland pastures, soil from valley
- floors and soil from more intensively used pastures in flatland of the forealpine region. The
depth profiles show a considerable range of scattering with the only common feature of the
depth-distribution to be a function of the soil depth. Only in a small number of profiles the -
activity seems to be independent of the soil depth. In the majority of the profiles analysed the
activity increa::les downwards, showing the maximum in a soil-depth of 2-6 cm followed by a
further decrease which approximates an exponential function. Depth-profiles in'soil cores from
upland pastures from above 1600 m altifude are significantly different from ail other soil
profiles (Fig.4). These depth profiles are characterised by the maximum of the specific activity
to be concentrated in the uppermost 2 cm of the soil followed by an exponential decrease,
halfing the specific activity about every 1.5 cm. In some soil-profiles from valley floors the .
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expdrieptial decrease following the maximum of the specific activity are sﬁnilar to those from
upland pastures, but the maximum is significantly shifted downwards to soil depth of 2-4 cm.
In depth-profiles samples from more intensively used agricultural soils the decrease with depth

is usually less and more iregular shaped.
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Fig4: Soil depth-profiles for '¥'Cs in sonl from different locations. A - alpine regions / upland
" pastures. B: valley floors, C flatland with more intensive agncultural use.

Summing up these characteristics the different soil profiles can be grouped according to .
geographical positions correlating with' significant characteristic differences in the miglation

behaviour of *’Cs (T: able 3).'

/
/

Table3: Qualitative overview of the 197 migration behaviour in dlfferent sonl-types based on

geographical posmon

e i . Activity-decrease as

,Soil / Situation Ac’uvxt)./ maximum ~a function of depth
Pasture soil in the uppermost2 cm la.rée to very large

' soﬂ-layer .
Soil from valley floors . mostly in the 2-4 ¢m soil layer o large
. . activity is more evenly
S?rltl)goiglt:;iaenl;i rs:i’ or soil distributed in the upper soil i
© layers. Activity maximum medium
‘tends to be between 4-6 cm
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'CONCLUSIONS

- The shape of depth-profiles of '*’Cs in soil of the same tjpe is considerably large on a small
scale (100 m? to 10.000 m?) resulting in statistical differences in the 50% depth. Though
these differences are significant the shape of the depth profile in the same soil type is similar

ona regional scale.

- The differences between depth-proﬁles of dlfferent soil-types are larger than the variation
within the depth-profiles of one soil-type.

- Different sonl—typ& correspond to a certain extent with its geographlcal occurrence. Due to
. the geographlcal occurrence as reduced number of types of depth-profiles can be
distinguished: (1) alpine terrain, (2) valley floors and (3) flatland areas.
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LONG-TERM REDUCTION OF ROOT UPTAKE OF CS-ISOTOPES
AFTER NUCLEAR FALLOUT

~ MUCK Konrad, GERZABEK Martin H.

Austrian Research Centre Seibersdorf, A-2444 Seibersdorf, Austria

ABSTRACT

The long-term decrease in activity concentrations of *’Cs in important foodstuffs was investigated in
Austria. Using the fallout from the Chemobyl accident, the investigation comprised both annual plants
(cereals, potatoes, vegetables) and perennial plants (grass). Large sample collectives were used to avoid
- artifacts due to single plant characteristics. and local vanations influenced by soil properties.

After an initial decrease from first year to second year harvest by an approximate effective half-life of
96 d, the activity concentration of *’Cs in annual plants decreases in the following years by an effective
haif-life of about 750 - 1170 d, equivalent to a biological half-life of 810 - 1300 d. The comparative
value after nuclear weapon's testing was 1600 d (effective half-life).

In grass from first to second year a decrease to about 5 % of the peak value is observed. The long-term
decay in the following years follows an effective half-life of about 710 d, equivalent to a biological half-
life of 760 d. In semi-natural environments (alpine pastures) effective half-lives of up to 2000 d were
observed which are caused by low fixation capacity and low pH of the soil as well as low plant growth
and circulation of radiocaesium within living and dead plant biomass.

1 Introduction -

The population éxposure by ingestion of contaminated foodstuff after a large-scale fallout-
significantly depends, apart from the initial contamination, on the decrease of the activity
concentration in all foodstuffs with time. As this is dominantly determined by the long-term
change in the availab‘ility of long-lived radionuclides, in particular of *'Cs, the question of
radionuclide availability for root-uptake is of great significance for the long-term exposure .

‘While the short-term decrease in activity concentration in foodstuff is mainly caused by dilution
due to plant growth and radioactive décay (Miick 1987, Miick et al. 1994) and thus little

influenced by soil proberties, the long-term decrease is predominantly controlled by:

removal of activity from root-layer of soil by transfer into deeper soil layers or other effects
o increased fixation of radionuclides in soil
e transfer into non-edible or non-usable parts of the plant (e.g. roots)

e radioactive decay
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It therefore, depends significantly on soil properties. For ¥7Cs with a halflife of 30 years
radioactive decay causes little reduction with time. Therefore, the decrease is dominantly con-
trolled by effects which decrease the radionuclide uptake by roots. These are of main interest

with regard to the long-term acfivity concentration in plants and foodstuff derived thereof.

The above effects are not clearly separable and the contribution by each effect is not easily
determmed by simple activity measurements, but of main interest is the overall decline of t.he
activity concentratlon caused by all effects. Therefore, investigations were performed in
Austria on this issue at various times after fallout (Muck 1987, Miick 1989, Miick 1994, Muck
and Gerzabek 1995, Miick et al. 1990a, Miick et al. 1994, Rabitsch et al. 1994). “This paper

gives a summary of these investigations and includes most recent data on ldng-term decay.
2 Method

Specwl care, was gIven to the proper selection of foodstuﬁ‘ samples for the mvestlgatlons On '_
the one hand fluctuations due to individual animals or single samples of plants were avoided
by including a large number of samples with each type of foodstuff mvestlgated (Miick 1995).
On the other 'hhnd, with large sample sets care had to be taken to obtain comparable,
representative sets of samples. With milk, in particular, avoiding individual animals was of
great importance as the transfer rates in individual animals may vary signiﬁcéntly for 137Cs
which is controlled by the same metabolism in the body as “°K. The latter is known to have
significant mﬂerencles in individual metabolism rates in the animal.

The selection of comparable, representative sets of samples is a panieular problem when one
cohsid_ers the time span over which the sets should be comparable. The problem was approa-
ched by selec'ting different areas which‘ were sampled over the whole period of seven years.
Each area either covered a whole province or for some foodstuffs smaller areas, i.e. a dairy
with a large variety of milk collectmg tours. In order to make the sample sets comparable :
special care was taken to incorporate the same subsets with each set of samples. The same
subsets (same farmers or sites) were surveilled over !:he whole period of"_ 7 years. The number
of samples in each subset ranged between 10 (cows at alpine pastqres), about 40 - 60 (cereals,

potatoes, vegetables) to more than 2000 (cows in intensive agricultural areas).
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In the first year the samples of about 1 to 2 kg were directly measured in a Marinelli Baaker on
Ge(Li)- and HPGe-detectors of 20 % to 30.A%Arelative efﬁciency “’ith(;ut previous sample
‘preparation. All detectors were shielded by 5 - 10 cm of lead to ,imiarove the detection limit.
They had been calibrated by s'tandardA sources and tested by.intercomparison tests showing
excellent agreement (STEGER 1987). With measurement times of 100 . 1000 s in the first year
after fallout a detection limit of about 10 - 30 Bq/kg was obtained which was sufficient for the
elevated ac:tivity levels present at that time. In the later phase (2nd to 6th year) the measure-

ment time.was increased to about 20000 - 50000 s to. achieve a detection limit of1-2 Bq.kgl.

At the end of surveillance period activity copcentrations were so much reduced that all samples
héd to be specially prepared before measurement. Milk samples were dried by boiling them for
several hours. All other samples ‘were dried and then ashed at a temperature of 450°C for 5
hours (at steps of 1 10 °C, 300 °C and 450 °C, consecutively) to avoid losses of ¥7Cs at higher
tiemperatures. Very long measurements times of the_: dried or ashed samples of up to 100000 -
200000 s were requiréd to obtain a satisfactory detection limit of 0.62 -0.09 Bq.kg! dm..

3 Influence of "old" caesium from nuclear weapons' testing-

After the nuclear ‘weapon's tests between 1953 and 1964 about 20 times more 'Cs was
reléaSed and deposited worldvﬁﬂe than after the Chernobyl .accident (UNSCEAR 1982,
UNSCEAR 1989, MUCK .1991). Since the caesium from this previous faliout had decayed
opiy by a factor of 1.7 since then, its presence might influence the determin;ation of the
" effective decay constant derived for the Chernobyl fallout. However, average 137Cs-deposition
ratés in Austria after the Chemobyl fallout were about 4 times higher than after the nuclear _
weapons' tests (MUCK, 1991). Fufthermore, in the years following the fallout the caesium

i)enetrated into deeper soil layers (MULLER et al., 1989) and only little was available anymore

for plant uptake in 1986. With grass, for instancé the amount still to be found in the sod was

less than 0.2 % of that of the Chernobyl fallout (MUCK et al., 1990 b). -

A further proof is given by the ratio.of 134Cs to 137Cs determined in the root layer of soil after
. ‘May 1986. In no éoil saﬁxple the ratio deviated from the ratio of 1,76 observed directly in the
. Chernobyl fallout (MULLER et al., 1989, STEGER 1987, GERZABEK et al., 1989). There-
fore, the old 137Cs from weapons' testing has negligible influence on the results of this work.
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4 Results
4.1 Annual plants

_Since annual plants are gfown in a comparable way on tilled soil, signiﬁéant differencies should
not be expected between different plants. Nevertheless, the average decrease of the activity
concentration was investigélted in sevefal annual plants (Miick 1995). The trend in activity
éoncentration in potatoe tubers is given in ﬁgﬁre 1. In the first year aﬁer contamination a
decrease by an effective half-life of 96 d is observed. In the following years the effective half-
life amounts to 885 d. The difference in the two values is explained by the fac;t that the:
contamination in the first year is mainly due to translocation within the plant (leaves to tubers)
while in the following years the activity concentration in the plant is dominantly.caused_ by rooi
uptake! Therefore, the effective half-life observed after thé 2nd year is characteristic for soil
transfer and thus for the *’Cs-availability with regard to root uptake.

Bq/kg

10

0,1 ,
1986 1987 _1988 1989 1990 1991 1992 1993
Figure 1 '¥Cs-activity concentration in potatoes

Figure 2 shows the comparable trend in a typical vegetable, cabbage. This vegetable was cho-
'sen as it is more consumed than most other vegetables. Also the decay characteristics should
“be éomparable to other vegetables. If we compare to potatoes, we find the same typical decline
in ®"Cs-activity concentration in the first yeafby about the same average half-life. The long-
term effective half-life thereafter is also very similar. The differencies are within statistical ﬂuc-~
tuations. Thus the long-term decay does not significantly vary between these two plant species.
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Figure 2 ""Cs-activity concentration in cabbage

Another important foodstuff is cereal. Its trend

in activity concentration is given in figure 3.

The steeper decline from first year to second is caused by the more elevated activity levels in
the first year due to direct contamination of the small plants. After the second year we observe
the same trend as with potatoes and cabbage. The longer effective half-life may be caused by a
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Figure 3 "'Cs-activity concentration in cereals -
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statistical artifact - unfortunately, there are no data on average activity concentrations available

* for the second and third year. So the decay curve depends only on 3 values (1989, 1990 1993).

~ Comparing diﬂ'ereﬁt cereal typgé we find only differencies in activity.concentration in the first

. year which are caused by the different growth stages of the plants at the time of fallout - winter
cereals were more advanced in their growth stage than spring varieties. The decrease in activity
levels in the Zn& to 7th year follows equal patterns for the different species. This was expected

since different cereal species show only minor differencies in root uptake.
4.2 Perennial plants

_ The most important perennial plant with regard to the contribution to the ingestion dose is
grass. A significant amount of foodstuff relevant to human s.:onsumption is produced by feeding
grass: milk, milk products, beef; veal, lamb, mutton and most of venison. Therefore, a major
focus ‘of the investigation was on the trend in activity concentration in grass. This was
determined not in single grass samples which might show significant individual variations, but
by measuring the activity concent.ration in milk: Milk was taken from dairies whereby a further . -
averaging over individual fluctuations was achieved. Each sample taken from tanks of milk col-
lecting tours avefaged over an area. of approximately 50000 - 250000 n¥ (Miick et al: 1994);, .

Baq/kg

100 .

T T T
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T T TTYIrt

o4 s — : L
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days after 1 May 1986

Flgure 4 137Cs-act:Mty concentration in milk in Eastern Styria
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In figure 4 the average activity concentration of ''Cs in milk in a région in Austria is given.
While the variation in concentration in the first year is mainly caused by dilution effects in the
initial phase and the re-increase after the 180th day by feeding hay which was produced in the
earlier part of the year, the long-term decay after the déclilie after tﬁe 500th day (end of winter
' Hay feeding period) is described by an effective half-life of approximately 700 d. Thus, also in
grass with a completely different behaviour with regard to storage of radionuclides an

eqmvalent effective decay is observed as in annual plants

This effective half-life is, however, only observed in intensively cultivated agricultural areas. In

Cs-activity
_concentration in milk of three different Alpine pastures compared to average milk concentra-

extensive Alpine pastures the effective decay is quite different. Fig. 5 shows the 137

tions in the surrounding province. While province averagé shows about the same half-life as
Eastern Styria, the two Alpine pastures show half-lives of 1400 and 2000-d. Thesé significantly

" higher values are explained by low fixation capacity and low pH of the soil as well as low plant .
growth and the circulation of "*’Cs within living and dead plant biomass as shown by Miick
and Gerzabek (1995). The half-life in these extensive pastures shdws a whole range of values.
This is demonstrated by the third pasture in fig. 6 which shows an effective half-life of 1000 d
between the two vaiues. Taking these variations into account, -3 classification of soils with

regard to long-term Cs-transfer was proposed (Miick et al. 1990a, Miick and Gerzabek 1995).
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__Tiz=2017d

100

Tz = 1404 d.
:i\:TL‘T\ - . \

\ o g \
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Figure 5 "’Cs-activity concentration in milk in alpine pastures and the surrounding province

»
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5 Conclusions

The long-term decay of the '*’Cs-activity congentration in plantsAaﬁer a nuclear fallout follows
an effective half-life of about 750 - 1170 d both for annual and perennial plante. This is
equivalent to a biological half-life of 810 - 1300 d. Only in semi-natural environments (alpine .
"pastures) effective half-lives of up to 2000 d were observed, but these contribute little to the
ingesﬁon dose in Central Europe. After nuclear weapon's testing the comparative value for the
effective half-life was 1600 d. This much ionger half-life may be only explahied by the

continuous fallout at a lower level even after the test stop by the major nuclear powers.
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BEHAVIOR OF IODINE-129 IN THE SOIL-PLANT SYSTEM
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Natic;nal Institute of Radiological Sciences, Isozaki 3609, Hitachinaka, Ibaraki 311-12, Japan

Abstract: In order to obtain information on the behavior of long-lived 129 in the
environment, investigations were carried out on (1) 1290 in soil samples (including a Chemobyl
soil sample), (2) sorption of iodine on soil, (3) transfer of iodine from soil to plants, and (4)
" volatilization of methyl iodide from the soil-plant system. lodine-129 was found to be
accumulated in surface soil. Concentrations of this nuclide were higher in forest soil than in
field soil. Sorptions of radioactive I” and 103~ were high in soil samples having high
concentrations of total organic C, active-Al and active-Fe. The sorptions were affected by pH;
heating treatments of soil and co-cxisting ions such as 5032' and stable iodine (I" and 103").
Effects of CI” and Br ions on-the I and I03™ sorption were small. The soil-plant transfer
factors obtained for different crops ranged from 0.0003-0.016. Methyl iodide was found to be
_ volatilized from the soil-plant system.'A marked emission was observed in rice plants grown
on flooded soil. Results obtained in this study may contribute to the environmental assessment
of radioiodine in relationship to its release from nuclear facilities as well as in the Chernobyl

area.
1. Introduction

Radioiodine is one of the most important radioisotopes released into the environment from
nuclear facilities and by nuclear weapons testing. Since iodine is aqcumulated in the thyroid
glénd of humans, considerable attention should be paid to the levels and the behavior of
radioiodine in the environment. Two radioisotopes of iodine, 12°1 (half-life: 1.6x1017y) and
1317 (half-life: 8 d) are specifically important in terms of radioecology. Since the amount of 131

produced in a reactor is much higher than that of 1291 the former isotope is more important at.

the time of a reactor accident such as at Chemobyl and Three-Mile Island. - However, 131y

decays away within several months of contamination. The long radiological half-life of 1291,

on the other hand, prevents this nuclide from disappearing, causing it to enter the geochemical

129 js,

" and ecological cycles of iodine. Interest in therefore, currently increasing, particularly
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regarding the operation of nuclear fuel reprocessing plants (Brauér .and Strebin 1982,
Muramatsﬁ and Ohmomo 1986). In addition to environmental assessment involving nuclear
reprocessing plants, _1291 analysis has a further significance. After the Chernobyl \accidcnt,
increased numbers of thyroid cancers were found in children in Byelorussia (Baverstock et al.
1992). However, it is not yet clear whether these thyroid disorders were caused by the 131
released at that time. To carry out an epidemiological study related to the reactor accident, it is
neécssary’ to have data both ori the thyroid disorder cases and on the 1317 levels of each region
after the accident. Because only limited numbers of reliable measurements of 1311 were made in
* the former Soviet Union after the accident, it is no longer possible to detect this nuclide from
~ the reactor because of its short radiological half-life. Since the long-lived 1?°I should also be
produced in fqéls in the reactor and released into the environment together with D might
be possible to obtain information on the 1311 Jevels deposited in soil thrbugh measurements of
1291
We have carried out several studies on the levels and behavior of radioactive and stable
jodine in the environment from the viewpoint ‘of biogeochemistry (Ml;mmatsu and Ohmomo
1986; Muramatsu et. al. 1‘987, 1989, 1990, 1995; Muramatsu and Yoshida 1995; Yoshida et
al.i992). Our results may pro\/idc information not only for the radioiodine assessment_of
nuclear facilities (e.g. reprocessing plants) but also for the estimation of the levels and behavior
of radioiodine in the contaminated areas due to the Chernobyl accident. In this paper, we
summarize our recent investigations, together with new data, on (1) determination of 12°I in
soil samples (including a Chernobyl soil sample), (2) sorption of iodine on soil, (3) transfer of

iodine from soil to plants, and (4) volatilization of methyl iodide from the soil-plant system.
2. Materials and Methods

2.1 'Determination of 12°I in soil samples
Neutron activation analy51s (NAA) was apphcd for the detenmnatlon of 1?1 and 1271
(Muramatsu and Ohmomo 1986). An outline of the method is as follows. A sample (30-180 g)
‘was mixed with 121 (half-life: 60 d) yield tracer and then placed in a qhartz tube and heated at
1000°C under oxygen gas flow. The evaporated iodine was collected in a trap (KOH 8 g
K;803: 2g; H20 180 ml). After this trap solution was acidified w1th HNOs3, it was placed i ina
separatory funnel. 5% NaNO, solution (about 1 ml) was added to convert I" to I,, which was
extracted into a CCl, phase by shaking. Next, iodine was back-extracted into the aqueous’
_phase containing K;SO3 as I". The volume of the aqueous phase was reduced to about 0.2 ml
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by heating and it was transferred into a quartz arhpule. The ampule was sealed and irradiated in
a research reactor (JRR-4, JAERI) at the flux density of 5.5 x 10" n cm?s™! for 1-6 hours.
The following reactione were considered for quantification of %°I and 127I; 1%1(n, 7 1301
(half-life: 12.3 ) and 12"I(n, 2n)!%61 (half-life: 13 d). After cooling the sample, the iodine
fraction was purified by solvent extraction using CCl,. Finally the iodine was precipitated as
PdI, and counted on a Ge-detector to quantify 1301 peaks (418, 538 and. 739 KeV) and 1261
peaks (389, 491 and 754 KeV). The detection limits for 12°I and 1271 in soil by this method
were about 0.1 mBq kg! and 0.1 mg kg!, respecfively. The 211271 matio of 107 could be
~ detected. - '

2.2 Sorption of iodine on soil

Sorptlon of iodide (I") and iodate (I057) on soils was examined by the batch method.
Samples (3 g) were mixed with deionized water (30 ml) in polyethylene bottles (50 ml), and
radioiodine tracers (121" and 125103') were added. The bottles were shaken at 23°C for
certain periods (1 to 14 d), Finalfy the samples were centrifuged and aliquots of the supernatant
solution “were counted with an Nal scintillation counter. The soil-solution distribution
coefficient (K4) was calculated from the activities remaining in the solution.. For examining the
effects of co-existing ions, the salts KBr, NaCl, KI; KIO3, NaN03, KH,PO,, Na,S0; and
Na;S0, were added to make 0.1 M solutions.

2.3 Transfer of iodine from soil to plants .

Andosol, which is the most common soil type in Japanese- fields, was used. Radiotracer
(1251) was thoroughly mixed with the soil (3 kg) in a Wagner pot (3 ). A plant growth
chamber (Puffer-Hubbard 38-15 HLE), installed in a hot laboratory, was used for the )
cultivation. Light intensity of the chamber was about 70000 lux at the top of the plants. During
cultivation, temperature and moisture in ihe chamber were controlled in accordance with_ the
outdoor conditions. After the plants were harvested they were separated into organ parts (c g.
leaves,. grains) and 121 concentrations- were determined with an Nal scintillation counter. The
soil-plant transfer factor (or concentration ratio) is defined as "the 125 conccntratlon in the

plant part (Bq g , fresh)" d1v1dcd by "the 151 concentration in soil (Bq g , dry)."

2.4 Vblatilization of methyl iodide from the soil-plant system
"Radioiodine volatilized from plants was collected with two traps. The first trap contained

silver wool for collecting inorganic iodine and the second trap contained activated charcoal-
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(supplemented with tn'cthylendiémine) for collecting organic iodine. Activities were measured
with an Nal scintillation counter. Gas chromatographic mass - spectrometry and gas

chromatography with an electron capture detector were also used to identify the iodine species.
3. Results and Discussion

3.1 Determination of 121 in soil samples
Results obtained for 121 concentrations and 22/'27I ratios in soil samples collected from
- Tokaimura, Ibaraki Prefecture, are sﬁmmarizcd in Figure 1. The concentration range of 1291 in
soil was 0.9 to 180 mBq kg™!. It was found that the levels around Tokaimura, where a nuclear
fuel reprocessing plant is located, were higher than at other places in Japan (Muramatsu and
Ohmomo 1986). Thc' 1291 concentrations in soil samples collected in forests tended to be
higher than those in field soils. This indicated that the nuclide released into the atmosphere may
be trapped by leaves or needles and transferred to the ground through wash-out by rain and/or
falling leaves, thus accurhulating in the surface soil. Lower '?°I concentrations in field soils
than in forest soils might be explained by the lower deposition rate and tilling procedures used
in the fields. The 12°1/127] ratios were higher in rice paddy soil than in wheat field soil. This
was due to the lower stable iodine concentrations in the former soil. Vertical distributions of ‘
129 i soil collécted from Tokaimura were measured. Results i_ndicatcd that mosf of the 1291
released from the facility during a 20-year operétions had been retained in the first 10 cm of the
surface soil. These results suggest that most of the 1291 derived from the Chernobyl accident
fnighf still be accumulated in the soil surface in'the contaminated area. o
~ Asoil sample contaminated by Chernobyl fallout was obtained from the IAEA in line with
our -participations in the agency's intercomparison program. The mean value of our three
determinations for 291 was 1.6 mBgq kg1 (or 12 x 108 atoms g!), which dgrecd well with the
IAEA recommended value of 1291 (12.2 x.108 atoms g'! for 129I) The concentration of 37Cs
‘(5180 Bq kg!) measured in this sample was about two orders of magnitude higher than that
observed in common surface soils in Japan. Both the 1291 concentration (1.6 mBq kg!) and
the 1221/'27] ratio (1.7 x 10”7) measured in the Chernobyl sample were higher than the
respective values obtained before the Chemobyl accident in areas far from nuclear facilities in
Japan, e.g. Nagano: 0.13 mBq kg™ or 6.5 x 10'9; Tokyo: 0.78 Bq kg! or 6.0 x 10™. This
suggested the possibility that 1297 levels around the Chcrriobyl reactor have been enhanced by
the release of the nuclide though the accident. Since there is some contribution to the 1297 Jevels

in the environment due to nuclear weapons testing, it is necessary to-analyze many other
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samplcs to conclude the effectiveness of the ’I measurements for the estimation of the 311

following a reactor accident.

!

Concentrations of '?1 (mBq kg ")’ '
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o H
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1291 /127 pratio

Fig. 1 Ranges of 121 concentrations and the 12911271 ratio in soil collected in Tokaimura

3.2 Sorption of iodinc on soil

The soil-solution distribution coefficient (Kg) for both I" and 103" is known to vary very
widely, i.e. <0.1 to 8000 ml g'l (Miu'amatsu"et al. 1982; Whitehead 1984; Yoshida et al.
1995). High values were found in soils having high concentrations of total organic carbon,
active-Al and -activé-F;: (Al and Fe exfracted by a mixture of oxalic acid and ammonium
oxalate). Andosol, one of the most typical Japanese soils derived from deposits of volcanic
ash, showed specifically high Ky values. These results indicated that added radioiodine was
associated on the surface of sesquioxides of Fe and Al, noncryétalline silicates such as
allophene, organic materials and complexes of metals with humus. The K for radioiodine, .
specifically I", were decreased when the samples were air-dried or heated. A marked decrease
was found in the soil samples heated to more than 150°C prior to the batch experiment. The
sorption of I” and 105" on soil increased with decreasing pH. Effects of co-existing jons 0.1
M) on the sorption of 125y- and 125[03' were also examined. Table 1 shows the results
obtained for Andosol (shaking time: 1 and 14 d). Compared to the ‘control sample, almost no .
effects were found for CI” and Br™. The presence of SO32' greatly reduced the sorption of both
151" and 12105, Stable I" and 105 also affected the sorption of '>I" and 2105,

respectively.
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Table 1 Sorption of '>I” and 115103' on Andosol in the presence of co-existing ions

.C°'i°;‘;2‘i“g 151 (qp) 12510," (%)
0.1 M) 1d 14d So1d 14d
Control 96.8 . 99.2 93.7 94.7
" Br 97.6 99.2 95.9 97.1

or 959" 987 . 939 . 945
I 0.4 0.4 762 o 24.8
10,7 818 79.8 191 155
NO;” 872 979 886 892
PO, 592 59.7 508 - 541

8057 o - 0 0 0o

S0,* 88.8 92.0 ‘;/5.5 80.4

3.3 Transfer of iodine from soil to plants
Results obtained for the soil-to-plant transfer factors (or concentration ratio) in thc edible
parts of crops are summarized in Table 2. The range of the transfer factors was 0.0003-0.016
(Muramatsu et al. 1995). The IAEA recommended value for the transfer factor (concentration
' ratio) of iodine is 0.02 and it is widely used in environmental assessment for radioiodine. The
transfer factor obtained for a common leaf vegetable (komatsuna) in Japan was comparable to
the IAFA value. However, the values for tomato, grains and beans were significantly lower
than their leaf value. The transfer factor for polished rice (0.0019) was léss than 1/1000 of that
of the rice plant leaves. Since the transfer factor of iodine for"agricult'ural crdps varies widely, -
we note that only one representative value for the transfer factor is insufficient. Different values
of. transfer factors should be established for plant groups as categorized by the type of their -
edible part. In addition to the type of 6rop§, the transfer factors are also expected to be
' influenced by the sorption characteristics of soils. As mentioned above, we found ver'y high
sorption of I" and [03” on common Japanese field 5011 (e g. Andosol). This may explain the -

relatively low transfer factors observed in our experiments using Andosol.
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Table 2 Soil-to-plant transfer factors (TF) of radioiodine for edible parts of agricultural crops

Crops TF

Spinach ' 0.0031
Komatsuna 0.016
Tomato 0.0003
Soybeans o 0.0029
Rice (polished) 0.0019
IAEA recommended 0.02

3.4 Volatilization of methyl iodide from the soil-plant system

Iodine emission from soil was highly stimulated by the presence of plants (Muramatsu and
Yoshida 1995). A marked emission of gaseous iodine from rice plants grown on flooded-soil
was observed, whereas plants grown on unflooded soil, such as oat plants, showed a
considerably lower emission. Seasonal patterris in the iodine emission were observed for rice
and oat plants. The emission rate increased with time from planting and the maximum value
was observed in the late tillering stages (shortly before heading) of the plants. The chemical
species of volatilized 10dme was identified as methyl iodide (CH3I) from gas chromatography.

The following mechanism for the high production of methyl iodide in the soil-rice plant
system seems reasonable: Microorganism activities in the soil (particularly the rhizosphere) are.
increased by flooding and the effects of root exudates and/or root autolysis, so that eventually
an anaerobic condition (low Eh) is generated. Under this condition iodine is desorbed from the.
soil into the soil solution as iodide (I'). We prcsﬁmc that the iodide dissolved in the soil
solution in the rﬁizospherc is biomethylated, possibly by the effect of enzymes produced by

" microorganisms or roots. For example, the enzyme methyl halide transferase, as reported by

Wuosmaa and Hager (1990), might be a candidate for methylating iodide. The biogenic methyl
iodide produced in the soil might,be transported through the intercellular gas space and
aerenchym systcm in the plants into the atmosphere, presumably by a mechanism similar to
-methane emission from rice fields.

lodine-129 was still detected in the air collected around a reprocessing plant several years'.
after its.closing as. reported by Brauer and Strebin (1982). This might be explained by' the
volatilization of the nuclide from the contaminated soil. Vblatilization of iodine from the soil-
plant system is thought to be hﬁponant to understanding the behavior of the long-lived 129¢ i

the environment and this pathway should also be considered in establishing a transfer model
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for 1-29[ to estimate radiation doses.
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VERTICAL DISTRIBUTION IN SOME CHILEAN SOILS :

SCHULLER, Paulina and ELLIES, Achim

Universidad Austraf de Chile, Casilla 567, Valdivia, Chile, e-mail [pschulle@valdivia.uach.c]

ABSTRACT o
Long-term downward distribution of global fallout '*’Cs was studied in different soil types of
four Chilean climatic zones, in natural and semi-natural environments. The Cs soil content
showed an exponential decrease with depth; relaxation depth ranged from 0.9 cni in the polar
climate environment up to 6.8 cm in the mesothermal warm summer one. In the Antarctic and
Westpatagonic ecosystems the long freezing periods hindered the *’Cs downward movement.
In temperate and tropical climate zones, the amount of soil coarse pore volume, and annual
rainfall rates appear to be the main factors influencing the radionuclide’s distribution in the soil

profiles.

"1 . INTRODUCTION

Around 25% of the:iotal global fallout from atmosphérig: nuclear explosions have been
. deposited on the Southern Hemisphere (UNSCEAR 1982, UNEP 1984). Sg:hullerl et al.
(1993) reported for Chilean sites located between latitudes 38 and 41°S (Lake Region), Bics
soil contents yaryif}g between 500 and 6000 Bq m? depending upon ‘mean annual
pfecipitatidn. No traces of deposit of contaminants released at Chernobyl were detected in soils
of this Chilean region with high atmospheric fallout (SchullerZ. etal 1993). .

In Chilean territory, several climates from polar to tropical occur. Also, soil properties vary
strongly, c‘lepending on geological and climatic conditions. The objective of this study was to
contribute to the evaluation of the effect.of soil parameters, under different climatic conditions,A
upon long-term vertical distribution of "'Cs in soils from natural and semi-natural

environments in Chile.
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2 MATERIAL AND METHODS

Fou; natural or semi-natural, sampling areas within different climatic ;zones were‘selected: 1)
King George Island, located in the South Shetland Islénds, Antarctic Territory; 2) Torres del:
Paine, in Westpatagonié; 3) Lake Region; and 4) Easter Island. Two soils, with different pore
texture, and consequently water permeability properties, were studied in each of these areas. |
‘The geographical position, climate, and mean annuai precipitation (FACH 1991) of the .
sampling sites are shown in Tablé 1. ' -

'*7Cs downward distribution, soil samples were cut with a palette-knife from three of

To study
the walls of 0.5 to 1 m? pits, in 1 to 3 cm increments up to 50 ;:m dépth. From the fourth wall,
soil samples were taken fyoin each horizon in order to evaluate physicai and cherﬁipal soil
.pro‘perties: pore size distribution, texture, carbon coﬁtent, pH (1: 2.5 with CaCl; 1 M) and
cation exéhange capacity. . ' .

Additionally, a 0.09 m2 sample of the moss or lichen cover from the King Geo’rge Island sites,
and 1 to 2. m’ of the vegetahon cover of the other sntes were collected. Plant cover of the
Patagonia and Easter Island sites were steppe grass (Poa spp. and Esllpa spp.). The vegetation '
cover of the Lake Region sites consisted of about 90% grass (Agrostis capillaris, Holcus
1anaius, Dactylis glomerata) and 10% forbs (Leontodon taraxacoides, Hypochoeris radicata,
Trifolium repens) (Ramirez et al. 1989). '

The samples were analyzed for “’Cs using Canberra and Ortec HP Ge detectors of 28%

~ telative efficiency for the 1.33 MeV peak. The overall uncertainty of the activity determination

" was below 5%. Analytical results were expressed as "“'Cs activity per unit mass (Bq kg™ in

each depth increment. This was converted to activity per unit "area (Bq,rﬁq)»of the

Table 1: Characteristics of the sampling sites _

Sampling area Site: Coordinates of Climate - : Mean annual
code sampling site : precipitation
- ' : ' (mm y-1)
King Georgelsland 1A 624°S58.9°W  Polar : 800
King Qeorgelsiand 1B 624°S58.9°'W Polar ‘ 800
Westpatagonla - 2A B81.1°872.86°W Polar isothermic tundra " 700
Waestpatagonia 2B 51.1°S72.6°W  Polar isothermic tundra 700
Lake Reglon 3A 41.0°S73.1°W  Mesothermal warm summer 1500
Lake Reglon 3B 40.4°S73.0°W  Mesothermal warm summer 1300
Easter Island 4A  27.1°8100.5°W Troplcal 1150
Easter Island 4B - 27.1°S 109.5°W Troplcal -1150
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depth'increm"ent by rl;ultiplying it by the incremet thickness (m) and by the corresponding bulk
density (kg m>). The areal activity, A(x), below a given depth, x, (referred to here as 'soil
content') waﬁ obtained by summing the areal activity over all depth increments below x. The
total soil content for each site was obtained by summing the areal activity over all depth
‘increments of the soil profile. The estimated uncertainty for the total soil contents measured

was around 15%. .

3 RESULTS AND DISCUSSION

The measured edaphic parameters are shown in Table 2. The soils of the sites coded A on each
"sampling areéa, have a lower,coz;rse pore space than the soils coded B within the same area.
Information concerning '’Cs soil content and downward distribution of the sampled focations

is also summarized in Table 2.

3.1 "'Cs SOIL CONTENTS

No correlation was observed between the total '’Cs soil content and the mean annual
. precipitation of the sites analyzed.. This because of their different latitudinal positions, type,
amount and annual distribution of pyécipitatipn.

In King. George Island, the Antarctic environment, the total soil content was considerably .

‘higher than the total '’Cs fallout reported by Bartarya et al. (1993), which varied from 10 to

Table 2: Soll properties, '3 Cs content arid vertical distribution in Chilean solls
: Soll characteristics ) . 1374 total soll content,
relexation and total penetration depth
Site Clay Carbon Coarse  pH  CEC+ Total soll  Relaxation Penstration

code content pores (CaCl2) - content++  depth depth
(%) (%) >10um meg/100g  (Bqm?) - (em) . (cm)
1A 259 48 227 4.8 25 420 0.9** . 8
18 342 .11 377 45 338 520 1.0** 5
2A 55 8.8 441 44 17.8 690 ) 1.1 8
2B 131 128 816 41 425 740 2.6 - 14,
3A 438 135 14.0 8.0 38.6 690 3.9*+ 24
3B 283 140 206 5.2 §8.4 770 8.8%* 30
4A 786. 4.1 17.8 46 17.5 - 840 2.2** 14
‘4B 498 9.0 23.1 4.2 32.5 880 3.9** 26
+ CEC = catlon exchange capaciy ’ :

++ referred to January 1, 1995
*+ gignificant at 0.01 level
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174 Bq m? at different Antarctic stations. The total "*’Cs soil content can vary considerably
from site to site in this ecosystem due to snowdrifts caused by blizzards and to the water and
soil pamcles runoff durmg the melting penods '
In the Westpatagonic environment, precipitation had a hlgh solid proportion thh a more even
annual distribution than the Antarctic area. This contributed to a more efficient scavenging of
137Cs from the atmosphere and therefore to a higher soil content. ‘

At the sites studied in the Lake Region, with a mean annual preéipitation higher than in the
Westpatagonic area, total *’Cs soil contents were similar to those measured in the latter. The
liquid precipitatiori. and its seasonability- in the sampled locations of the Lake .Region,
contribute to making the washout of atmospheric cbn;aminants less efficient. The sites
analyzed in this zone ‘have a lower mean annual rainfall than other areas of the same region,

- where rainfall reaches 4000 mm y"'. Consequently, total "*’Cs soil contents found by Schuller'

et al. (1993) in this zone‘reached much higher values than those obtained in this study.
The amount and homogeneous annual distribution of rainfall can explain the greater total ¥Cs
soil content in the tropical Easter Island envﬁomﬁent, compared with the other study sites
previously described. In addition, this island is the nearest Chilean territory to the sites of
contaminant injection into the atmosphere in the Southern Hemisphere. .

- The vegetaﬁon cover of grass and forbs of the Patagonia, Lake Region and Ijlaster Island .
ecosystems retained less than 1% of the total B37Cs content. However, in the Antarctic
environment 20% of the total *’Cs content was found in the lichen cover of site 1A, and 24% -
in moss at site 1B. The long vegetative cycle and the morphology of moss and lichens, together
with the long freezing periods which hinder water movement, favour the accumulation of

contaminants in these species.

32 PCs DISTRIBUTION IN THE SOIL PROFILES

As shown in Fig. 1, in the natural Antarctic environment the ¥Cs soil content shows an
exponential decrease with depth, accordmg to the equation

A(x) = A, exp(- b'x), . being ~ A(b) =e’A,.

The "Cs soil content follows no pattern in the upper 1 to 6 cm depth of the other six soil

profiles of semi-natural environments, presumably because of the biological activity and animal
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footprints, which influence the migration 'processes in this layer. Below this depth, "Y'Cs soil
‘content also decreased exponentially (Figs. 2 to 4). _ A
' The penetration depth for each location, i.e. the total depth where *’Cs’ concentration was
above detection limit, is shown in Table 2. The relaxation depth, b, also shown in Table 2,
calculated by linear regression analysis for each profile in the depth mterval. of exponential
decrease, was obtained through theislope in the regression line: -
InAx)=InA, - b'x ' .
Relaxation depth represents the depth’ where A(x) will have reduced to €' of the total soil
content within the depth interval showing exponential decrease. It gives an estimation of the
long-term "*’Cs vertical migration process in the sod profiles. The measured relaxation depths
* depend on soil'and climatic factors. '
In the Antarctic ecosystem, the measured relaxation depths indicate a high ’Cs retention in
the surfac_e layer and small differences in the vertical translocation of this radionuclide, because
the annual freezing periods- of the soils are very long. Thevsoil of 'site 1B with a greater
relaxation depth than IA also has a greater coarse pore‘ volurne, which in turn favours leaching.
This could indicate a slight influence of this edaphic characteristic on the downward migration
of the radionuclide o '
In the Westpatagomc area, the difference between the relaxation depth of the profiles in sites
2A and 2B increased. The soil properties could have a higher influence on the radionuclide’s
vertical translocation since -the soil freezing periods are shorter than in the Antarctic
envii'onment. Both soils have a coaise texture and consequently a high coarse porosity. In site’
2B the coarse porosity has exagerated high values, which explains the greater relaxation‘depth
in this soil profile. V '
. The selected soils of the Lake Region and Easter Island never freeze. Therefore, the edaphic
propeit_ies can play an important role in '*’Cs downward migiation. The dominant clay fraction
of the Lake Region soils are allophane and Fe-oxides (Besoain 1985) and in Eaeter Island
hallosyte soils admixed with kaolinite (Besoain et al. 1993). .
The greater coarse porosity and lower clay content of soils from sites-3B and 4B in relation to
3A and 4A favoured vertical migration of '*’Cs in the B-site soils. In spite of the high clay
content and adsorbtion capacity of all these soils the high‘,amount of annual rainfall contributes

to the migration of the radionuclide in the soil profile.
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In brief, the magnitude of *'Cs relaxation depth appears to be directly related with the
radionuclide’s leaching possibility. In the studied soils ''Cs vertical migration depends on
climatic characteristics, such as length of freezing periods, as well as annual precipitation rates.
Moreover, it appears to be dependent on edaphic factors that favour percolation §uch as high
coarse pore volume and 'continuity of this system, and to a lesser degree on the clay content

and adsorbtion capacity of these soils.

Acknowledgements: This work was supported by Fondo Nacional de Investigacion Cientifica
y Tecnologica, Chile (FONDECYT 1940855), Universidad Austral de Chile (DIDUACH S-
93-15), Instituto Antartico Chileno (INACH 151), and Volkswagenstiftung, FRG (1/69 765). -

REFERENCES '

Bartarya, S. K., Pourchet, M. and Pinglot, J. F. (1993):\.Distribution and-fallout of *'Cs

and other radionuclides over Antarctica. In: P. Strand and E. Holm (Ed.): Environmental -

Radibactivity in the Arctic and Anfarctic, Scientific Committe of the_International Conference

on Environment.al Radioactivity in the Arctic and Antarctic, Norway, p. 201-206

Besoain, E.' (1985): Mineralogia de los suelos volcanicos del centro-sur de Chile. In: J. Tosso

(Ed.): Suelos volcanicos de Chile. INIA, Ministerio de Agricultura de Chile, Santiago, p. 109-

152 .

Besoain, E., Leén L. and Wright, Ch. S. (1993): Mineralogia y génesis de los suelos de Isla

de Pascua. XII éongreso Latinoamericano de las Ciencias del Suelo, Salamanca, Espafia,

octubre de 1993. ‘ A '

FACH (Fuerza Aérea de Chil-e) (1991): Normales pluviométricas 1961-1990. Direccion

General de Aeronautica Civil. Direccion Meteorologica de Chile. 41 pp. '

Ramirez‘C., Figueroa, H. and San Martin, C. (1989): Seasonal changes of frequency and

cover in a prairie of South-Central Chile. Agro Sur, 17(2), 165-1 15 .

Schullér', P., Eilies, A. and Moraga, D. (1993): '37Cs'concentrégion in soil and its transfer to

prairie plants in .a transect at latitude 40°S, in Southern Chile. SozEp Hefte, 4, p. 77 '

Schuller?, P., Lovengréen, Ch. and Handl, J. (1993): *’Cs concentration in soil, prairie.
. plants, and milk ﬁom sites in Southern Chile. Health Phys.’, 64, 157-161

0BG, UBA



222 ' International Symposium on Radioecology 1996

UNEP '(Unit.ed.‘Nati'ons Environmenf _Programme). (1984): Radioactivity in the South
Pacific. In: Regional Seas Report and Studies N° 40, 188 pp. - | '

UNSCEAR (United Nations Scientific Comfnittee on Effects of Atomic Radiation).
(1982): lonizing radiationi Sources and biolégicai effects. Report to the General Assembly,
773 pp. : ' '

OBG,UBA



’

Mitt. d. Osterr. Bodenkundl. Ges., H. 53, S. 223-228, 1996

ASSESSMENT OF RADIOCAESIUM BEHAVIOUR IN AN AUSTRIAN
FOREST ECOSYSTEM .

¢

STREBL Friederike’, HENRICH Eberhart”, KIENZL Karl’, GERZABEK Martin®

-8 Austrian Research Centre Seibersdorf, A-2444 Seibersdorf, Austria
b Federal Ministery for Health, RadetzkystraBBe 2, A-1030 Vienna, Austria
¢ Federal Environment Agency Austria, Spittelauer Lande 5, A-1090 Vienna, Austria

Abstract . .
A monitoring program has been carried out since 1988 in Weinsberger Wald, an Austrian
forest stand severely affected by the Chernobyl plume. Analyses of forest soils, ﬁnderstofey
vegetation and mushrooms showed that *’Cs values decreased significantly between 1988
~ and 1993. In ferns, mosses and bilberry sprouts the concentrations did decrease to about
35% of the concentrations measured in 1988, however, seven years after the deposition h
event, the *’Cs contamination of edible forest products and game browse is still considerable.
Derived ecological half-times are the longest in mushrooms (5.8 years), followed by values
between 3.1-37 years in mosses, ferns and dwarf shrubs. Ecological half-times of 2.1 years
vi;ere determined in grasses and the shortest values (1.9 years) were found in herbs (Oxalis
acetosella). Annual measurements of ’Cs content in soil samples from different layers
showed that the 'Cs values decreased in the litter layer, whereas they increased in mineral '

strata between 1988 and 1993.

1. Introduction

In the course of routine food assessment by Austrian authorities it turned out that the decline -
of “Cs contamination of food products from forest ecosystems (game meat, mushrooms)

was unexpectedly slow. From 1987 to 1988 "'Cs values even increased in some forested

1
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areas of Austria (Tataruch et al. 1993). As a consequence of this observation an investigation
program in‘two ‘Austrian spruce forests severely affected by the Chernobyl plume was started
in 1988 by the Federal Environment Agency. Samples of soils, forest vegetation (mosses,
ferns, herbs, dwarf shrubs, trees, mushrooms) and game animals were collected and analysed.
‘Besides contamination assessment this investigation focused on radidecologica.l questions
such as the behaviour of *'Cs within the foodchain and its transfer between compartments.
The use of vegetation samples for bioindication was tested by analysis of Vacciniur;t
myrtillus (bilberry). Since 1988 about 800 samples of soils and vegetation as well as 450

. samples of roe deer muscle were analysed by gamma—spectrometry

* 2. Material and Methods

2.1. Investigation area _ »
Weinsberger Wald.is situated in Lower Austria (48°23°N, 15°03’E; 900 m alt.) pfecipitation
a_xhounts to 910 mm a’. This large mixed forest due to ¢climatic condi;ions,is naturally
dominated by spruce with uniform understorey vegetation consisting of mosses, ferns and
forest grasses (4 venellaﬂexuosa, Calamogrostis sp.). To provide sufficient comparability of
dafa, the investigation site was restricted to an area of 200 ha. Soils are'classiﬁed as Dystric
Cambisols, partly podsolic, the litter layer is degraded to mor humus types. The soil pH -
values are rather low (3.2 in litter layer increasing to 3.6 in 10-20 cm of mineral soﬂ) Soil
texture fractions in mineral soil were detemlineq as 44 : 29 : 27 (%) sand : silt : clay. Humus
contcnté decrease from. 70% in the litter layer to 20-30 % in the Ah-horizon and 10%.in the
A/B horizon. The soil inventory of “’Cs derived from depositions of Chernobyl was
determined as 62 kBq m? (median; 40 - 84 kBq m™). ;. ‘

'2.2. Measurements

Measurements were carried out with dried material (soils air dried, plant material oven dry
(100°C)). For gamma-spectrometric measurements a multi-channal analyser ‘system with
several Ge-(Li) and HPGe - detectors was used (rélative counting efficiency 35% and 30%

OBG,UBA



International Symposium on Radioecology 1996 225

respectively). Measurement times were extended until the statistical counting uncertainty for

radiocaesium was below 10%. -

3. Results and Discussion

Results of gamma-spectrometric analyses of '37Cs.soil content in different layers of forest
soils are shown in Fig. 1. In the litter layer '’Cs values show a decreasing trend over time,
while in the underlying layer (0-5 cm of mineral soil) a remarkable increase was. observed.

VUnder the transition zone between pure organic and mineral soil the values remain rather low
even 9 years after the deposmon event. This distribution of '37Cs contents is a result of
radiocaesium soil migration. The observed behaviour agrees well with model’ calculatlons
derived with a compartment model (Strebl et al. 1995).

Bq kg-1 d.m. (corrected for decay 86-05-01)

10.000 i . 7 litter layer
e R ——
_ 3.600 - - - 0-5cm

-

1.000 - . i =1 5.10 em
././ : - .
- 300 : . : 10-20 cm

100 e
r/'-———-—.—”_'\.
30 : : : :
0 2 4 6 8 10

years after deposition

Fig. 1: Time dependence of *'Cs content in soil samples from different layers of a forest soil.

Observed *'Cs concentrations in selected species of forest vegetation are shown in Fig. 2.
Bet-vveen 1988 and 1993 these values decreased significantly in all species. Taking the values
of 1988 as a basis (100 %), values of 1993 represent only 33% in ferns, 36 - 39 % in mosses,
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36% in bilberry, 19% in grasses, 16% in herbs and 55% in mushrooms. The corresponding

results ‘for the organic litter layer show values decreaseing to 35% of the 1988

concentrations. Ecological half-times were derived from this comparison of data (see Tab. 1).

Rosen et al. (1994) found longer half-lives in Swedish meadow ecosystems (e.g. 4.2 years for

Vaccinium rhyrtillus).

30000
Dryopteris dilatata 5 data 88
25000 - @data 93 —
20000 -
E
- Oxalis acetosella
“ap 15000 - — - . -
£ Vaccinium myrtillus Xerocomus badius
2 Avenella flexuosa (values * 10)

fern moss bilberry grass

mushroom

Fig. 2: "’Cs content in forest vegetation (Bq kg" in dry matter) - comparison of values 1988 -
1993 (decay corrected to 1986 - 05 - 01))

Tab. 1: Ecological half-lives (t,,) of “'Cs in forest vegetation and the litter  layer of

Weinébergerl forest. (Data basis: decay corrected values from 1988 and 1993) -

Species Tou Species Toon
Dryoptéris dilatata .31 Avenella flexuosa 21
Dicranellﬁ sp : 34 Oxalis acetosell:;_ ' .19

' quytrichum commune 37  |Xerocomus badius ' 5.8
Vaccinium myrtillus 3.5 forest litter layer 33
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Vaccinium myrtillus was investigated to test its suitability as a bioindicator (Kienzl et al.
1992). Time dependent changes of *’Cs concentrations in youngest sprouts are shown in
" Figure 3. ' ‘

10000
9000 A -
8000 Obilberry
litter layer

‘min: 4581 ¢
max: 5745
(n=2) |

"} min:3101
max: 4129

min: 1340
n=4)

* max: 5990 .
. (n=16)

Bq kg d.m. (corr. for decay 1986-05-01)
-
S
S
3

1989 1990 1993

sampling date

Fig. 3: 'Cs content in samples of bilberry (Vaccinium myrtillus) and forest litter from several
years after the Chernobyl accident. . '

Minimum and maximum values (min; max) and number of observations mentioned in .

the bars.

Fig. 3 indicates that, after 1988, the deérease of radiocaesium content in the litter layer is
faster than that in samples of Vaccinium myrtillus. The fine root system of forest understorey
species is situated in the superficial soil layers (Kutschera and Lichtenberger 1992), highest
roof densities are found in the first 10 cm of soil. As seen in Fig. 1, the radiocaesium conten}'
of the 0-5 cm layer increases because of vertical migration of cations. As this layer also
contributes to the nutrient pool of bilberry plants, the concentrations in dwarf shrubs stay '

high when compared to the litter layer.
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RADIOECOLOGY: DEVELOPMENT AND OBJECTIVES

Manfred TSCHURLOVITS

Atominstitute of Austrian Universities Schuettelstrasse 115.A-1020 Vienna, Austria

Abstract

The development of "radioecology” in the last decade with a short glance to earlier periods is
shown. Present activities are discussed. Both assessment and modelling approathes are going to
become more developed. Attention is paid to sensitivity analysis and parameter variability. The
requirements to measuring techniques are discussed. At present, problems can be solved only by
cooperation of measurements and modelling activities. This collaboration is important for not to
leave the field to groups, directed by politicians seeking for short term gain, in order o give
retrospective justification in a specious manner of decisions not be based on objective analysis.

1. Introduction

Radioecology has developed some independence from radiation protéction, but is still to be
éonsidered as one of its branches. Radioecology is therefore rather an applied science than .an
independent pure.science'. This lead to the requirement that the purpose has to be defined x;'ell inv
advance before starting the investigation. This implies different requirements for parameter quality -
ih different applications 4

The term "radioecology” is based upon the basic teﬁns: radio derived from Marie Curies ihitial
deﬁnition, and ecology (Greek: access, meaning: house, immediate environment of man, coined by
Heckel (1834-1919), medical practitioner in Jena. Term later established by Worrming), later moved
to a political term ) ' :

1955 as Radiation ecology coined (Ge 55 ), later chnged to Radioecqlogy / Co 61/

The present scientific meaning of radioecology: relation between mankind and environment,
possibly to be interpreted as:

* understanding the behaviour of radioactive material m the environment (Ts 84)

* science of the effects of ionizing radiation to living and non living environment ( Bo 93)

These definitions are very general. Therefore, further specification is required; which is only possible
by defining the purpose of a given program. Purposes of programs nﬁght be classified into:
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1) MONITORING PROGRAMMES: demonstration of the impact of a given source, demonstration
of compliance with limits (assessment of activity in a given compartment (e.g. activity concentration
in air, independent from the origin), recentlyvalso dose estimates ( e.g. Lo 91ff/), where simple
models have to be used. Programs can be.source related, compartment related, site related.

ii) RADIOECOLOGICAL PROGRAMI\'IES: establishment of basic criteria for the transfer of
radioactive materials in environmental compartments, investigations on transfer parameters,
development of models for radionuclide transfer and for both reirospective dose estimation and
prediction of doses for different conditions ( e.g. acute and chronic releases ) (e.g. /1A 93 ,94/)

iiiy ECOLOGICAL PROGRAMMES: determination of risk factors from empmca]ly assessed
exposure conditions ( e.g. health effects from radon: St 93 )

The results of programs attributable to the first two groups lead- usually, even taking into account the
often very large inherent variability of parameters, to rehable and consistent conclusions, provided

" that they remain on tﬁe scientific basis rather than they are biased by political issues. However, since
programmes were established for different purposes, some of the results of different programs may
not necessarily be“consistent or exchangeable. When data are used for another purpose as they were .
established, misleading conclusions may result. ‘ . '
Ecological programmes‘ lead at present only under particular conditions to proved results. This is

' mﬁinly because too many parameters are needed for eQaluation, but only a few are sufficiently well

known. fI_’h’erefore the conclusions may depend rather on the assumption of parameters than on real

) paranieters. (see e.g. St 93 for the relation between Radon and lung cancer).

2. Development of Radioecology

It might be convenient to show the development in time by a more or less arbitrary separation into
five phases and a preeursor The phases are obviously in close relation te the general developnient
in the fields of physws ( malnly ‘development of radiation detectors ), radlatlon biology and
_epidemiology ( risk factors), radiation standards ( organs of interest ). A few examplcs and

keywords to th_ese phases are outlined below.
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Precursor phase:
* epidemiological studies before discovery of radioactivity /H-1879/; /Sc 93 reports even on
much earlier reports on miners diseases as by Paracelsus (1567) ’
* measuring approaches: detemunatlon of Ra-A in air and water (Ba 07, Sc 13), cosmic rays (He
. 29 ) and others.
phase 1 ( until 1960)
*assessment of activity concentration in environmental materiajls
*source: nuclear weapons test
*used technique: gross beta measurements
*results: activity concentration gross beta
*presentation of results: tables, no interpretation, reporting of random f_lgures
*conceptual developrrlent: dose commitment ( Lindell, UNSCEAR 1958)
*selective measurements: mziinly based on chemicerl separation ( Sr-90)
- These programs have the longest tradition and have to be seen today as. documentation
phase 2 : about 1960 - 1970 . 4 ‘
*development of research programs mainly in relation. to use of nuclear energy and use of radio-
nuclides )
- *recognition of natural background as envu'onmem;al parameters
*development of selective measurement techniques
. *only a few radionuclides considered as relevant
" phase 3: pre Chernobyl ( about 1970- 1986)
*advent of environmental awareness
*improvement of measuring techniques ( spectroscopy, low level measurements )
*dose assessment methodology
*development of prediction models
*improvement of conceptual background_ .
*increase of public interest . by political influences of “quasicritical” groups with a ‘biased
background in contradiction to scientific basic |
*assessment of natural background extended to radon
phase 4 :past Chemobyl and immediately after 1986 ‘
*avalancing increase of the number of "experts” in radioecology, number in the meannme decayed

to pre-Chernobyl level
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* interaction between political and scientific issues
* dose predictions .'
* development of scientific basis for decision makers overruled by pohtlcal influences
phase 5: present development
_ Among other activities, the following large programs are in progress: -
" measuring techniques . ‘ o
. i) optimization of measuring techhiques towards Low Level measurements
it) deﬁnmon of Lower Limit of Detection ( detection limit, decision limit) / ON 95, DI 89/
.empirical dose assessments
a) retrospectwe dose assessments of previous emissions
Hanford, Wismut, Maralinga&Emu, Kyshtym, Nevada test site (IAV94a)
Semipalatinsk (St 95) ’
b) doses assessment after Chernobyl
¢) Radon programmes
model developnienf
a) improvement of moﬂéls ,
) model validation
Y) predictive models
8) default sets of environmental parameters:

€) sensitivity analysis

3. Present activities- some examples

3.1 Estimation of the doses of Wismut workers/ Ej 93/: annual doses of uranium miners were in the

early years ( to 1955 ) in the range of 30-300 WLM, later decreasing. ( 10 WLM=50 mSv)

3.2 Dose reconstruction projects from nuclear fuel cycle : Hanford / Na 93/: routme releases in the
Columbia river 1955 bis 1959 were in the order of 101° Bq (gross beta activity). Sellafield /Jo 95/:

routine releases of low level liquid wastes in the Irish sea were up to 10" Bq (e.g. Ru-106 in

'1975). '
3.3 Dose reconstruction projects at nuclear weapons test sites e.g.: i)Maralingu and Emu (Australia)

Wi 94, Ha 94/: area was contaminated with Pu-isotopes and still occupied by aborigines. The dose

by inhalation is the most unponant pathway. u)Semlpalatmsk 1S195/:
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3.4 Continuation of model dcvelopment and parameter assessment: IAEA Handbook on Pa.rameter

values for prediction of Radionuclide transfer in tzmpcrate envnronments (IA 94b)

3.5 Model validation o

: 1AEA: VAlidation of Model Predictions ( VAMP), The International Chernobyl Project
BIOMOVS: BIOsperic MOdel Validation Study: an international study to test models designéd to

" predict the environmental transfer and bioaccumnulation of radionuclides and trace substances
TUR: International Union of Radioe;:ology : scientific basis, collaboration with CEC

CEC: support of projects to provide a scientific basis for decision making in acc.id'ental cases.

An example of a Model validation exercise
The model is described in / Wi 95/ and /Ts 92/

. 10 - w = e om : B )
- S . . )
14 . — .
. . N
01 | 4 o~
. -
M .
:CICq : 0,01 }* X . o S
. , ) .
0,001 | ‘ v
A Y N
_ ‘ S ‘
0,0001 | 1
kK'=10 *m™? I . “ R
0,00001 — : S ;
0,01 0,1 1 10 100

KK’

CRK 23,3 = - = TRK 758|

Fig. 1 Sensitivity analysis, Clinch river scenario: Influence of the variation of retention coefficient
k for sediments: predicted activity concentration for two different sites in dependence from the -
variability of the factor k' /Wi 95/. It can be seen that the predicted activity concentration is at site
CRK 23,3 almost independent from k' in given range, butk’ is a very sensitive parameter at site

TRK 758. This has consequences for the required accuraéy of parameters
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Fig.2: Comparison of measured activity concentration (black) and calculated (grey), Dnjepr river

scenario: a simple model gives a reasonable prediction of the activity concentration for Cs-137

4. Conclusions

Substantial effort is pxit at present into both model development and measuring programs.
Previous release sites are investigated not only for retrospective dose assessmenf, but also for
assessment of generalized parameters. Uncertainty assessment, and sensitivity analysis are required
to improve data quality and to optimize the assessment procedure. Neither the prbgressive modelist
nor the pragrhatic' measuring engineer can solve the existing problems alone. Both groups need the
interaction with the other to prevent irrationalism. Radicecology developed to a modemn
environmental science with very sensitive public perception. It is a professional chéllenge to keep
radfoecology on a well proved scientific basis for not to leave the field to groups directed by
politicians seéking for short term gain in order to give retrospective. justification in a specious

manner of decisions not be based on objective analysis.
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RADIOCESIUM IN AN AGRICULTURAL ECOSYSTEM
RESULTS OF A FIELD STUDY IN THE WALDVIERTEL, AUSTRIA
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Abstract )
The transfer of radionuclides in an agricultﬁral ecosystem was investigéted at two farms in the
Waldviertel, the north-western part of Lower Austria in a field study. Typical for this field
study were fluctuations in the daily intake of "“’Cs which meant that no state of equilibrium
was reached. o

An average transfer factor from forage into milk of 0.0045 d/l was found. The results
correspond with the values from IAEA (1994). Changes in the forage activity affected the milk
activity with a certain delay, shown by carrying out a cross correlation, to correspond to one

week.

The concentration factors of forage crops to ground contamination depend on the degree of
fertilization. The highest concentration factors are found at undisturbed and infrequently
fertilized meadows. o

1 Introduction . _

In 1989 a field study at two farms in the Waldviertel (north-western part 'of Lower Austria)
was carried out to investigate the transfer of radiocesium in an agricultural ecosystem. The
éludy was commissioned by the Austrian Federal Environment Agency. At one of the farms the

series of measurements was continued in 1990,

The aim of this study was to determine transfer rates under the usual agricultural conditions of
production. There were no alterations to normal procedures regarding the feeding of the
animals; the main activities were documentation and measurements.
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2 Selection and site of the farms  ° .
The Waldviertel, situated in Lower Austria, is a largely wooded and .upland region. In general,

the forage crops are grown on many small and scattered meadows as there are no large and
coherent patches of land.

The farms were chosen from a wooded area which had been contaminated relatlvely high by
the Chernoby! fall-out, the Weinsberger Wald in the Waldviertel. Table. 1 gives the results ofa.
survey-on the contamination of the soil in the Weinsberger Wald, the values indicating a
generally homogenous contamination near the farms (SD <15%) but big differences in the
whole region (mean = 37,9 kBqm™, SD JO%)

Table 1: Soil contamination in the area of the Weinsberger Wald:

site number of | Cs-137
pl _kBqm?

Brettles 2 59.,0] _
[[Stein 1 54.8]

[Reitzendorf ] 35,4

[Weinsberg Wicse 2 66.9)

[Vord. Waldhduser N 1 24

[Weichselbaumhof 1 294 .

Ulrichsberg 1 229 \
{l/H Dorfstatt 1 230

{Buchcgg ] 35,9 : . ‘
Berglucken 1 45,7 -
[Marchstein 1 24 8

[K1. Kamp 1 26,7

|[Kampleiten 1 25,5
Leitentampfl 1 16,2

iDumberg 1 22,7

Prinzbach 1 27.6]

ben - farm B 7 40,1

Elendwiese - meadows of A&B 13 484

([Fintere Waldhauser - farm A 6 48 8l

iBamkopf 1 . S12)

ISpitzwiese . 7 48,3

3 Cooperation with the farmers

During the investigation period one of the chosen farms (farm A) was converting to biological .
farming and the farmer was very cooperative and interested in the measurements carried out at
his farm. The other farm (farm B) was organized along conventional farming methods. Here, it
was difficult to give the family an understanding of the project and they needed more help for
sampling and completing the protocols. The farmers were compensated for their cooperation in
the pro;ect ’
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4 Sampling and measurement

4.1 Sampling . .

After brief instruction the. milk was sampled by the farmers themselves. They wére given
containers for sampling and protocols to complete. The milk was sampled in the form of
weekly mixed samples of 1 litre from all milking cows at each farm. The protocol contained
information on the average amount of milk given by each cow per week, the amount of fresh
grass in relation to hay, silage and additional f"eed, on the meadow and from which cut the
forage comes from. Grass samples from each meadow and each grass cut, samples of hay,
silage and additional feed. (coarsely ground rye) as well as samples of manure in solid and .
 liquid form were also taken by the farmers. ‘

Soil sampling was carried out by the project assistapnts; for methods see IAEA (1989). At
several meadows botanical analysis was carried out by a member of the Federal Environmént
Agency. ’

When continuing the project in 1990, the forage samples were no longer separated.according
to the meadows they came from but were sampled by the farmer as weekly mixed samples.

4.2 Preparation of samples and measurements

Grass, hay and soil samples were dried at 105°C and homogenized. Gamma spectrometry was
carried out with a HP germanium detector (efficiency: 19%) provided by the Canberra
company. )

S Results .

5.1 Transfer of r_adibcesium from forage to milk

The radiocesium‘cont_aminatio'n of forage varies greatly when only scattered meadows and no
large fields are available for the growing of forage crops. This study determined the effect of
these variations on the contamination of milk with radiocaesium. Figure 1 shows the results of
the series of measurements at the smaller farm (farm A). -

Out of all at both farmes observed transfer coeffients the mean value was determined to be
0,0045 dI''. These result corresponds with the data given in 1AEA (1994), which are as
follows: expected value‘:.0,0079; confidence interval: 0,001-0,027.' Our data are lower than
those given in,lvAEA (1994) because they represent no state of equilibrium.
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Figure 1: Variability over time of ’Cs in forage and milk at farm A
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A more detailed analysis of the relationship between forage activity and milk contamination
shows, however, that a linear transfer model can. only be regarded as a coarse approximation.

The measurements shown in figure 1 reveal that changes in the forage activity show .an effect
oh]y after a certain delay. This hypbthesis was verified via cross correlation and it was found
that with a given delay time of one week the correlation between both series of measurements
(forage and milk) reaches a maximum. A second maximum is attained after a time of several
_wéeks (the results of farm B show a similar trend ). A best fit adapted to the measurment
results for both farms shows a significant constant part. These effects can be explained by a
two compartment model with a short and a long biological half life, .like the mode! described
by [KIRCHNER 1989]. ’
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Figure 2: Cross correlation farm A 1989

Figure 3: Best fit : Actwnty concentration in forage and milk at farm A in 1989 - delay
time: 1 week
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2. Effect of tillage on the contamination of forage crops
ThlS study aimed at determining the transfer or translocation of "“’Cs into forage crops. For
this reason we investigated the extent to which tillage and fertilization influence contamination

of the plants. For comparison reasons meadows which had been planted after 1986 were

choosen, too.

Among .other things a comparison between adjacem. meadows was made. The chosen
meadows differed clearly in terms of vegetation type and intensity of fertilization. No
significant difference in the depth distribution of "’ Cs from Chemobyl could be observed
between the unfertlized and the fertilized meadow. However, a cléar difference could be
discerned between fertilezed and unfertilized meadows regarding the activity of the grass.
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Given the same soil contamination, the activity of one kilogram of grass from meadows which
had not been fertilized was considerably higher than the activity of the same amount of grass
from mtensxve]y fertilized meadows. These results were confirmed during the stock-takmg of
plant varieties at each of the meadows in 1989.

The highest activity concentrations occured at undisturbed and hardly fertilized meadows; the

lowest concentrations were registered at meadows ploughed up after 1986. Signiﬁcantiy lower

concentrations, however, were also “found for fertilized meadows, even if only biological

fertilizer was used. .

A Companson of the conicentration factors of forage crops (i.e. ratio of *’Cs in dry plant

. [Bgkg-1]to *'Cs in soil [Bg/m?]) at differently treated meadows shows a ratio of 65:20:1 for
not fertilized, fertilized and meadows ploghed after 1986, respectively.

5.3 Introduction of radionuclides by means of fertilization

The amount of radionuclides introduced into the environment during .ferti]izat,ion was
investigated. The way fertilization was carried out differed greatly at the two farms chosen for
'v this study. At farm A the liquid manure was strongly diluted. At farm B the manure was much
more contaminated, when spread on the meadows, however, no specific contamination of the
soil could be measured. Nevenheléss, the liquid manure of farm B may incréas‘e direct
contamination (However, our sample was taken at the end of the vegetation period in
- October). V

When comparing the degree of activity and the amount of manure spread it can be concluded
that manure brought out onto the meadows does not cause major contamination. Farmer A
informed us that the maximum amount of liquid manure which he sprayed onto his meadows is
4 Im™. This results in a maximum “Cs concentration of 2500 qu whlch is below 5% of the

existing contamination.
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P7Cs, sr, K*, and Ca"™ in lichens, mosses, and vascular plants of a mountain

.area in Styria, Austria
HEINRICH Georg and REMELE Klaus

Institute of Plant Physiology, SchubertstraBle 51, A 8010 Graz

Abstract

The “’Cs and ™Sr concentrations in plants from a forest (altitude 1000 m) and a pasture
(1700 m) in the Styrian Koralpe were found to be still high today, ten years after the Chemobyi
accident. Following the reactor accident, the '*Cs activity of lichens rose to over 50 KBq kg
d.w. from an initial value of approx. 400 Bq. At the Weinebene (1770°m) the biolégical_ half-
life of ¥'Cs was 3.1 years for Pseudevernia furfuracea and 2.5 years for the terricolous lichen
Cetraria islandica. The biological half-life of *Sr in Pseudevernia was shorter than that of
137Cs, and was determined to be between 1:2, and 1.6 years. A positive correlation was found
to exist between *Sr and Ca'* concentrations among the plants tested, whereas "*'Cs showed

- no correlation to K".

1. Introduction

-

Aboveground nuclear tests conducted between 1954 and 1965 gave rise to large amounts of
- ¥Cs and *Sr (Cambray ef al. 1985). Both radioisotopes have half-lives (Tghys) of approx. 30
_years and persist _especially in alpine and circumpolar environments, . because those

environments are characterized by a slow biological turnover rate. It has long been known that

lichens-are able to adsorb more airborne material than flowering plants, and therefore, they are
often used as indicators for air contamination. The aim of the present study was to determine
the levels of radiocesium and radiostrontium in a seminatural area in Styria, a southeastern

" province in Austria, and to study the behavior of the long-lived > Cs and *Sr radionuclides

0BG, UBA



’

244 ‘ International Symposium on Radioecology 1996

over a number of years in lichens, mosses and vascular plants. Special attention was giyen to
- the measurement of the biological half-life of '*’Cs and ®Sr in lichens, since the time period
during which 50% of the radioactivity is lost in lichens has been shown to vary between less -
than 1 year (Akgay and Kesercioglu, 1990) and 17 years (Lidén and Gustafsson 1967). Since
1¥7Cs is reported to show similarities to K* and is thought to replace K* in its functions-in K
" deficient areas, whereas St~ behaves similarly to Ca™ (Haunold e7 al. 1987), we analysed the

plants with respect to K" and Ca™ concentrations.

2 Material and Methods

The measurements of '*’Cs were made with the help of a Nal crystal detector of a Raytest
multichannel gamma analyzer Mod. MCA. The spectrometer was calibrated with a “'Cs
standard solution and with the “K activity present in KCl. The plant samples were cleansed of
soil and other debris and dried at 60°C. The time of rﬁeasurements inal-L Marine_lli-beaker
was between 30 min and 40 hours depending on activity. All values are eipressed as Bq kg
* dry weight (d.w.). The atomabsorption spectrophotometry for the analysis of K' and Ca"" was
carried out using a Shimadzu AA660 at the required wave lengths. Aﬁer drying at 105°C for
48h, 200 mg of each plant sample were decomposed in 2ml HNO; and 0.5 ml HCI, using a
pressurized microwave decomposition apparatus (Anton Paar, PMD 312). Air-aéetylene flame -
spectrophotometry was carried out on the diluted samples. Most of the plants originated from
the Koralpen area with Koralpenblick at 1000m, and Weinebene between 1700 and 1770 m.
- The area Kéralpenblick is a mixed forest composed mainly of Picea abies, but Pinus sylvestris,
Larix decidua, Abies alba, and Betula verrucosa also occur. Weinebene shows separated
.groups of Picea abies situated in a pasture. Between April 28 and May 6, 1986 the
precipitation in the Koral;;e (980 rﬁ) was 65 mm, from May 6 to May 16, 1986 32 mm, and, as
a result of the high amount of precipitation, the radioactivity in the Koralpenregion was also
higher than e.g. in Graz. The lichen samples collected before the Chernobyl accident (between
1976 and 1985) were taken from the Hafellner Herbarium (Botanical Institute of Graz). Sr
_activity was déter‘miﬁed with the Scintillation counter , Quantulus®, (Fa. Wallace, Pharmacia

Instruments), according to Schonhofer ef al. (1982).
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3. Results and Discussion

3.1. ¥Cs and ®Sr in soil

In June 1992, a soil sample from the Koré.lpenregion (Koralpenblick 1000 m) showed a 36 fold
higher contamination of *’Cs (55 KBq m) over ®Sr (1.5 KBq m?). 80 % of the B7Cs level
(in Bq dm™) and 70 % of the %Sr could be detected in the first 10 cm of the topsoil.
Pseudevernia furfuracea measured on 14. 08 1986 had a B7Cs to *Sr ratio of 149, whereas
the ratio for the soil was 36. This means that a large part of the ®Sr present in the soil did not
-come from the Chernobyl reactor accident but is rather the result of atmospheric nuclear

weapons testing

3.2.1. ¥'Cs- contamination of lichens before and after the reactor accident in Chernobyl

Lichens are able to adsorb more airborne material than flowering plants. The pre-Chernobyl
+ values of '¥’Cs for flowering plants were < 1.8 Bq kg™ d.w., whereas Hypogymnia physodes
from the Koralpe (Glashiitten 1270 m, collected on 3;1.07 1983) showed a *’Cs contamination
of 229 Bq kg d.w., and Hypogymnia physodes (Weinebene, 1650 m, 31.07.1983) had values
of 351 Bq kg™'. The "*’Cs radioactivity exceeded the natural radioactivity, caused mainly by “K
and ®Be, by two to three fold. Following the reactor accident in Chernobyl, the '*’Cs activity of
Pseudevernia furfuracea from the Weinebene rose to over 50 KBq kg’ The man-made

contamination of this lichen exceeded the natural one by a factor of 750.

3.2.2. *’Cs gradients on spruce trees for Pseudevernia furfuracea

Data from Pseudevernia collected in 1991 from dead sprdce trunks without branches, showed
that the lichens higher up on the trunk took up more radionuclides from rain water than those
in the lower sections on the tree (Fig. 1). These *'Cs gradients were already well developped
on 2 m high trees. Measurements of lichens from dead spruce trees at different heights ;above
ground conducted in 1993 showed than those gradients become less steep, as the radioactivity
from the upper tree lichens leached down and was taken up by the lower lichens in the absence
of further supply coming from the air. In some cases the highest radibactivity was not at the

top end of the tree, but the somewhat lower inserting lichens had the highest peak of *'Cs.
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The same phenomenon was also observed for the litter layer of the soil, which shows a

decreasing trend over time, as the '*’Cs is slowly washed in slightly deeper layers of the soil.

Bq137Cs kgtdw.

20 25 3.0 3.5 40 -
height above ground (m) '

' Fig.1. ¥'Cs-activity in Pseudevernia furfuracea from the Weinebene (1750 m), collected from
a dead spruce tree at different height above ground on July 05,1991,

3.2.3. Biological half-life of *’Cs and *Sr in lichens

This tree height gradients must be taken into account in the measurement of the biological\'half-
life of the long-liv’ed ra_dionublides in lichens. Only lichens from branches of the same height of
atree al;e to be compared.

" From our measurements in the Koralbenregion (\Neihebene, 1700-1760 m) the biological half-
life of ®'Cs in Pseudevernia furfuracea was 3.1 and in the terricolous lichen Cetraria
islandica 25 years. To determine the Ty, of radiocesium in Cetraria islandica all sémples
were taken from an Qrea of 100 m’ from the Weinebene (1760 m), to get a similar starting
contamination. Measurements carried out on four trees from the Stubalpe on the way from the
Gaberl to the Alten Almhaus at approx. 1650 m showed a biological half-life of ’Cs from 2.5
years (Fig. 2). The biological half-life of **Sr was shorter than that of *’Cs in Pseudevernia

" and ranged between 1.2 to 1.6 years at the Weinebene.
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Fig. 2. Decrease of 13.'Cs-activitly in Pseudevernia furfuracea collected from lower branghes of

four spruce trees, Stubalpe 1650 m.

3.3. ¥7Cs, ®Sr, K", Ca™ in plants, and correlation between *Sr and Ca™ -

“Table 1 shows the values of B¥7Cs, ®Sr, K* and Ca™ ahd-the ratio ¥Cs to ®Sr in selected -
plants. As expected lichens showed a high level of radionuclides when compared to flowering
plants. The dense "cano;iy of mosses also acts as an efficient filter system in trapping
.radionuclides; and retaining different polluents for long periods of time (Thomas 1986, Heinrich
1987). But the vascular plants of the seminatural environment from the forest at Koralpenblick
and from the pasture of the Weinebene do show unexpected high '*’Cs and Sr values (Table
1 ), compared e.g. to crops from Deutéchlandsberg from the foot of the Koralpe (Solanum
tuberosum, tuber, 10.08.1990: 4.5 Bq kg” 'Cs and 1.1 Bq kg Sr). The evergreen
'En'cace'ae, e.g. Loiseleuria procumbens, Calluna vulgaris, and Vaccinium vitis-idaea show
137Cs values rather similar to those of the lichens. Most of the dicotyledonous plants and the
grasses are eaten by cows. It is not the case for Veratrum album. It may be one of the reasons
why this plant shows a. high radioactivity for both radionuclides. The roots of most of the

plants tested do not reach deeply in the soil and therefore the uptake of radionuclides comes
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from the upper 10 cm of the topsail, which contain the mainpart of the radionuclides. The ¥'Cs

to *°Sr ratios of lichens and in_psses are high compared to those of vascular plants (Table 1).

Table 1. *"Cs and *’Sr in selected plants, ratio of "*’Cs to S, yield of K" and Cca®

species loca-  collection- K Ca* “™Sr. B7Cs ratio -
tion date (mgg' dw)  (Bgkg'dw) 191 - %05

Lichens - '
Cetraria islandica K* 06.07.1993 2.84 0.47 ] 13 1751 134.7
Cetraria islandica W+ 31.05.1994 191 0.17 6 4537 756.2-
Pseudevernia fu;furacea K 06.07.1993 4.11 0.38 29 7928 273.4
Pseudevernia furfuracea W 08.08.1987 2.63 1:16 89 38813 4343
Mosses )
Bazzania trilobata K  25.06.1988 4.58 2.14 176 20832 1184
Hylocomium splendens K 27.10.1989 3.90 585. 83 12198 147.0
Hypnum cupressiforme K 27.10.1989 3.76 3.77 63 . 11155 177.1
Leucobryum glaucum K 27.10.1989 2.10 2.03 62 19068 307.5
Leucobryum glaucum K 06.07.1993 3.81 0.76 30 7768 2589
Sphagnum nemorum . K 2007.1989  4.28 3.36 92 23449 2549
Polytrichum norwegiéum W 31.05.1994 3.06 0.05 57 2366 41.5

_ Vascular herbaceous plants and cow dung - : .
Anthoxantum odoratum W 31.05.1994 10.38 0.52 49 1149 234 -
Calluna vulgaris K 27021993 3.11 5.78 52 2302 443
Calluna vulgaris - W 03.06.1993 448 3.69 30 1893 63.1
Calluna vulgaris W 31.05.1994 3.44 3.15 54 724 13.4
Geum montanum , W 31051994 12.71 4.57 - 244 2357 9.7
Hieracium silvaticum K 03.06.1993 2698 420 80 494 6.2
Loiseleuria procumbens W 31.05.1994 3.05 1.08 99 7459 753
Luzula luzuloides K 01.06.1994 2286 1.08 44 1117 254
Nardus stricta w 01.06.1994 234 0.82 26 597 23.0
Potentilla aurea W 31051994 13.11° 7.51 310 2050 6.6
Vaccinium myrtillus K  01.06.1994 7.11 534 | 219 1877 86
Vaccinium myrtillus W 31.05.1994 6.12 5.13 71 906 12.8
Vaccinium vitis-idaea K 01.11.1989 3.87 8.15 269 "4819 179
Vaccinium vitis-idaea K  01.06.1994 4.15 3.97 210 1699 8.1
Vaccinium vitis-idaea, leaf K 30.09.1993 4.09 6.09 116 1801 155
Vaccinium vitis-idaea, stem K = 30.09.1993  3.50 4.59 150 1512 10.1
Veratrum album W 31.05.1994 2642 = 365 246 3844 ;156
cow dung W 01.06.1994 441 171 1377 8.1

*) K = Koralpenblick, W = Weinebene

2.23
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The ’Cs/*Sr ratio in lichens shortly after the reactor accident was comparable to that found
-in the air. Often this ratio rose with time in lichens, because of the shorter biological half-life of
*°Sr. Whereas lichens showed only a loss of the adsorbed or absorbed *Sr, vascular plants are
quite different from lichens with respect to the strontium. They take it up ffom the soil much -
more effectively than "’Cs (Haunold ef al. 1982, Gerzabek ef al. 1991). Fig. 3. demonstrates
that there is a positive ‘correlation between *°Sr and Ca™ concentrations among the plants

tested in Table 1. On the other hand "*’Cs shows no correlation to K (correlation coefficient r

=-0.252).

O Lichens A2]
300+ O Mosses .
14 Vascular herbaceous plants A
250 andcowdung A28A 16
A A2
200- 42

4 [ A29/ ]

OGr-activity (B kg - d.w)

mg Calcium gt d.w.

Fig 3. Correlations between *Sr and Ca™ among different plants collected at Koralpenblick
(K) and Weinebene (W) between July 1993 and July 1994.

1. Cetraria islandica, K. 2. C. islandica, W. 3. Pseudevernia furfuracea, K. 4. P. furfuracea,
W. 5. Bazzania trilobata, K. 6. Hylocomium splendens, K. 7. Hypnum cupressiform, K. 8,9.
Leucobryum glaucum, K. 10. Sphagnum nemorum, K. 11. Polytrichum norvegicum, W. 12.
Anthoxanthum odoratum, W. 13. Calluna vulgaris, K. 14.,15. C. vulgaris, W. 16. Geum
momtanum, W.' 17. Hieracium silvaticum, K. 18. Loiseleuria procumbens, W. 19. Luzula
luzuloides, K. 20. Nardus stricta, W. 21 Potentilla aurea, W. 22. Vaccinium myrtillus, K. 23.
V. myrtillus, W. 24,25 V. vitis-idaea, K. 26. V. vitis-idaea, leaf, K. 27. V. vitis-idaea, stem, K.
28. Veratrum album, W. 29.Cow dung, W. .

Linear regression: N = 29, correlation coeffizient r= 0.663.
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ACCUMULATION OF RADIOCESIUM AND TRACE ELEMENTS '
. IN MUSHROOMS COLLECTED FROM JAPANESE FORESTS ’

YOSHIDA Satoshi, MURAMATSU Yasuyuki and BAN-NAI Tadaaki

Division of Radioecology, Nat10nal Instltute of Radiological Smenccs 3609 Isozaki,
Hitachinaka-shi, Ibaraki, 311 12 Japan

Abstract: Concentrations of '*’Cs, '**Cs and “’K for 124 mushroom species (284 samples)
collected from Japanese forests during 1989 to 1991 were studied. The levels of
‘mushrooms varied very widely ranging from <3 to 16000 Bq/kg (dry wt), while those of “’K

were relatively constant. The median concentrations of '*’Cs and *°K were.53 and 1180 Bg/kg
134

Cs in

(dry wt), respectively. The '**Cs discharged through the Chernobyl accident was detected onl);
in 33 mushroom samples. The proportions of ¥Cs originating from the Chernobyl accident in
these mushrooms were in the range <4 - 60%. The *’Cs concentrations in mycorrhizal fungi
tended to be higher than those in saprophytes The concentratlons in many mushrooms

reflected the layers in which their mycelia were growing. In addition to the radionuclides, .
many stable elements including stable Cs in mushroom and soil samples were determined. A
good correlation between *’Cs and stable Cs was observed for 33 mushrooms collected from a
pine forest on sandy soil near coast in Tokal -mura, Ibaraki, indicating that mushroom available’
Cs is recycling in the pine forest with the constant PCs/stable Cs ratio. Accumulations from
soil to mushrooms were observed for Cd, Rb, Zn, Cu, Cs K, Mg, Mn, Ni and TI. Through

" cultivation experiments in flasks using radiotracers, B¢, 557n and **Mn were observed to be ,

" accumulated in mushrooms. ‘

"1 Introduction

Radiocesium has been discharged into the global environment through nuclear weapons
testing and nuclear accidents. After the Chemobyl accident, high concentrations of radiocesium
in mushrooms, especially fruit bodles of ba51d10mycetcs, were reported in European forests
(e.g. Haselwandter et al., 1988; Baldini et al., 1989; Rommelt et al., 1990). We have also

‘reported relatively high concentrations of radiocesium in .mushrooms collected in Japanese
. forests (Muramatsu et al., 1991; Yoshida and Muramatsu, 1994a, b; Yoshida et al., 1994).
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There are many factors controlling the radiocesium concentration in mushrooms, e.g. type of

* forest (Heinrich, 1992), soil pH (Eckl et al., 1986) and species of mushrooms (Dighton et al.,
1991). In addition to these, the authors have considered the relationship between the habitat of
the mycelium and the radiocesium concentration in ‘the fruit body (Yoshida and Muramatsu
1994a; Yoshida et al., 1994). '

In order to obtain information on the accumulation of radiocesium in mushrooms due to the
contamination by nuclear weapons testing and the Chernobyl accident, we have carried out
analyse$ and radiotracer experiments. In this paper, we summarized our analytical data of
¥Cs, **Cs and “K for mushrooms (284 samples belonging to 124 species) collected from

Japanese forests during 1989 to 1991. In addition to the radionuclides, many stable elements
including stable Cs in mushroom and soil samples were determined by using ICP-AES and
ICP-MS to understand the accumulation mechanisms. Ability of mushrooms for radionuclide
uptake was examined by cultivation experiments in flasks using radiotracers, **’Cs, **Sr, *’Co,
**Mn and *Zn.

2 Materials and Methods

2.1 Analysis.of 'Cs, *“Cs and “’K

Mushroom samples were collected mainly from forests at different locations in Japan during
1989 to 1991. Soils at different depths were also sampled. . Mushroom samples were
freeze-dried and pulvérized with a cooking blender. Soil samples were air dried and sieved (1
mm). Dried samples (usually 20-40 g for mushroom samples and 50-100 g for soil samples)
were placed in- plastic bottles tdiémeter: 50 mm) and concentrations of B¢, **Cs and “°K
were determined with a Ge-detector for 40000-80000 seconds. Decay corrections were made to
‘the sampling date. Approximate limits by our counting system for a 30 g dry sample were 3, -
Bg/kg for *"Cs and ”“CS and 100 Bg/kg for “°K

2.2 Analysis of stablc elements _

Mushroom (0.2-0.5g) and soil (0.1g) samples were digested in Teflon™ beakers or
Teflon™ PFA pressure decomposition vessels with acids (HNO,, HF and HCIO,). A hot plate
(at about 150 °C) or microwave digester (CEM, MDS-2000) was used for heating the samples.

After digestion, the samples were evaporated to dryness. Then, the residues were dissolved in
1-2% HNO,, yielding the sample solutions. Major clements (K, P, Mg, Na, Ca, etc.) were .
analyzed by ICP-AES. Trace elements (Cs, Sr, Zn, Cu, Cr, Ni, Co, Cd, La, efc.) were
measured by ICP-MS. ‘
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2.3 Radiotracer Experiments
Three mushroom (Hebeloma vinosophyllum, Flammulina velutipes, Coprinus

phlyctidosporus) and one plant (Medicago sativa) species were cultivated in the ager media
(with yeast and malt extracts for the nutrients) in which '*’Cs, **Sr, *Co, **Mn and 5Zn were
added as radiotracer. Mushrooms were cultivated in flasks at 22-25 °C for 1-2 months in light
condition. The plant was cultivated from seeds at the same condition as mushrooms for 1 week.
Some fruit bodies or seedlings taken from a flask were packed in a polyethylene test tube, and
the activities of radiotracer were counted with a Ge-detector.

3 Results and Discussion

3.1 Radionuclides in Mushrooms

Table 1 summarized the analytical results for P7cs, *“Cs and “°K in 124 Japanese
mushroom species (284 samples) collected from 1989 to 1991. The concentrations of *'Cs in
mushrooms varied very widely (<3 - 16300 Bg/kg, dry wtor <0.4 - 1250 Bg/kg, wet wt),
while those of *“°K fluctuated within a narrow range. Similar patterns have been reported in
Europe (¢.g. Dighton and Horrill, 1988; Borio et al., 1991). The median values for the whole
mushroom speécies were 53 Bg/kg (dry wt) for *'Cs and 1180 Bg/kg (dry wt) for “°K as listed -
in the table. In comparison with the radiocesium concentrations reported in Europe after the
Chemoby! accident, our results were generally oné or two orders of magnitude lower.

Table 1: Mcan median and ranges of the radlonuchdcs concentration in 124 mushroom
species collected i in Japan from 1989 to 1991 (Bg/kg, dry wt)

n* Nuclides Mean** Median Range
Whole samples 124  Cs ° 433 53 | <3-16300
¥Cs 18 10 <1-436
YK 1150 1180  <39-2790
Mycorrhizal fungi 59 ¥'Cs 810 202 11 - 16300
“K 1310 1290 608 - 2390
Saprophytes 62 MCs 96 29 <4 -1520

“K 1040 = 1110 <84 -2790

* n: Number of species
** [n the calculation of the mean values, values below the detection limits were regarded
as measured values. Therefore, the mean values might be somewhat overestimated.
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Among all the species collectéd from 1989 to 1991, 59 were mycorrhiial fungi and 62 were
saprophytes. The *'Cs concentratlons in mycorrhizal fungi tended to be hlghcr than those in
saprophytes, although the concentratlon range of each type varied widely. Median
concentrations for mycorrhizal fungi and saprophytes -wc;‘c 202 and 29 Bg/kg (dry wt),
r&spcéﬁvely Similar findings oh the differences in **’Cs congentration between mycorrhizal
fungi and saprophytcs were reported by Rommelt et al. (1990) and Heinrich (1993). ,

On the other hand, the relationship between the "habitat of the myccllum and the radiocesium
« concentration in the fruit body was considered (Yoshida and Muramatsu, 1994a; Yoshida et al.,

1994). Sixty-three mushroom samples collected from a pine forest on sandy soil in Tokai-mura,
' Ibaraki were categorized into four different groups according to the habitat of their myceha, ie.
Q) fallen trees,.(2) litter layer, (3) surface soil layer (0-S cm) and (4) deéper soil layer (>5 cm).
The concentrations in mushrooms reflected the layers in which their mycelia were growing,
indicating that the habitat of the mycelia would be one of the most important factors controlling
the radiocesium concentration in many mushrooms (Figure 1). These results also suggested that
"the mushroom species mhabmng in the deeper soil layer may have higher radloccsmm
concentrations in the future, if the nuclide moves downwards in the soil or litter.

Cs-137 i_n'm'ushroom (Bq/kg, dry wf)
0 100 200 300 400 500
1 o 1 L .

Fallen tree } _

Litter _})__]_\
0 .
2
5

10

Mushroom

20

.- 30 4 1 ‘ L i 1
Distribution of mycelia . 0 10 20 30 40 . 50

- €s-137 In soll (Bq/kg, dry wt)

¥'Cs in mushrooms of each group and

respective soil (or litter) layers and fallen tree (Yoshida and Muramatsu, 1994a).

- Figure 1: Relationship between the concentrations of
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The highest concentration of "*’Cs was found in Hebeloma sp. (16300 Bq/kg, dry wt),
followed by Tricholoma flavoviren.'s, Ramaria formosa, Lactarius corrugis, Sarcodon
aspratus, Rhodophyllus sp., Continarius spp., Cortinarius satummus, Agrocybe erebia,
Rhodophyllus rhodopolius and Rhodophyllus crassipes with average concentrations of >1000
- Bg/kg (dry wt). Relatively high concentrations in mushrooms of Cortinariaceae such as
Cortinarius spp. and Hebeloma spp. were also reported in Europe (Byrne, 1988; R mmelt et
al., 1990), indicating the specific accumulation of >'Cs in this species. Species such as
. Kobayasia nipponica, Leucopaxillus giganteus and Astraeus hygrometricus contained low

amounts of *’Cs. In 33 mushroom samples, **Cs discharged through the Chemobyl accident
was detected. The proportions of ¥Cs originating from the Chérnobyl accident in_these
mushrooms, which were calcul_atcd‘ from the **Cs concentrations, were in the range <4 - 60%
(mean- value; 20%). The highest propo‘rtionsA were found in Lactarius hatsudake. This
species was’ observed to inhabit the surface soil layer' where the ."**Cs derived from the

137

Chernobyl accident is accumulated. Howevér, the ~'Cs in Japanese mushrooms originates

mainly from the fallout of nuclear weapons testing, particularly in the 1960s.

3.2 Stable Elements in Mushrooms )

~ Analytical results of 28 major and trace elements in 33 mushroom samples collected froma
pinc forest on sand}'/ soil near coast in Tokai-mura, Ibaraki, are shown in Table 2 together with
the data for 137Cs and* K The highest concentration was found for K followed by P, Mg, Na,
-~ Ca, Fe, Al Rb. In comparison with ‘the element composition of plants, the mushroom
composmon can be characterized by the low Mg, Ca, Sr and Ba concentrations.
"~ A good correlation (R = 0.991) between ¥Cs and stable Cs was observed for th&scA
mushroom samples, although the type, of mushrooms and the place of mycelia differed from
"*"Cs and stable Cs in the soil profile is

Cs.concentration is found in the surface soil layer, whereas the

each other. In this area, the distribution pattern of
different, i.e. the highest 137
stable Cs concentrations in the soil profile is relatively constant. These findings Suggests that
- available Cs for mushrooms is recycling in the pine forest with the constant ”’Cs/stable Cs '
ratio. The "’ Cs/stable Cs ratio estimated was 160 (Bq/mg). The correlation between Rb and Cs
was also good (R = 0.811). Such stable elements analyses might be useful in predicting the
migration of radionuclides also in the areas contaminated with Chemnoby! fallout.

‘In order to estimate the accumulation of each element by mushrooms, tentative transfer
factors (TFs) were calculated by using the element concentrations in the surface soils collected
in the.a'rea. The TF of the element was defined as "median concentration in mushrooms on a dry
weight basis" divided by "concentration in the surface soil on a dry weight basis". The highest
TF was observed for Cd (TF = 16). The TFs between 1 and 10 were observed for Bcs, K,
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Table 2: Major and trace elements concentration in 33 mushrooms collected

from a pine forest in Tokai;mura, Ibaraki

Mean Median Range Surface soil*  TF**
dry/wet 013 . 009 005 -0.79
Bg/kg, dry wt
YCs 310 127 3 - 3110 35 - 36
“K 873 '883 150 - 2130 619 14
mg/kg, dry wt
K 24100 22800 746 - 56100 26900 0.8
P -5140 4700 742 - 12900 - '
Mg 978 930 407 - 1680 ~ 4190 0.2
Na 87 - 718 60.0 - 3020 18700 0.04:
Ca 393 © 217 6.95 - 1470 14700 0.02
Fe 298 150 38.0 - 1320 12600 001
Al : 248 173 . 325 - 870 - 53200 . 0.003
Rb 120 924 3.05 - 422 56.5 1.6
Zn 82.8 655 154 -238 255 2.6
Mn 321 25.8 338 - 125 265 0.1
Cu 27.7 214 4.28 - 175 440, 49
v 9.69 0.78 - 0.05 - 111 27.1 0.03
Cr . 323 . 113 019 -275 12.3 0.09
S 7 253 142 012 -111 160 0.01
cd 217 080 012 -114 0.05 16
Cs 1.95 076 003 -20.1 132 06
Ni 1.87 088 029 -148 495 . 02
Ba 1.57 095 021 -849 360 0.003
Pb - . 116 079 013 -7.23 13.0 0.06
0.39 019 '0.02 - 169 18.5 0.01
Co 0.29 020 005 -234 3.86 005
Li 0.22 016 001 -1.14 14.0 0.01
La 0.19 0.10  0.01 - 0.94 872 001
Nd "0.16 008 001 -078 680 001
Y 0.12 0.05 0.004 - 1.10 542 0.01
‘Sc 0.11 010 . 003 -024 424 002
‘Ga 0.09 0.07  0.01 -033 10.4 0.007
T T 007 0.06 0.001 = 034 036 02

* Surface soil was collected in the pine forest (0-5 cm for ’Cs and “K) or in
a open area beside the forest (0-10 cm for stable elements).

** TF (transfer factor) was defined as "median concentration in mushrooms”
* divided by "concentration in surface soil".
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.Rb, Zn and Cu, and those between 0.1 and 1 were observed for Cs, K, Mg, Mn, Ni and Tl
The TFs for the other elements such as Sr, Ca, Ba, Co La, Pb were less than 0.1. The

137

relatively high TFs for ~~'Cs and stable Cs indicate the hlgh ablhty for the accumulatlon of
radiocesium by mushrooms.

Among 33 mushrooms analyzed, the spec1es—spemf1c accumulations were observed in
Tricholoma flavovirens for Cs, Amanita panthenna for Vand Cd, Agancus sp. for Co, TI,

Cd and Pb, and Lycoperdon perlatum for Cu and Pb.’

3.3 Radiotracer Experiment
Results obtained by the radiotracer experiments also indicate that mushrooms have ability-to
accumulate '*’Cs (Ban-nai et al., 1994)." The TF (or concentration ratio), which was defined as
"activity of radionuclide in mushroom (Bq/g, wet wt)" divided by "activity of radionuclide in
" medium (Bg/g, wet wt)", had the range from 2.6 to 21 for Cs. The highest values was’
observed in Hebeloma vinosophyilum. The value was much higher than that in the plant
samples. The findings agreed with our field observations described above, in which Hebeloma
spp. collected in forests contained large amount of mCs. The concentration ratio of **Mn for
the mushrooms was about 10, while the ratio of *°Zn ranged from 15 to 30. No considerable
accumulatlons were observed for **Sr and **Co. The results agree with those obtalncd from the
stable element analysis of wild mushrooms described in Table 2.
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~

Abstract :

Fruitbodies of fungi show much higher 137Cs levels, often more than 10 times hlgher than
other plants in the forest ecosystems, Roe deer are a major consumers of mushrooms- and
therefore -also show a marked seasonal variation in 137Cs' levels. In Sweden, mushroom
‘picking is very common and each person picks about 3 kg fw each year. Assuming that there
are two species in the mushroom basket, Cantarellus cibarius and C. tubaeformis with a TFg of -
0.39 and 0.94 m2 kg'l, the total annual transfer of 137Cs from forest ecosystem to man in
Sweden due to mushrooms will be vefy high or 12,8 GBq compared to a transfer of about 6.2
GBq from other pathways, game animals and berries. This 12.8 GBq is an upper limit since we
have not assumed any loss during cooking and no counter measure such as reduced mushroom
picking in the most contaminated areas in Sweden. -

- 1. Introduction :

. Fungi are very important in the process of soil-plant nutnent u-ansfer due to the symbiosis
between fungi and most of the forest plant species. In forest soil, fungal mycelium is
responsible for both the decomposition of litter and for the main uptake of the mineral
nutrients. The 137Cs activity concéntration in the mycorrhizae of Suillus variegatus seems to

. be rather similar to that found in the fruitbodies and there seems to be an inflow of 137Cs from
the surrounding mycelium 'to the fruitbodies during their formatioﬁ (Nikolova etal. 1995).

The fruitbodies of fungi show very high 137Cs activity concentrations with transfer"parameters

* (TFg, Bq kg / Bq m-2) often above 1 (Heinrich 1994, Kammerer et al. 1994). Normal TFgs
for vascular plant species are.usually more than 10 times lower, with a few exceptions such as
heather (Calluna vulgaris).
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In Sweden, the consumption ‘of mushrooms picked in the /forest is rather common (Hultman
1983). Therefore the potential transfer of 137Cs to man by mushrooms in Sweden is high.
Furthermore, many game animals, parucularly roe deer, consume qu1te large amounts of
mushrooms (Cederlund et al. 1980). In roe deer rumen it is possible to find 10 to 20 % of the
rumen content as mushrooms and the intake of 137Cs may be very high during the mushroom
season (Karlén et al 1991). Moose seem to consume much less mushrooms - at least large
quantities are not found in the moose rumen (Cederlund et al. 1983, Fohanson et al. 1994).

2. Material and methods

2.1. Study area ,

Samples of plants mushrooms and game animals were collected from a forest area located in
Heby commune about 40 km- northwest of Uppsala. The ground deposition of 137Cs in the
area was 37 kBq m-2 (Nikolova et al. 1995). The dominating trees in the forest are Scots pine
(Pinus sylvestris) and Norwegian spruce (Picea abies). In the field layer, bilberry (Vaccinium
myrtillus), lingonberry (Vaecinium vitis-idaea) and heather (Calluna vulgaris) are the
dominating species. On clear-cuts, fire weed (Epilobium angustifolium) and wavy hairgrass
(Deschampsia flexuosa) are common. In autumn, fruitbodies of fungi may be very common.

2.2. Sampling of plant material

In July and August 1995, bilberry and lingonberry were sampled in various stands of pine or
spruce. The sites were chosen fromvthe forest mapping and attempts were made to choose
places representarive of the various types of stands. Usually 6 composite samples of the green
parts of the plants were collected within a certain stand. The samples were dried at 105°C for
at least 24 hours and then milled and transferred to a plastlc vial for determination of the '
137¢s actlvrty

2.3, Sampling of mushrooms .

In 1992, fruitbodies of various species of fungi' were collected from August to October The
fruitbodies were cut into small pieces and transferred to plastic vials for determination of
137¢s activity. The mushroom samples were then dried at 550C and the 137Cs levels, Bq kg
dw, were calculated. '

2.4. Sampling of game animals

Samples of the foreleg muscles of harvested roe deer were prepared directly into plastic vials
by the local hunters following an instruction stressing the importance of clean muscle samples _
without blood or tendons. The samples were checked at the laboratory and if necessary the
samples were cleaned from tendons and blood: '
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2.5. Radiometry

‘The 137Cs activities were determined using hyperpure Ge detectors at the low background
laboratory at the Department of Radioecology, Swedish University of Agricultural Sciences,
Uppsala

3. Results and discussion
3.1. 137Cs in plants .

* As can be seen in Table 1, there were quite large variations in the 137Cs levels in green parts
of bilberry and hngonberry grown in different stands in the forest. The lowest levels were
found on clear cuts, 572 Bq kg-! dw, and the highest levels on bogs and rocky areas,
particularly if there was a mixture of rocky and bog sites where levels of more than 5,000
could be found.

Table 1. The 137Cs activity concentrations in green parts of bilberry and lingonberry collected
in various forest stands. Site 1; an old pine and spruce stand, site 2; a bog with slowly growing
pine, site 3; a clear cut, site 4; an old pine stand.on rocks, site 5; an old spruce stand, site 6; a
young pine and spruce stand, site 7; an old spruce stand and site 8; a clear cut

N

Bilberry 2260 5251 1740 3189 4582 4004 2260 932

Lingonberry 2901 - 1036 2605 1956 2498 2060. 572

The TF for bilberry and lingonberry (green parts) varied frem 0.015 to 0.14 m? kg‘
dependmg on the stands. The mean 'I'Fg for bilberry and lingonberry was 0.067 and 0.072 m2
kg-1 respectively. :

3.2. 137Cs in mushrooms )

During 1992, the mean 137Cs in all collected mushrooms was 45 kBq kg1 dry weight
corresponding to a TFg - of 1.2. For Cantarellus cibarius the mean value was 14.6 kBq kg1
and for Cantarellus tubaeformis 35.3 kBq kg~L. with TFg of 0.39 and 0.94, respecnvely

3.3. 137Cs intake by game animals

Roe deer is a big consumier of mushrooms. The mean values of the mushroom content in the
rumen for three years were 15 % in August, 20 % i» September and 30 % in October
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(Bergstrdm et al. 1993). Outside this period the intake of mushrooms was much smaller. The -

total food intake during thé period August to October i§ 0.55 kg dry weight (Drozdz and - '

Osiecki 1973). During this period, the most important fodder plants are dwarf-shrubs, mainly

" bilberry and lingonberry; leaves of deciduous trees and some herbs. The mean 137Cs level of
bilberry and lingonberry is 3027 and 1947, respectively, with 2 mean value for the two species
of 2487 Bq kg~ (Table 1). The corresponding value for deciduous trees is 1,500 Bq kg and
for herbs 1000 (Fawaris, 1995). The daily food intake of dwarf-shrubs is 60 30 and 25 %
during August, September and October, respectively. The correspondmg values for deciduous’
trees were 5, 45, and 20 % and for herbs 10 in August and only small levels in September and
October. If only these three vascular plant groups are considered, the daily intake of 137¢s

. without mushrodms would be between 1041 and 1223 Bq per day (corrected up to 100%). |
The food intake: as mushrooms were 15, 20 and 30 % of the rumen content. Assuming 45,000
Bq kg1, these correspond to a 137Cs intake due to mushrooms of 3713, 4950 and 7425 Bq
during August, September and October respectively. The total 137¢Cs intake would be 4630,

5691 and 7931, respectively. Compared with the 137Cs intake without mushrooms, there will
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Figure 1. The seasonal variation in 137¢s activity concentration in roe deer during 1992 and
1993. The number of collected samples is shown above the bars.

be an increase betweén 379 to 706 %. As can be seen in Figure 1, the 137Cs levels increased in
roe deer during the mushroom season from a mean value of 1.000 Bq kg during June and July
to about 2,400, 4,800 and 3,200 Bq kg in August, September and October, respectively
corresponding to an increase of betwéen 260 to 480 %. In the calculation of daily 137¢Cs intake
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~

we used the mean levels of all mushrooms collected - 45 kBq kgl dw - mean levels of all
mushrooms collected - 45 kBq kg1 - since we do not imow what species roe deer prefer. The
calculated increase in 137Cs daily intake is 145, 114 and 231 % higher than the incréase in
137¢s Jevels in roe deer muscles. In August and September, there seems to be rather good
agreement between the calculated increase of the daily intake of 137Cs and the observed
_levels in harvested roe deer. In October the calculated value is much higher, probably due to "
intake of fungal species with lower levels than 45 kBq kg-!. Therefore, it seems to be more
relevant to. assume that the mean 137Cs levels in the mushrooms roe deer prefer in October
would be about 20 kBq kg~1 ‘

Table 2. The daily intake of dwarf-shrubs, deciduous trees, herbs 'md mushrooms in per cent of
total rumen content and the calculated dmly intake of 137Cs of roe deer during the period July
to October

August September October
% Bq % Bq %o Bq
Dwarf-shrubs 60 821 30 410 25 341
Deciduous trees 5 41 45 371 20 165
Herbs ' 10 55 '
Sum : 75 917 75 741 45 506
’ ' 100 1223 100 1041 100 1124
‘Mushirooms ‘ 15 3713 20 4950 30 7425
Total sum ' . 4630 - 5691 7931
Increase of 137Cs intake : .
" due to mushrooms (%) 379 . 547 706

3.3. 137¢s transfer to man
" In Sweden, the annual consumpnon of mushrooms has been estimated to be about 3 kg fresh
weight or about 0.24 kg dry weight (Hultman 1983). We do not know the distribution of
~ various species among these 3 kg. However, it seems quite clear that Cantharellus cibarius and
C. tubaeformis are the most frequent species in the mushroom basket. We therefore assume
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that 1.5 kg fw or 0.12 kg dw of C. cibarius and 1.5 kg of C. tubaeformis are representative for
the Swedish consumption of mushrooms. The TFg for the two species are 0.39 and 0. 94
réspectively. Assuming that these transfer parameters are relevant for all parts of Sweden, it is
possible to calculate a potential transfer of 137¢s to the Swedish population - 8 million people
The mean ground deposition of 137¢ from Chernobyl in Sweden is 10,000 Bq m-2 (Edvarson .
~ 1991) and the mean 137Cs levels in C. cibarius would be 3,900 Bq kgl dw and 9,400 in C.
tubaeformis. This will mean that 468 Bq per capita is transferred by C. cibarius and 1128 Bq by
C. tubaeformis or a total of 1596 Bq corresponding to 21 pSv. To the whole Swedish
population these will mean a transfer of 12.8 GBq, corresponding to a annual collective dose
of 166 manSv. It seems reasonable that some radiocaesium is lost during cooking and in the
part of Sweden with the highest contamination there seems to be a reduced consumption of
mushrooms due to the 137Cs levels. Corresponding values for the annual 137¢s transfer from
the forest ecosystems to man by -game animals is about 3.5 GBq and by berries about 2.7GBq
or 6.2 GBq together. Obviously, the potential transfer of radiocaesium to man by mushrooms
is higher and more important than other pathways although the calculated annual transfer of
12.8 GBq probably is an upper limit.

4. Conclusion .
Within the same forest with rather homogenous ground deposmon of 137¢s there was a -
variation from 900 to 5,000 Bq kg1 in bilberry partly due to various stands.
Fruitbodies of fungl often show 10 times or more 137¢s activity concentrations than vascular
plants growing at the same site. Mycorrhizac seems to have rather similar 137Cs levels as the
fruitbodies, indicating that a large fraction of the 137Cs activity in soil is within fungal
compartment. ' A

Roe deer consume quite large quanutles of mushrooms and during mushrooms -season there
has been a drastic increase of the daily 137Cs intake and a coxrespondmg increase in the 137Cs
levels in muscle tissue of roe deer. .

People in Sweden also consume mushrooms and the collective potenual transfer to man due to
mushrooms may be quite large and one of the-most important pathways for 137Cs transfer to
man.

5. Acknoledgements

This work has been financially supported from the programme “Bilateral Collaboration with
Baltlc and East European Countries at the Swedish University of Agricultural Sciences (IN
.fellowshlp) :

0OBG,UBA



Intemational Symposium on Radioecology 1996 265

6. References

Bergstrdm, R. Johanson, K.J. and Rumler A.-K. (1993) Foods of roe dcer (In Swedish)

Svensk Jakt, Febr. 58-59..

Cederlund, G., Ljungqvist, H., Markgren, G and Stalfelt, F. (1980). Foods of moose and roe-

deer at Grimsd in central Sweden, results of rumen content analysis. Swed. Wildl. Res. 11:4.

Editarson, K. (1991): Fallout over Sweden from the Chernobyl accident. In: L:Moberg (Ed.),
) The Chernobyl fallout in Sweden. The Radiation Protection Institute, Stockholm, pp. 47-65. ‘

Drozdz, A. and Osiechi, A. (1973): Intake and digestibility of natural feeds by roe-deer. Acta

Theriologica, 18, 81-91. .

Fawaris, B.H. (1995): Behaviour of 137Cs in the boreal forest ecosystem of central Sweden.

* Thesis. Report SLU-REK-77, Decpartment - of Radioecology, Swedish University of
Agricultural Sciences, Uppsala, Sweden.

Heinrich, G. (1993): Distribution of radiocaesium in the different parts of mushrooms L.
Environ. Radioactivity 18, 229-326. ]

Hultman, $.G. (1983): What quantities of berries and mushrooms are picked in Sweden? (in
Swedish). Vir Foda 35, 284-297.

Johanson, K.J., Bergstrém, R., Eriksson, O. and Erixon, A.(1994): Actmty concentrations of
137Cs in moose and their forage plants in mid-Sweden. J. Environ. Radioactivity 22, 251-267.
Kammerer, L., Hiersche, L. and Wirth, E. (1994): Uptake of radiocaesium by different species
of mushrooms. J. Environ. Radioactivity 23 135-150.

' Karlén, G., Johanson, K.J. and Bergstrém, R. (1991): Seasonal variation in the act1v1ty
concentration of 137Cs in Swed1sh roe-deer and their daily intake. J. Environ. Radioactivity,
14,91-103. :

Nikolova, 1., Johanson KJ. and Dahlberg, A. (1995): Radlocaesmm in fruitbodies and
mycorrhizae in ectomycorrhizal fungi. Submitted to J. Environ. Radioactivity.

0BG, UBA



266 ‘ ' International Symposium on Radioecology 1996

6BG,UBA



Mitt. d. Osterr. Bodenkundl. Ges., H. 53, S. 267-274, 1996

Bidavailability of Cesium Radionuclides in Prealpine .Forést'é and Lakes
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Abstract

In forests of southwest Germany radiocesium from Chernobyl is still accumulated in the
organic layers of the soil. This radiocesium is available for the biosphere showing variations of
the transfer factor of 3 orders of magnitude due to variations of thickness, degree of
decomposition, and pH of the organic soil horizons:as examplified by measurements of the
" contamination of soil, plants and 5600 roe deer. Bioavailability of radiocesium seems to be
mediated by mycorrhiza fungi. _ \ '

In lakes the persistence of elevated levels of dissolved radiocesium in the water and in the fish
population is found - as in forest soil - to be due to the reversible binding of radiocesium to
organic matter in se'_dim’enfs and in watersheds and its redissolution as shown for Vorsee, a
shallow eutrophic lake. A totally different behaviour is observed in Lake Constance, a deep
mesotrophic hardwater lake, in which radiocesium was rapidly removed and strongly bound at
clay mineral pa.rtlcles in the sediment.

These examples demonstrate the importance of detailed information concerning charactenstlcs
of 'specific compartments in ecosystems like fish, fungi, roe deer, etc. for reasonable decision
making in terms of countermeasures to acc1dental contamination. ’

1. Contamination of roe deer, mushroom, and fish

The prealpine region of Oberschwaben in southern Germany 'was among the areas in central
Europe which were most severely contaminated with ¢esium radionuclides from the Chemobyl
fallout. The observation of rather high contamination values among individual roe deer from
this area resulted in a surveillance program covering all roe deer shot by the state forest
authorities in'the first 5 years after fallout in that region (Lindner et al. 1994). Since 1987, more
than 5600 samples of roe deer shot within an area of about 40 x 40 km? have been analysed
with respect to their specific cesium activity.

The results shown in fig. 1 for the State Forestry Ochsenhausen reveal a small scale variation in
the regional distribution of roe deer contamination, which was reproduced similarly every year.
Contamination levels vary widely between less than 10 Bg/kg and more than 3000 Bg/kg. This
can be explained by a variation of the cesium availability for plants in the soil. The total
‘cesium-137 inventory of the soil in the State Forestry Ochsenhausen is about 50 kBg/m2. In
'some districts, the level of roe deer contamination has stayed constant over the years.
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- Fig. I: Regionbl distribution of contaminated roe deer shot in the years 1988, 1991, 1994 in
the State Forestry Ochsenhausen (see map in fig. 4). Forest area is dashed, dots
. indicate location of shooting and different values of the specific 137Cs activity of roe
deer meat in Bq/kg. The numbers of roe deer shot vary between 180 and 280 for the
years indicated.
‘The seasonal structure of roe deer meat contamination (fig. 2a) shows periodic maxima
“correlated with the mushroom. season (fig. 2b). Between 1987 and 1991, an ecological half-
time for roe dear meat of about 3 years could be gieduced. Moreover in 1993, a drastic increase
in the contamination in September was observed due to a strong yield of mushroom which can
vary by a factor of 10 between different years (Nikolova et al. 1995). In this way, weather
conditions determine the roe deer contamination in fall and so it is difficult to predict the
- contamination. ’
In the lakes of the prealpine area in southern Germany, large differences in the bioavailability °
of cesium radionuclides from the Chernobyl fallout were observed. Two such extreme
examples are Lake Constance and Vorsee. Lake Constance is a large and deep mesotrophic
hardwater lake, where cesium radionuclides were rapidly removed from the euphotic zone and
strongly bound to clay mineral particles in the sediment (Robbins (1992)). Vorsee is a small,
shallow eutrophic lake supplied by a swampy watershed, where the persistence of elevated
‘levels of dissolved cesium radionuclides in the water and in the fish population suggests a
continuous input both from sediments and from the watershed. '
The rapid and efficient removal of dissolved cesium radionuclides from Lake Constance
restricted drinking water contaminations to very low levels (below 1 Bq/m3 137Cs already in
1991) and -the danger of redissolution of cesium radionuclides from sediments is very low
(Robbins et al. 1992). The initial accumulation of dissolved cesium radionuclides in the -
euphotic zone and their early removal explains the time dependence of the observed specific
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-137Cs activity of herbivorous fish (whitefish, fig. 3c). A rather steep increase in spring 1986
was followed by a rapid and continuous decrease with an ecological halflife of about 4 months.
As a consequence, the transfer of 137Cs radionuclides in the trophic chain remained limited and
the contamination of carnivorous fish (pike and eel, fig. 3a) never exceeded the initial
contamination of herbivorous fish. -
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Fig. 2: Seasonal variation of the specific 137Cs activity. a) About 1500 roe deer shot in the
State Forestry Ochsenhausen. The full line is the 2 weeks arithmetic average during
the hunting seasons. b) About 500 mushroom samples collected in the forests near .
Ochsenhausen and beyond. ' :

In Vorsee, the specific activity of dissolved 137Cs in the water persisted even in 1995 at a level
of about 90 Bg/m3. This high contamination level is attributed to a_ redissolution from
sediments due to a decomposition of organic substances, to which organically speciated cesium -
-radionuclides are bound (Kaminski et al (1994)). The implications on fish contaminations
become evident from fig. 3b and 3d: The general contamination level of fish is higher than in
Lake Constance and the specific 137Cs activity of carnivorous fish is higher than that of
herbivorous fish due to food chain accumulation. Additionally, the decrease of contamination
is much slower than in Lake Constance. ‘
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Fig. 3.; Speczf ic 137Cs activity in carnivorous (a b) and herbivorous (cd) fi sh of Lake
. Constance and Vorsee

2. Transfer factors and classuficatlon of sonl and sedlment

Ini order to examine the substantial variations of the bloavallabllxty of cesium radionuclides,

soil and plant samples were taken at 15 spruce forest sites in southern Baden-Wiirttemberg (fig.

4) in early summer 1994. To measure the plants’ uptake of cesium from the soil, the aggregated
soil-to-plant transfer factor (T,,) was determined (unit: Bq/kg of dried plant divided by Bg/m?
of soil). The T,g was determined for fern (Dryopteris carthusiana), bilberry (Vapcinium
myrtillus), raspberry (Rubus idaeus), blackberry (Rubus fruticosus),” and clover (Oxalis
acetosella). On all sampling sites, it was highest for fern. Therefore, the T,, of fern, which
varied between 0.003 m2/kg and 0.5 m2/kg at the dlfferent locations, was chosen to charactenze
the transfer behaviour of the sampling sites.

Concerning the magnitude of the T,g, a certain order was observed at most sites, i.e. fem
showing highest and clover’ or blackberry lowest values, although soil properties differ
considerably at some ‘sites. Therefore, the availability of radiocesium for plants must depend
strongly on their physiological properties, e.g. which soil horizon contributes major amounts of.
nutrients. This is illustrated in fig. 5. It shows a typical vertical root distribution for fern and for
clover. Fern with its root system extending down to the A, horizon has access to-a major part
of the total cesium inventory, whereas clover roots show a more horizontal structure and extend -
only in the uppermost 1 to 2 cm of the soil. A
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A (Stuttgart)
BADEN-WURTTEMBERG

Fig. 4: Sampling locations of soil and
plants in  spruce  stands in
southern  Baden-Wiirttemberg.
The numbers indicate the upper
limit of the range of 137Cs aggre-
gated transfer factor T, for fern
in m?/kg. The lower limit is one
order of magnitude smaller.

@ Lake tance . @

Highest T,y values are found on sites with thick humus layers (4cm-7cm) showing weak
decomposmon (raw humus, low pH of 2.3 to 3.5), whereas lowest T, values are found on sites
with thin humus layers (1cm-3cm) showing strong decomposition. (Of mull, high pH of 4 to 6).

We conclude that soil-specific characteristics e.g. kind of humus, thickness and pH- value of
humus layer, are of dominant mﬂuence on the bioavailability of radiocesium.

Fig. 5: The root system of fern (Dryopteris carthusiana) and clover (Oxalis acetosella) and
their extention into the different soil horizons compared to the vertical distribution of
radiocesium in the soil of a spruce forest. Organic horizons are shaded.
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Fig. 6a, b, c show the vertical distribution of cesium radionuclides in the different soil horizons.
They illustrate the importance of organic matter for the bioavailability of cesium.

Fig. 6b shows the typical distribution of a spruce stand characterized by a high Tye A thick
organic layer of about 5 cm contains substantial parts of the cesium inventory.

For deciduous forests (fig. 6a) the organic layer is always thin and the Tag

is about a factor of

100 lower as compared to high Tyg spruce stand locations. - .
Highest T,, (>1 m?%/kg) were found on peaty meadows (fig. 6c) where the orgamc matter is .
dominating the whole contaminated profile.
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Similar arguments hold for the sediments of lakes. A typical vertical distribution of 137Cs in the
sediment of Lake Constance is shown in fig. 6d. The two peaks in the graph result from
different events: The lower peak can be related to the fallout due to nuclear weapons testing
with a maximum in 1963, the peak in the top layers of the sediment can be related to the year
of the Chernoby! accident 1986. '

Since cesium radionuclides became fixed in clay minerals at internal binding sites, their
solubility from the sediment is very small: Not more than 10% of the Chernobyl-related 137Cs
inventory of a representative sediment sample could be extracted in.a five-step selective
extraction procedure according to Robbins et al. (1992) leavmg only clay, quartz and feldspars
as solid residues.

The Vorsee sediments consist mainly of water (80%) and solid material (20%, mainly organic
" matter), and-the vertical distribution in these sediments (fig. 6e) looks quite different. Due to
‘bio- and/or physical turbation of the sediment the maximum of the activity concentration is
found in a depth of about 30 cm. The binding strength of cesium radionuclides to sediments in
Vorsee is much weaker than in Lake Constance; more than 20% of the cesium inventory could
be extracted applying the same procedure. This is attributed to a predominantly organic nature

.. of the binding partners of cesium radionuclides in these sediments and is consistent with the

cesium contamination of fish measured in these lakes.

3. Role of mycorrhiza

. Mycorrhiza fungi living in symbiosis with plant roots seem tq play an important role in the
transport of cesium from soil to plants. In our experiments, the length of mycorrhiza hyphae
per mass unit of soil was determined under a microscope.

We found higher specific lengths of hyphae by a factor of two .at those sites exhibiting
considerably higher T,, values of up to one order of magnitude. This result holds for spruce
forests (Ochsenhausen and Riedlingen, see map in fig. 4) as well as for deciduous forests in

‘Ticino, Switzerland. Within the same climatic region in Ticino, measurements showed that the
specific length of hyphae is about one order of magnitude larger in spruce forests than in
deciduous forests. Both: results confirm the relationship between densny of hyphae ‘and
bioavailability of 137Cs. ]

Olssen et al. (1990) supposed that a major part of 137Cs inventory in the forest soil might be
located within the mycehum of fungi. Nikolova et al. (1995) measured the ratio between 137Cs
activity concentrations in the mycorrhizae and fruit bodies of fungi and found that up to 50 %
of 137Cs soil inventory is located within the mycelium of fungi.

Fig. 7 shows the distribution of the specific !37Cs activity in the different horizons of a spruce
forest soil (left), and the density of mycorrhiza hyphae in these horizons (right). Both
distributions coincide within the organic horizons, and show a maximum in the Ay, layer. This
result and that of Nikolova et al. (1995) give strong support to the idea of Olssen et al. (1990)
that most radiocesium in the soil is accumulated in the mycelium of fungi.
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4. Conclusion

-- Radiocesium eor;tamination in forests and lakes can persist during many years due to
enhanced bioavailability from organic material in soil or sediment. ' :

- Classification of soils in semi-natural ecosystems in order to predict the bioavailability of
radiocesium in an area of about 10,000 km?2 has been achieved and should be extended to
other areas.

- Mycorrhiza mediated transfer of radiocesium from soil to plants is proposed as a fleld of
further investigation to understand the mechanisms underlying the enhanced bloavaxlablhty
in semi- natural ecosystems i B . y
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ABSTRACT: Monitoring the behaviour of 137Cs in semi-natural coniferous forest
ecosystem of central Sweden was investigated between 1990 and 1994. Results
demonstrated that soil in the area of study is thin layer characterised with “high organic
matter fraction and acidic pH. Most of Chernobyl fallout deposited 137Cs retained in
the upper 5 cm with. venial migration into deeper layers of soil profile. The activity
concentration of 137Cs in the dominant plants showed some variation, which
presumed to be due to high variations in the different soil parameters and species-
specificity of plants in 137Cs ‘uptake. Fractionation of soil bound 137Cs using
. Sequential Extracted Procedure predicted that easily extractable 137Cs fraction that
includes water soluble and. NH4OAc exchangeable comprises ~25% of total soil
radiocaesium inventory in the upper 5 cm layer of forest soil. These fractions, represent
the soil mobile 137Cs in the forest ecosystem. About 37% of total forest soil 137Cs
inventory could be accounted for soil organically bound 137Cs that include oxidizable
and acid digestible organic matter. These fractions require a long term bio-degradation
~ process by soil micro- orgamsms before becoming available for plant uptake. More
over a substantial fraction of 137Cs was firmly bound onto soil compartments of
organic and/or mineral nature as a residual (36%). This means that binding processes:
of 137Cs onto humic forest soil with high fraction of organic matter and acidic reaction
" is time dependent The most distinguished soil parameters that might influenced 137¢s
transfer to and/or uptake by natural plants in the area of study were soil OM%, and soil
pH. Soil biological activity might also be considered, (although it was not determined
in this study). The long term 137¢ availability in thlS type of forest soil must be
related to the organically bound 137Cs fractions.

Key words: Forest, 137¢s, Fractionation, transfer, soil parameters, Species specificity

1, INTRODUCTION
The study area is a part of coniferous forest covering about (~2 km2) located in central
Sweden about 35 km Northwest of Uppsala (Latitude 60° 8’ N and longitude 170 14°
E). Dominant plant litterfall and debris.accumulated over solid substratum forming a
thin (3-10 cm) humic soil layer supporting growth of vascular plants and fungi. the
rocky sites covered with a thin layer of lichens or mosses. Dominant trees: Scots pine
(pinus sylvestris), Norwegian spruce (picea abies) with some intermixture of
deciduous trees, mainly birch (Betula spp). The understorey vegetation consists mainly
" of billberry (Vaccinium myrtillus), lingonberry (Vaccinium vitisidaea), and heather
(Calluna- vulgaris). Herbaceous .plants such - as, wavy. hair grass (Deschampsia
flexuosa) and fire weed (Epilobium angustifolium) are common in clear cuts. The aim
of this presentation was to discuss the soil-to- plam transfer of Chernobyl fallout 137Cs
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.(which will be referred to hereafter as 137Cs) in a coniferous forest ecosystem, under
the influence of different forest soil physical and chemlcal parameters

2. MATERIAL AND METHODS
2.1 Sampling and treatments ‘ ’

" Soil and dominant plants were sampled between July and October. from differerit
locations inside the area of study during the period of investigation (i.e. between 1990-
1994). Treatments and preparatlon of samples for analysis were summarised in
(Fawaris, 1995) :

2.2 Determination of soil parameters, and Fractionation, of soil bound 137y
Soil physical and chemical parameters including soil pH, OM% bulk density, soil
CEC, Kd, exchangeable and. total cation of K*,Ca2*, Mg2*, and P as (PpO5) were
determined from air-dried soil using conventional standard methods, ( for further
information see Fawaris & Johanson, 1994, Fawaris, 1995). Fractionation of forest soil
bound radiocaesium was performed by use of sequential extractlon as described in
(Fawans & Johanson 1995)

2.3 Data Acquisition and CalcuIatmn
. Radiocaesium ‘concentration levels (Bq kg=1 DM) in  soil and plants were determmed
using high resolution gamma spectroscopy counting system consisting of hyper-pure
Ge or Nal (tl) Scintillation detectors, that ‘were available in the Department of
‘Radioecology SLU, Uppsala. Counting time selected to guarantee counting error of
" less than 5%. Statistical analysis of the data was performed using the Excel Microsoft
computier programme and the results are presented as means.

3. RESULTS AND DISCUSSION

' 3.1 Soil parameters, deposition and distribution of Chernobyl fallout 137Cs
Soil parameters data, which are presented in Table 1 revealed that, the studied forest
soil belongs to nutrient deficient soil type when compared to farm land, with acidic pH
and high fraction of organic matter. The measured ground deposition of 137Cs (n =
92) in 1991-92 was (27 + 8.5 kBq m2 ) and was found to agree well with the
previously reported ground deposition levels of 137Cs in the area of study (Linde’n &
Mellander, 1986; SGAB, 1986). Soil profile studies demonstrated that more than 85%
of the total 137Cs inventory confined in the upper 5 cm layer of undisturbed forest soil
(Fawaris & Johanson, 1994). The vertical migration of 137Cs into deeper layer is a
very slow process and seems to be influenced by OM%, rainfall, soil acidity, the
activities of soil living micro-organisms, and may be the fraction of clay minerals
although it was very low, (Van-Bergeijk et al., 1992; Thiry & Myttenaere, 1993)

" In forest ecosystem the litter layer retained a major part of fallout 137Cs (Coughtrey &
Thorne,1993). In some cases, however, up to 90% of 137Cs retained in the upper 3-10
cm of undisturbed soils with a little migration down through soil profile (El-Fawaris &
Knaus, 1984; Livens, et al., 1990; Bunzl, et al., 1988; Tobler, et al., 1988).

3.2 Transfer of 137Cs to plant
The 137Cs activity concentration in dominant plants grow within the area of study
. presented in Table 2. The levels of 137Cs in heather was higher than others all times
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Table 1 Summary of coniferous forest soil parameters in the area of study.

‘Max Min Mean SD

201

Parameter a n
' Soil pH in (HO) ' 121 61 38 41 040
Soil pH in (KCI) o 121 50 28 32 020
Soil OM % (LOD) S 94 10 6 1
'Soil Kd (Bq g1/ Bqml-1) 121 530 6 98 119
Soil Bd (g cm-3) - 121 115 028 060 ' 020
Soil 137Cs activity Bq kg-1DW) 121" 8204 544. 3607 1634
Field plants 137Cs (Bq kg‘lﬁW) 121 16783 701 5108 4181
Ground deposition 137Cs (Bqm2) 92 44985 6428 26871 8525
Extracted K¥ (mgg'l) . 121 168 011 055 027
Extracted Ca2+ (l;ng gl | 121 446 022 ' 157 086
‘Extracted Mg2+ (mggl) - 121 098 0.10 048 0.15
Extracted P as (Pp0s5) (mgg'l) 121 052 004 017 008
CEC meq/100g soil DW ' 20 29 91 41
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Table 2 Measured 137Cs activity concentrations in sampled.ﬁeld plants, mean values

and (SD) againest the elapsed time from samc;. location within the study _area‘between

1986 and 1994

Name = Field Plants 137¢s activity in Bq kg~1 DM from same site (1986- 1994)

_of. 1986-1989* 1990-1991 1992 1993 1994
species . - n Bgkg'l n BgkgIn Bgkg! n Bgkgl N Bqkgl

" P.sylvestris 8 3500

(523)

Betula spp. 11 . 3200
: (533)

V.myrtillus T 4662
@73)- -

V. vitis-idaea -7 7960
. 45 8)

D.flexuosa 6 2385
. (838)

C.vulgaris 9 12269
(909)

Bryophytes§ 11 16500

(681)

4 - 2303

713)
6 2459
(958)
11 2932
S (743)
5 4261.
(694)
7 1941
577
15 12580
. (899)
3 4623
(1124

5 2178
613)
6 - 1732
" (499)
9 2373
(608)
6 2476
(749) -
5 1884
(692)
6 11960
* 951)
6 4653

. (864)

12 2205

933)

10

12

10

19

7

1267 .

487)

1899
(553)

1866
(468)

1741
(505)

11336

940

4560

- (751)

17 2163

. (1033 -

7 1705
(299)

8 1489
(567)

9 987
(413)

6. 861
(188)

21 10318
(967

11 4573
(604)

* Samples extracted from old data bank at the Deptment of Radxoecology

§ Bryophytes area mixture of the avaﬂable species in the area of study.
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with’ (>ll k Bq kg-1 DM). In lmgonberry and bilberry the levels of 137Cs were slightly -
above 1.1 and 1.8 k Bq kg-! DM respectively. The 137Cs levels in Scots pine after
five years post Chernobyl accident was 2.2 k Bq kg" I DM (Table 3) and seems to
reach a steady state between 1991 and 1994, This might reflect that the 137Cs soil-to-
plant which transferred through vegetative parts in the early stage of Chemobyl fallout
or via root uptake after 5 years is now at least in equnhbnum with the loss of 137Cs via
litterfall and rain wash of Scots pine canopy. Thus 137Cs will remain for a long time
recycling within the coniferous forest ecosystem. Similar conclusnon drown by
(Bergman, 1994) In contrast the activity concentration levels of 137Cs in some |
(moose diet) in .central Sweden with vegetation similar to the sampled species where
the Chemobyl fallout 137Cs deposition was about 45 kBq m-2 showed some variation
in the 137Cs levels regardless the slight changes in the levels of 137Cs in moose meet
between 1986-1992 (Johanson et al., 1991; Johanson & Bergstrom, 1994). The
possible explanation to this is that moose is not foraging a specific site and always
migrate from location to another depending upon the season of the year and its feeding
habit as well as stand age and density. The 137Cs TCs in forest understory plants
growing in different locations within the area of study were within the same order of
magnitude (Table 3). Comparing 137Cs transfer parameters of field plants revealed
that the variations in 137Cs uptake might be related to species-specificity which was
very much dependent upon the type of plant. For example, bilberry!37Cs TCs ranged
from 0.04 to. 0.24 with a mean of 0.09 + 0.05, for heather the range was from 0.39 to
0.64 with amean of 0.49 + 0.05, and for lingonberry the range was from 0.07 to 0.25
with a mean of 0.16 + 0.06 (Table 2). Heather 137Cs TCs mean value was the highest
among all tested plants. An explananon to this might be related to species specific
mechanisms on the uptake of 137Cs from a deficient nutrient forest soil.
Heterogeneous distribution of 137Cs ground deposition and hi 7gh ranges of variation in
different soil parameters can not be excluded. Variation.in 137Cs soil-to-plant transfer
always_occur even when plant species are grown on the same site. Thus the point that
may be raised is that the soil chemistry by itself is not enough to predict the
bioavailability and transfer of 137Cs in nutrient deficient forest soil with high OM%

“and acidic pH. Therefore other parameters must be considered, one of such parameters
could be soil biological activity factor (which was not determined in this study).

33F ractionation of forest sotl bound 137Cs
Results presented in Table 4 predicted that there are three major fractlons of soil
137Cs. The easily extractable 137Cs fraction which should represent 137Cs in water
soluble form and NH40Ac exchangeable forms. This easily extractable fraction is very
important for plant root uptake particularly in a short term bases. Similar conclusion
were drown by (Riise, et al. 1990; Oughton et al., 1992). The long term availability of
37Cs; however; must be related to the orgamcally bound 137Cs fractions (the HyOo
oxndlzable and HNO3 digestible fractions). However, it should be born in mind that the
. 137Cs oxidizable fractions might be changed as it is depending upon oxidation
reduction processes that controlled by soil micro-organisms activity and their
contribution in bio-degradation of soil organic matter which is to a great extent time
.dependent.

34 Influence of soil parameters on'soil-to-plants 1 3 7Cs transfer
Soil parameters that are expected to contribute to 137Cs uptake and transfer in forest
ecosystem were investigated using rmultiple regression analysis between soil-to-plant -
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" Table 3 Summary of 137Cs transfer parameters (TF &TC) from coniferous

forest soil in understorey field plants.

Transfer Factor

Transfer Coefficient

" Mixed bryophytes 13,

Species n
 (Bq kg1 planDM/ (Bq kg1 plantDM/
Bq Kg1 soil DM) Bgm?)
Max Min Mean SD  Max Min Mean SD
V. myrtillus 48 230 028 085 042 024 004 0.09  0.05
V.viissideea 31 446 057 135 078 025 007 016 006
Calluna vulgaris 29  8.89 180 331 153 064 0.38 0.49' 0.05
326 106 206 074 037 016 024 0.07
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Table 4 Percentage of extracted (F1, F2, F3, F4) and residual (F5) 137Cs

fractions from coniferous forest soil to the origenal soil 137Cs activity

concentration in the upper 5 cm due to sequential extraction prdcedure(SEP).

Sample Extracted and residual 137Cs fractions
No. F1 F2 " F3 F4 F5
| 23 235 356 133 254
2 6.9 -229 26.3 19.9 24.0
3 9.8 134 234 32.3 21.1
4 9.3 17.0 142 43.7 15.8
5 24 16.0 133 21.4 47.0
6 . - 50 153 152 - 25.8 38.6
7 20.0 235 18.3 15.7 22.6
8. 4.6 12.0 12.9 134 572
9 92 129 92 165 522
10 11.5 16.4 123 144 45.3
11 117, 16.6 13.4 . 14.6 43.7
12 9.9 19.3 17.7 . 193 33.7
13 - 142 156 155 17.0 377
14 123 - 118 - 10.3 142 51.4
15 135 206 - 108 289 26.1
16 . 72 23.1 12.7 35.6 21.4
17 40 14.1 - 16.1 20.8 452
18 26 - 6.8 15.6 19.2 55.7
" 19 2.0 4.9 11.7- 324 49.0
20 - 33 - 76 - 138 243 51.0
21 11.1 14.1 11.9 20.7 22
22 133 13.7 16.0 29.8 26.6
Mean " 8.46 155 15.74 22.42 37.85
SD 472 513 5.84 8.08 12.66
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137Cs  TFs of field plants and the different soil parameters exéluding soil CEC gave 12 .
= 038, n = 121 and P < 0.001. The covariation .in different 50il parameters was
surprisingly and some times rather contradictory, as it leads to a buzziling conclusion. '
For example correlation between Kd and soil OM% was rather.good and gave 2=
0.94,'n = 121, P < 0.001. However, low Kd could result in a rapid migration of
dep051ted 137Cs into mineral layer. In this regard the real situation in the area of study
(a coniferous forest ecosystem) was different since a ‘substantial fraction of

. radiocaesium in forest soils was firmly bound to soil components of organic nature or
clay even after treatment with strong oxidising agents regardless the low Kd of forest
soil. These reflected that the actual transfer pattern of 137Cs was controlled by other .
parameters or another mechanism than soil physical and chemical parameters.
Additionally the measured 137¢s soil- to-plant TFs in same field plants reflecting a
significant difference among the sampled specxes (Fawaris, 1995). Thus the hypothesis
that not only. species-specificity, soil pH and soil OM% were presumed to contribute
to 137Cs soil-to-plant transfer and hence fluctuation in the TFs of tested species are

-still unpredlctable :
In boreal coniferous forest, however; most of plants root biomass were quite shallow
which facilitating the uptake and transfer of nutrients as forest floor litter decomposes.
Thus soil biological factor and its role in soil organic matter bio-degradation processes
‘must be taken into consideration particularly in forest ecosystem. Moreover, the trees
and most associated plants benefit by having mycorrhizae and rapid fine root turnover
(Knight,1991). Bunzl and Kracke (1986) reported that heather- (one of ericaceous
species) which grow on acid heath, showed hxgher TFs of 137Cs which could be
extended to all plants inhabiting acid bogs.

- The role of fungi in the mechanism of radiocaesium translocation and cyclmg in the
forest soil was beyond the scope of this study. However, a large fraction of 137¢s .
within forest soil is bound within the mycelium of the fungi (Nikolova et al. 1994
personal communication). Taking into consideration at minimum 85% of total 137Cs
inventory bound within upper 5 cm of forest soil layer, and about 22% of such amount
was readily available for plant uptake from soil solution. Additionally ~36% of total
137Cs inventory in the top 5 cm soil layer which become available for plants root
uptake as a result of bio-degradation and decomposition processes by soil microflora
and microfauna, one can presume that on the long run between 32-58% of total forest
soil 137¢Cs inventory would be available for plants root uptake. Based upon what has
been stated above species-specificity, soil OM%, pH, and soil biological activity were
presumed to be behind the dynamics of soil-to-plant 137Cs transfer. This also support
the hypothesis that soil-to-plant 137Cs transfer does not depend upon the total 137Cs
activity concentration in the soil but upon lts availability in soil solution including . sonl '
blolog1cally bound 137Cs.
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Abstract )

A report is given on the course of radiocaesium contamination in roe deer and wild boar in two
' large forest areas in Austria. In autumn 1987 and winter 1987/88 radiocaesium levels rose to
values higher than those recorded in 1986 in these regions. The reason for this increase was the
very specific f;eeding selection of roe deer in these forest areas resulting in the ingestion of an
unusual high amount of biueberries, ferns and mushrooms. An explanation for the changes of witd

boar's contamination has not been found yet, but possiblé reasons are discussed.

1 Introduction

Shortly after the Chernobyl accident in 1986 ex;ciminations of radioactive contamination of
wildlife were started in Austria (Tataruch et al., 1988). In the beginning the main aspect of these
analyses was the radiation protection point of view related to the use of meat from game animals
for human consumption. During winter 1986/87 and spring 1987 the levels of '*’Cs were low and
mostly below the former Austrian legal limit which was defined as 16 nCi/kg (~592Bq-kg™) for
meat. Surprisingly, in autumn 1987, a significant increase of radiocaesium levels in muscles of roe
deer and wild boar was registered in two large forest areas in Austria. In all other regions a slow
decrease was noted. These findings were the reason for intensifying research on radioactive con-
tamination of wildlife in the 'two forest areas. This work is still going on. In this. paper a

preliminary report will be given.
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2. Materials and Methods

Study areas characteristics:

. “Weinsberger Wald (WW): in the NW -part of Lower Austna granite, gneiss, brown earth, para
brown earth, pseudo podzol, pH 3. - 4, ~ 10.000 ha, elevation of 850 - 1041m, annual

" precipitation of 900 to 950 mm, unbroken forest with 90% of spruce, beside beech andlﬁr,
understory vegetation consisting mainly of blueberries, ferns, wood-sorrel and mosses; high
moisture content in soils. _ ' i
KobernauBer Wald (KW): Upper Austria, ~ 15.000 ha, largest unbroken forest area in Central
Europe; soil: tertiary sediments, sands, gravels, semi-podzol, podzol; pH s 3.0, elevation 500 -
650m, siaruce fir, beech, heath, understory vegetation mainly blueberries, ferns and mosses.
Radioactive contamination of both regions by direct fallout in 1986 was relatively hxgh (up to 100
kBqm?; (Bossew et al,, , 1995)).
Samples were collected during regular hunting activities, immediately after shooting the animal.
Usually samples from muscles were taken, additionally kidneys, rumen (stomaich) contents and in
a few cases liver samples were also taken. The material was kept deep frozen until analyses as
described by Tataruch et al. (1988). The numbers of samples collected in the period from 1986
to 1994 were the following:
WW: roe deer: 663 samples of muscle, 36 kidneys and 4 rumen .contents; red deer: 85 muscle,
2 kidneys; wild boar 65 muscle ‘ ‘
KW: roe deer: 77 muscle, 15 llver 79 kidneys, 57 rumen contents; wild boar: 16 muscle 3 llvers

14 kidneys, 12 stomach contents.

3. Results and discussion

As already mentioned monitoring of radiocaesium contamination of wildlife continued during ,
1987. Whereas samples fronl rrlost areas were contaminated at a low level during summer and
autumn, a considerable increase in radiocéesium contamination of muscle of roe deer from WW
and KW was found. The highest values for 1987 were 7548 Bq'kg! '*’Cs and 7955 Bq-kg™ in

~ muscle of roe deer shot in October ahd November respectively. These values were even higher
than the maximum levels recorded in May/June 1986 (4144 Bq- kg and 4551Bq -kg™) in these

regions. At the same time no elevated activity concentrations were found in red deer. In February
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1988, the highest vaiue for wild boar was 17575 Bd- kg!in YKW, which was the highest activity
concentration of *’Cs ever found in Austrian wildlife. In 1986 wild boars' contamination by
radiocaesium had not been very high, so these ﬁndings in winter 1987/88 were surprising.
Samples from rée deer shot in February 1988 (with special permission) showed lower levels than
those in autumn 1987 ‘ -

Due to these results sampling was intensified, including radiological a;.nd botanical analyses of
rumen (stomach) contents to find out which components of the animals' feeding mighf be respon-

sible for the high radiocaesium burden.

3.1. Roe deer (Capreolus capréolus)
Figure 1 shows the changes of radiocaesium in muscles of roe deer between the begin of the
hunting period in the n}iddle of May until its ’end in Deéember. Although the jndividual values
varied slightly , the general pattern waS_ the same every year.
At the beginning of the hunting season in the middle of May, the mean '’Cs-levels and the
maximum are relatiyely low, in June, the levels are increasing slightly. From July to Séptember
"a considerable increase occurs, with the highest median value of the whole season. During
autumn high maximum valués are found, but the median and mean values decrease.
What are the reasons for these seasonal changes? An explanation is possibly by considering the
roe deer's féeding selection from the results of botanical and radiological rumen analyses.
Generally, roe deer's diet consists mainly of herbs, leaves, leaf-buds and various sprouts as well
as mushrooms, when they are growing (e.g. Ondersﬁheka et al., 1989). If these plants are not
available f<')r roe deer in sufficient quality and quantity it has to change to-other feeding plants.
Botanical analyses of the rumen contents of roe deer from KW showed distinct differences to
other roe deer habitats: The proportion of fems,‘which is usually low ({ 5%) was very high, up to
95% (bracl;en) asa m'aximum; blueberry stems and leaves were found more often too in deer
from KW, the amount of herbs was lower than in roe deer's diet elsewhere. During the time of
their growing period mushrooms were often found in a high percentage. Due to the dense,
unbroken forest areas, the undefstory vegetation in KW is very different from other habitats
considered, it is relatively uniform, with only a few species, dominated by blueberries and ferns.

Hence, roe deer is forced to feed on these available plants as the forest area is so big that
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changing to other areas is impossible. Some of these species are known to accumulate
radiocaesium to a high extent so that their ingestion contributes significantly to the animal's
burden. This explains the seasonal changes of radiocaesium levels in roe deer's muscles: in spring -
ferns turn green again, becoming attractive as feeding plants, mushrooms start to grow etc.

As the regions of the WW and the KW were highly contaminated by direct fallout in 1986 the
radiocaesium values in ferns, mushrooms and also plueberries are very high in the two study areas
(Fig.2), reaching much higher levels than in other forests (Tétaruch and Scht’mhofer; 1993). The
mobility of Cs is also enhanced by the low pH valu_e of soil, the high organic content and the low
concentrations of potassium. )

In latg autumn, when féms senesce and mushrooms stop fruiting, radiocaesium activities in roe
deer decrease again. Some higher values in December can be explained by higher ingestion of
blueberry stems, which during winter are the only attractive and preferred feeding plant for roe
deer left in these regions. Blackberry leaves, usually a favourite feedstuffin winter, hardly exist
in the study areas.

Seasonal variation in radiocaesium levels discussed above was ﬁmilar during all years from 1988
to 1994, Only in the summer 1992 , when very high temperatures and drought persisted, was
there no increase of contamination noted, presumably because there was only a small amount of
mushrooms available. -

Fig.3 shows the Cs-137 Qalues obtained for roé deer from the Weinsberger Wald for each of the
different years. The highest median was found in 1988 and the highest maximum value in August
1989. In the other study area, the Kobernaufler Wald, the maxifnﬁm value for roe deer was
registefed in October 1988. According to figure 2 there was a decrease of the contamination level
from 1989to 1992, but theréaﬁer a slight increase took place. The minimum in 1992 is probably

due to the extreme dry weather condition during summer.

3.2. Wild boar (Sus scrofa)

The changes with time in 1’Cs contamination of this species after the Chernoby! accident was
even more surprising than that of roe deer. In 1986 radioc'aesium levels in wild boar were’
remarkably lower than those in wild ruminants, even in highly contaminated areas (Tataruch et

al., 1988). Surprisingly, Cs activity concentrations in wild boar rose to very high levels in winter
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1987/88, with a maximum value of 17583 Bq- kg“ 137Cs and 4706 Bqkg? '*Cs in February 1988,
representing the currently highest level ever foundl in Austrian wildlife.

Table 1 sﬁows the ¥Cs activity concentrations in wild boar from the 2 study areas. Unfortunately
the number of samples is small, because there are few wild boars in these regions. But it can be
seen that the contamination decreased - as for roe deer - from 1988 to 1991 and then started to
increase again, showing comparatively high maximum values. The highest activity registered so
far in 1995 so far was 8440 Bq~kg‘f. In contrast to roe deer the increase from 1991/92 onward

was not limited to the large, unbroken forest areas, but was also noted in several other regions.

Table 1: Cs-137 levels in wild boar from Weinsberger Wald and Kobernaufler Wald (in Bqkg™)

n X % +s Min. Max.
.1988 44 | 1105 2302 3307 | 41 17583
1989 15 1050 1488 1326 - 205 ) 4899
- 1990 12 845 1399 1177_ . 278 3916
1991 | 22 581 657 379 264 1709
1992 22 1007 1637 1801 265 6705
1993 | 21 1461 1963 1907 107} 5988
1994| 18 701 1203 1227 73 4252 |

What is the reason for the special variation of wild boar contamination? Feeding selection of the
. omnivorous wild boar is obﬁously different from that of the strictly herbivorous roe deer.
Botanical analyses of stomach contents yielded in addition to grasses, grains and fruits, large
amounts of soil'together with some 'worms, larvae, beetles etc. Different species of mushrooms
were also found. High contamination of animals can only occur when either th.e'anima]s‘ diet is
highly contaminated or/and absorption of radionuclides is high. Regarding the stomach contents
grass, grains and fruits can be disregarded as potential sources of large amounts of radiocaesium .
because of their low contamination levels. Ingestion of large amounts of contaminated soil could

be one factor causing high contamination of the animals, but in our opinion the high values found
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are probably not due to ingestion of highly contaminated.soil present in KW and WW, though it
might contribute to some extent. In the first year after the Chernobyl accident, the values
observed were lower than for ruminants. If soil would be the main source of radiocaesium the
Aanimals would i)roba.bly have also had high values shortly after the Chernobyl accident. This was
not the case, so some processes must be responsible which occur over a number of years. We
suggest that probably small organisms'like worms; larvae, beetles etc. that form a part of wild
boars' diet accumulate tadiocaesium very strongly and are therefore the source of the high
amounts of radiocaesium necessary to cause the extreme contamination of wild boar. These
organisms might also be the explanation for the 'repeated increase of contamination levels in

1991/92.
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Walter-Kubiena-Preis

1. Der Walter-Kubiena-Preis bezweckt )
- die Férderung von Studierenden fiir fachliche Arbeiten auf dem Gebiet der Bodenkunde
- die Anerkennung einer geleisteten Arbeit.

2. Zu diesem Zwecke fiihrt die OGB alljihrlich eine Beurteilung und Primierung von boden-
*kundlichen Originalarbeiten durch. In Frage kommen Diplomarbeiten, Dissertationen und
gleichwertige Arbeiten.

3. Es konnen nur Arbeiten von Studierenden ( a) an dsterreichischen Universititen, Hoch-
schulen; b) an Hoheren Lehranstalten) in unbezahlter Stellung eingereicht werden.

4. Die Geldmittel fiir den Fonds werden durch einen jahrlichen Beitrag der OBG in der Hohe -
von S 5.000,- bereitgestellt.

5. Arbeiten miissen von den Universititen, Hochschulen und Hoheren Lehranstalten ange-
nommen sein und sind in zweifacher Ausfiihrung an die Beurteilungskommission der

OBG -bis zum 31. August einzureichen.

6. Zur Beurteilung der Arbeiten wird vom Vorstand der OBG eine Beurtellungskomrmssmn
von hochstens 3 Mitgliedern bestellt.

7. Der gesamte Vorstand entscheidet auf Antrag der Beurtellungskomxmsswn iiber die
Pramierung guter Arbeiten. .

8. Fiir die prdmierte Arbeit wird dem Verfasser eine Anerkennungsurkundc der OBG ausge-
stellt.

"9. Autoren und Titel von priamierten Nachwuchsarbelten werden in den Mitteilungen der
OBG verdffentlicht.

10. Ein Exemplar der Arbeit bleibt bei der OBG.
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SCHILLER, H.: Der Einflu8 gestaffelter Jauchegaben auf einem Acker- und
Wiesenboden.

1956, 40 Seiten

WAGNER, H.: Die Bewertung der Wasserstufen in der Bodenschatzung des
Griinlandes.

SCHMIDT, J.: Die Tonminerale burgenlandlscher Flugsandbdden.

EHRENDORFER, K. Schnellmethoden zur niherungsweisen Bestimmung
der Bodenfeuchte.

1959, 44 Seiten

FINK, J.: Leitlinien der quarta.rgeologlschen und pedologischen Entwicklung
am siidostlichen Alpenrand. .

JAKLITSCH, L.: Zur Untersuchung oststeirischer Béden, insbesondere j Jener
auf Terrassen des Ritscheintales.

LUMBE-MALLONITZ, Ch.: Untersuchungen uber den Zumndungsgrad der
Quarzkorner in verschiedenen Sedimenten und Boden Osterreichs.

1960, 58 Seiten

REICHART,J.: Untersuchungen iiber die Wirkung intensiver Giillediingung
auf Dauergriinland.

JANIK, V. und H. SCHILLER Charakter151erung typischer Bodenprofile der -
Gjaidalm.

FINK, J.: Bemerkungen zur Bodenkarte Niederdsterreichs. .

1961, 55 Seiten

" BARBIER, S., H. FRANZ, J. GUSENLEITNER, K. LIEBSCHER undH

SCHILLER: Untersuchungen iber die Auswirkungen langjihrigen
Gemiisebaues auf den Boden bei mangelnder animalischer Diingung.

NESTROY, O.: Jahreszyklische Schwankungen des Wassergehaltes in zwei
niederdsterreichischen LoBboden.

1961, 189 Seiten

Exkursionen durch Osterreich:

FRANZ, H.: Die Boden Osterreichs.

BLUMEL, F.: Das Bundesversuchsinstitut fiir Kulturtechnik und technische
Bodenkunde in Petzenkirchen, NO, und die Versuchsanlage in Purgstall.

FINK, J.: Der éstliche. Teil des nordlichen Alpenvorlandes.

FRANZ, H., G. HUSZ, H. KUPPER, G. FRASL und W. LOUB: Das Neu-
siedlerseebecken.

FINK, J.: Die Ortsgemeinde Moosbrunn als Beispiel einer Kartierungs-
gemeinde. '

FRANZ, H.,F. SOLAR, G. FRASL und H. MAYR: Die
Hochalpenexkursion.
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10

11

12

13

14

15

FINK, J.: Die Siidostabdachung der Alpen.

JANEKOVIC, G.: Uber das Alter und den BildungsprozeB von Pseudogley
aus pleistoziinem Staublehm am siidwestlichen Rand des pannonischen
Beckens.

1962, 46 Seiten
WEIDSCHACHER, K.: Die Boden am Westrande des mederosterrelchlschen
Weinviertels siidlich Retz.

1964, 72 Seiten

SOLAR, F.: Zur Kenntnis der Boden auf dem Raxplateau

1965, 72 Seiten -

- MIECZKOWSKI, Z.: Untersuchungen iiber d1e Bodenzerstérung im nieder-

osterreichischen Weinviertel.

1966, 61 Seiten

GHOBADIAN, A.: Salz- und Steppenbdden des Seewinkels (Burgenland,
Osterreich); Charakteristik, Mehoratlonsergebmsse und bodenwirtschaft-
liche Aspekte.

1967, 88 Seiten

MESSINER, H.: Pflanzenbauliche Beurtellung chemischer Bodenanalysen

MULLER, H.J.: Der Wasserhaushalt eines Pseudogleyes mit und ohne
kiinstliche Beregnung.

* NESTROY, O.: Bodenphysikalische Untersuchungen an einem Tschernosem

in Wilfersdorf (NO).

SCHILLER, H. und E. LENGAUER: Uber den Kationenbelag und den
Spurenelementgehalt in den Boden der IDV-Serie.

SOLAR, F.: Phosphatformen und Phosphatumwandlungsdynarmk in
Anmoor-schwarzerden

1968, 79 Seiten-

KRAPFENBAUER, A.: Waldernihrung und Problematik der Walddungung

GLATZEL, G.: Probleme der Beurteilung der Ernihrungssituation von Fichte
auf Dolomitbdden.

Symposium iiber die Untersuchung von Waldboden.

1969, 95 Seiten '
FINK, J.: Nomenklatur und Systematik der Bodentypen Osterreichs.

1970, 136 Seiten

SOLTANI-TABA, Ch.: Vergleich einiger Pararendsinaprofile des Steinfeldes
im siidlichen Inneralpinen Wiener Becken. -

KAZAI-MOGADHAM, M.: Vergleich von Bodéen des Tschernosemtypus mit
Aubbden im siidlichen Inneralpinen Wiener Becken.

1971, 139 Seiten

Exkursion det OBG am 16. u. 17.10.1970 in den Raum ,,Kirntner Becken
ndrdlich und siidlich der Drau®.

WILFINGER, H.: Das Klima des siidostlichen Klagenfuner Beckens.

EISENHUT, M., H. MULLER, E. PRIESSNITZ, H. ROTH, A. SCHROM
‘und F. SOLAR: Die Boden.
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1972, 110 Seiten

RIEDMULLER, G.: Zur Anwendung von Bodenkunde und Tonmmeralogle
in der baugeologischen Praxis. '

Exkursion.der OBG am 8 u. 9.9.1972 i in den Pasterzenraum und inden
Pinzgau.

BURGER, R. und H. FRANZ: Dxe Boden der Pasterzen]andschaft im .
Glocknergebiet.

SOLAR, F.: Die Boden des Raumes GroBglockner Zell am See

SCHNETZINGER, K.: Oberflichenvergleyung im Raum Zell am See.

1973, 123 Seiten

GRUBER, P.: Zusammenhinge zwischen Klimaunterschieden, Boden- .
chemismus und Bodenwasserhaushalt auf Lockersedimenten des Wiener
Raumes.

1977, 102 Seiten

Exkursion der OBG 1971: Béden des inneralpinen Trockengebietes in den

Riumen Oberes Inntal und Mittleres Otztal.

SOLAR, F., W. ROTTER, H. WILFINGER und H. HEUBERGER: Béden
des inneralpinen Trockengebietes in den Raumen Oberes Inntal und -
Mittleres Otztal. -

Exkursion der OBG 1976: . _

FRANZ, H., A. BERNHAUSER, H. MULLER und P. NELHIEBEL.: -
Beitriige zur Kenntnis der Bodenlandschaften des Nordburgenlandes.

1978, 86 Seiten

MRAZ, K.: Neue Erkenntnisse auf dem Geblet der Erforschung von Wald-
humusformen unter besonderer Berucksmhtlgung der Grundprmnplen der
Systematik.

. KLAGHOFER, E.: Stoffbewegung im Boden.

RIEDL, H.: Die Bodentemperaturverhiltnisse am Siidrand des Tennen- .
"gebirges - ein Beitrag zum UNESCO-Programm Man and Biosphere.

1979, 109 Seiten

SOLAR F.: Die Talboden, ein allgemeiner Uberblick.

BLUMEL, F.: Regelung des Bodenwasserhaushaltes in Talungen.

HOLZER, K.: Praktische Durchfiihrung von Mehoratlonen in der
Oststeiermark.

SCHROM, A.: Standortskundliche und pﬂanzenbauhche Probleme der

. Talbden bei intensiver Ackernutzung durch Maisbau.

BLASL, S.: Probleme der Maisernidhrung auf dédnagierten Talbéden.

ORNIG, F.: Moglichkeiten der Schaden-Ersatz-Berechnung.

" STEFANOVITS, O.: Umweltschutz im Spiegel der Bodenkunde.

CERNY, V.: EinfluB der Bodenbearbeitung auf Boden und Ertrag unter den
Standortsbedmgungen in der CSSR.

‘1980 112 Selten

DUDAL R.: Landreserven der Erde. Eme Weltbodenkarte.
BLUM, W.E.H,: System Boden - Pflanze und bodenkundliche Forschung.

" KASTANEK, F. et al.: Zur Nomenklatur der Bodenphysik, Teil 1.

NESTROY, O.: Die Aktivititen der Gesellschaft ab ihrer Griindung bis 1979.
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Heft 23
Heft 24
Heft 25
Heft 26

1981, 183 Seiten

SOLAR, F.: In memoriam Julius Fink.

SOLAR, F.: In memoriam Bernhard Ramsauer.

GUSENLEITNER, J.: Wiirdigung von Hofrat Dipl.-Ing. Dr. HerW1g Schiller.
SCHLEIFER, H.: Dir. Dipl.-Ing. Dr. Franz Bliimel zum 65. Geburtstag.
GESSL, A.: Wiirdigung von Ministerialrat Dipl.-Ing. Adolf Stecker. N

-BLUM, W.E.H. und M. SALI-BAZZE: Zur Entwicklung und Altersstellung

von Béden der Donau- und Marchauen.

KLUG-PUMPEL, B.: Phytomasse und Primirprodukte alpmer
Pflanzengesellschaften in den Hohen Tauern.

STELZER, F.: Bioklimatologi¢ der Gebirge unter besonderer Beriicksichti- -
gung des Exkursionsraumes 1981. .

Kurzfassungen der Vortrige.

1982, 116 Seiten

Aktuelle Probleme der landwirtschaftlichen Forschung, 8. Semmar Stoff-
umsatz am Standort.

SOLAR, F.: Eroffnung.

BECK, W.: Einleitungsreferat.

ULRICH, B.: Stoffumsatz im Okosystem - theoretlsche Grundlagen und
praktische SchluBfolgerungen.

BENECKE, P. und F. BEESE: Bodenstruktur und Stoffumsatz - Methodik

der Erfassung bodenphysikalischer Parameter. .
MULLER, W.: Bodenbeurteilung und Bodenmelioration vor dem
Hintergrund moderner physnkochemnscher und bodenkundlicher
Erkenntnisse.
Diskussion.

1982, 173 Seiten

RIEDL, H.: Die Pragekraft des sozmokononuschen Strukturwandels auf
Morpho- und Pedosphire des subalpinen Lebensraumes.

GUSENLEITNER, J., K. AICHBERGER und W. NIMMERVOLL: Die
Wirkung steigender Kaliumgaben auf das Wachstum von Italienischem
Raygras (Lollium multiflorum) in Abhéngigkeit von der Bodenart.

LICHTENEGGER, E.: Der Wirme- und Wasserhaushalt - ertragsbildende
Faktoren in Abhéngigkeit von der Seehdhe, dargestellt aus pflanzen-
soziologischer Sicht.

Kurzfassungen der Vortrige.

1983, 165 Seiten
Exkursionsfithrer Marchfeld; Thema: Boden und Standorte des Marchfeldes.
NESTROY, O.: Zur Geologie und Morphologie des Marchfeldes. .

- HARLFINGER, O.: Das Klima des Marchfeldes.

STELZER, F.: Standortsbeurteilung nach der Nlederschlagswuksamkeit.

STECKER, A.: Die Boden des Marchfeldes.

MADER, K.: Die forstliche Standortskamerung der osterrelchnschen
Donauauen. .

Profilbeschreibungen.

KILLAGHOFER, E.: Bodenphysnkahsche Kenndaten.

NESTROY, O.: Vergleichende Betrachtungen iiber die bodenphysikalischen
Kenndaten der Exkursionsprofile und Profile von Wexkendorf und
Schonfeld.
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27

28

29

BLUM,W.E.H. und H.W. MULLER: Mineralogische und bodenchemische
Kennwerte ausgewihlter Boden des Marchfeldes.

BLUM, W.E.H.: Zum Nihrstoffversorgungsgrad ausgewihlter Béden des
Marchfeldes.

LOUB, W.: Zur Mlkroblologle der Boden des Marchfeldes.

Kartenbeilagen.

1983, 154 Seiten ‘

MUCKENHAUSEN, E.: Neuere Entwicklung in der Bodensystematik der
Bundesrepublik Deutschland.

VERGINIS, S. und O. NESTROY: Standortskundliche Untersuchungen auf
dem Nordwest- und Zentral-Peloponnes.

LOUB, W. und G. HAYBACH: Bodenbiologische Untersuchungen an Béden
aus Lockersedimenten.

- Kurzfassungen der Vortrige.

1984 145 Seiten

Exkursionsfithrer Miihlviertel; Thema Boden des Miihlviertels.

KOHL, H.: Zur Geologie und Morphologie des Miihlviertels.

STELZER, F.: Die klimatischen Verhiltnisse des westlichen Miihlviertels.

SCHNETZINGER, K.: Die Boden des oberen Miihlviertels.

GRUBHOFER, G.: Die Boden- und Nutzungsverhiltnisse des Miihlviertels.

DUNZENDORFER, W.: Pflanzensoziologie des oberen Miihlviertels.

BLASL, S.: Begrenzende Ertragsfaktoren im Ackerbau des Miihl- und
Waldviertels. .

MAIERHOFER, E.: Die pflanzliche Produktlon des Muhlv1ertels

Profilbeschreibungen.

KLAGHOFER, E.: Bodenphysikalische Kenndaten der Boden im
Exkursionsbereich der OBG-1983. -

BLUM, W.E.H. und H.W. MULLER: Mineralogische und bodenchemische
Kennwerte ausgewihlter Boden des oberen Miihlviertels.

BLUM, W.E.H.: Zum Niahrstoffversorgungsgrad ausgewihlter Boden des
oberen Mﬁhlviertels‘.

1985, 193 Seiten

* Seminar: Verwertung von Siedlungsabfillen aus der Sicht der Landwirtschaft

unter besonderer Beriicksichtigung der Eignung landwmschaftllcher
Boden.

BECK, W., W.E.H. BLUM und D. KRIECHBAUM: BegriiBung und
Eroffnung.

- HOFFMANN, G.: Bodenkundliche und pflanzenbauliche Aspekte be1m

Einsatz von Siedlungsabfillen in der Landwirtschaft.

KOCHL, A.: Nutz- und Schadwirkung von Klérschlamm. .

EDER, G., M. KOCK und G. SCHECHTNER: Klirschlammhygiene im
Grunland

AICHBERGER, K. und G. HOFER: Chemlsche Untersuchungen von
Siedlungsabfillen.

.MULLER, H.: Miillkompost - Gutekntenen (ONORM S 2022) und

Anwendung.
MAYR, E.: Modell Oberosterreich - Kldrschlammanfall und Entsorgung.
MAIERHOFER, E.: Erwartungen der Landwirtschaft an die Qualitit der
Siedlungsabfille und Forderungen an den Gesetzgeber.
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Heft 30
Heft 31
Heft 32

Heft 33

NELHIEBEL, P.: Einsatzméglichkeiten von. Bodenkarten bei der
Ausbringung von Siedlungsabfillen,

WIMMER, J.: Aufbau und bisherige Ergebnisse des Klarschlamm und
Miillkompostversuches St. Florian.

OHLINGER, R.: Bodenenzymatische Untersuchungen beim Versuch St.
Florian.

Generaldiskussion.

Unterlagen zur Exkursion.

1985, 185 Seiten _

BLUMEL, F.: Sektionschef i.R. Hofrat Dipl.-Ing. Emnst Giintschl t.

GUSENLEITNER, L.: In memoriam Hofrat Dipl.-Ing. Hans Schiiller.

HUBER, J.: Vergleichende Untersuchungen von Bdden mit unterschiedlichen
Bewirtschaftungssystemen hinsichtlich Wasser-, Nihrstoff-,
Humushaushalt und Biologie.

FOISSNER, W., T. PEER und H. ADAM: Pedologische und proto-
zoologische Untersuchungen einiger Béden des Tullnerfeldes (NO).

. WALTER, R.: Die Viruskontamination des Bodens und Methoden ihrer

Kontrolle.
Kurzfassungen der Vortrige.

1986, 68 Seiten

Arbeitsgruppe Waldbodenuntersuchung der OBG.

BLUM, W.E.H., O.H. DANNEBERG, G. GLATZEL, H. GRALL, W.,
KILIAN, F. MUTSCH und D. STOR: Waldbodenuntersuchungen;
Gelindeaufnahme - Probeaufnahme - Analyse, Empfehlungen zur Verein-
heitlichung der Vorgangsweise in Osterreich.

1986, 209 Seiten

Symposium am 11. u. 12.4.1985: Bodeninventur aus 6kologischer Sicht.

DANNEBERG, O.H.: Kartierung landwmschaftllch genutzter Boden in
Osterreich.

WITTMANN, O.: Kartierung und Bodenmventur in Bayem.

KILIAN, W.: Forstliche Standortsklassifikation und Kartierung in Osterreich
aus internationaler Sicht.

FOERST, K.: Forstliche Standortserkundung in Bayern.

GESSL, A.: Die osterreichische Bodenschitzung.

.GRAF; W.: Der Boden in Naturraumpotentialkarten.

LAMP, J.: Neue Entwicklungen auf dem Gebiet der Boden-Informations-
systeme.
NESTROY, O.: Bericht iiber die abschlieBende Podlumsdlskussmn

1986, 383 Seiten

Aktuelle Probleme der landwirtschaftlichen Forschung, Seminar am 5. und -
6.6.1986; Thema: Die Anwendung enzymatischer und mikrobiologischer
Methoden in der Bodenanalyse. '

BECK, W. und O. NESTROY: Einleitung und Eréffnung.

SCHINNER, F.: Dxe Bedeutung der Mikroorganismen und Enzyme im
Boden.

HOFFMANN, G.: Bodenenzyme als Charakteristika der biologischen
Aktivitit und von Stoffumsitzen im Boden.
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Heft .

Heft

Heft

Heft .

34

'35

36

37

BECK, Th.: Aussagekraft und Bedeutung enzymatischer und mikro- )
biologischer Methoden bei der Charakterisierung des Bodenlebens von
landwirtschaftlichen Boden.

HOLZ, F.: Automatisierte photometrische DurchfluBmethodcn zur
Bestlmmung der Aktivitit von Bodenenzymen - ihre Anwendung und
einige Ergebnisse.

KANDELER, E.: Der Einsatz enzymatischer Methoden am Beispiel eines
Stroh- und Klidrschlammdiingungsversuches.

OHLINGER, R.: Der Einsatz enzymatischer Methoden am Beispiel eines
Griinlanddiingungsversuches.

Postervortrige. "

Diskussion.

' 1987, 80 Seiten

DUCHAUFOUR, Ph.: Stand und Entwicklung der internationalen Boden-
systematik aus franzgsischer Sicht.

MANCINL F.: Stand der bodenkundlichen Forschung in Italien. .

Kurzfassungen der Vortrige.

1987, 80 Seiten ’

Bodenschutz-Symposium.

STICHER, H.: Bodenschutz als integrale nationale Aufgabe - Mogllchkelten
und Grenzen.

BECK, W.: Entwicklungsstand der Bodenschutzkonzeptxon in Osterreich.

EISENHUT, M.: Das Stelermarklsche Bodenschutzgesetz

1988, 152 Seiten

" .Symposium: Aktueller Stand phy51kahscher und chemlscher Bodenunter-

suchungsverfahren.
DANNEBERG, O.H.: Aktueller Stand der landwirtschaftlichen Bodenanalyse
in Osterreich. .
KOCHL, A.: Beziehungen zwischen bodenanalytlschen Daten und Feld-
ergebnissen.
MULLER, H.J.: Bodenuntersuchung aus der Sicht der Landwirtschaft.
KILIAN, W.: Die Bodenanalytik aus forstlicher Sicht.
MAIJER, Ch.! Untersuchungen zur kleinraumigen Variabilitdt von Boden-
parametern in Waldboden.
NEMETH, K.: Die EUF-Methode als Grundlage fiir.die Diingeempfehlung.
KLAGHOFER, E.: Physikalische Methoden in der landwirtschaftlichen
Bodenforschung.
BLUM, W.E.H.: Die Bodenanalyse im Rahmen der Bodengeneuk und
.-taxonomie. .

1988, 179 Seiten

Fiihrer zur Exkursion in das obere Miirztal; Thema: Montane Bodenenthck—

. lung unter dem EinfluB verschiedener Nutzungsformen.

KILIAN, W.: Standortkundliche Darstellung des Exkurswnsgcbletes
Honigsberg.

HARLFINGER, O.: Das Klima des Miirztales.

PINTER, J.. Forstgut Langenwang.

Profilbeschreibungen. '

Analysendaten.
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Heft 38

Heft 39
Heft 40
Heft 41

Heft 42

BLUM, W.E.H. und A. MENTLER: Chemisch-mingralogische Kennwerte
ausgewihlter Boden des oberen Miirztales.

_KILIAN,W.: Interpretation der Analysendaten der Forstlichen Bundes-

‘versuchsanstalt.

1989, 117 Seiten

BLUM, W .E.H.: Spezifische Probleme des Bodenschutzcs in
Gebirgsregionen Zentraleuropas.

STEFANOVITS, P.: Die Karte der Bodenmmerallen und ihre Verwendung in
der Landwirtschaft Ungarns.

HORN, R.: Ursachen und Auswirkungen von Strukturschiiden unter

. besonderer Beriicksichtigung methodischer Aspekte.

HARTGE, K.H.: Aktueller Forschungsstand der Bodenphysik unter
besonderer Beriicksichtigung des Bodengefiiges.

Kurzfassung der Vortrige.

1989, 102 Seiten

MUCKENHAUSEN, E.: Curriculum vitae von Professor Dr. W. KUBIENA.

BLUMEL, F.: Der wissenschaftliche NachlaB nach Walter L. KUBIENA.

MUCKENHAUSEN, E,, S. STEPHAN und K. ZIMMERMANN: Rotlehme
und Rotlehmsedimente, Tirsoide Boden und Kalkkrusten. )

STOOPS, G.: Die Bedeutung der Mikro-Morphologie in der Bodenkunde.

1989, 94 Seiten

FRIED, G.: Bodenzustandserfassung und Boden-Dauerbeobachtungen i in
Bayern.

STICHER, H.: Uberwachung der Bodenquahtat in der Schweiz: Methoden -
Probleme - Erste Resultate.

TIMMERMANN, F.: Aufbau eines BodenmeBnetzes und Konzept der
Bodenbestandsaufnahmen in Baden-Wiirttemberg.

BECK, W.: Die EG-Richtlinie iiber die Qualitdt von Wasser fiir den mensch-
lichen Gebrauch - Konsequenzen fiir die dsterreichische Landwirtschaft.

1990, 1 16 Seiten

FOISSNER, W., K. BUCHGRABER und H. BERGER: Bodenfauna,
Vegetation und Ertrag bei 6kologisch und konventionell bewirtschaftetem
Griinland. Eine Feldstudie mit randomisierten Blocken. :

MARKGRAF, G., F. ELLMER, B. GRAFE und K. KRUGER: Intensive
N-Diingung und Méglichkeiten zur Reduzierung des Nitrataustrages durch
Boden- und Bestandsfiihrung sowie Nitrifizideinsatz.

BERGLER, F.: Physikalische Bodenkennwerte bei konventioneller und
organisch-biologischer Bewirtschaftung anhand von ausgewihlten land-
wmschaft]lchen Betrieben im Erlauftal/N 0.

1990 176 Seiten

POVOLNY, I.: Hofrat Dipl.-Ing. Anton Krabichler zum 70. Geburtstag.

Symposium am 4. und 5. April 1990: Boden und integrierte Landbewirt-
schaftung.

DAMBROTH, M.: Integrierte Landbewirtschaftung - Voraussetzung fiir die
Stabilitit agrarischer Okosysteme.
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43

4

45

WEISSKOPF, P. und F. SCHWENDIMANN: Beeinflussung biologischer,
chemischer und physikalischer Bodeneigenschaften durch unterschiedliche

Bewirtschaftung - am Beispiel emes langJahrlgen Feldversuches in
Ténikon (Nordschweiz).

FREDE, H.-G.: Gestaltung und Funktlon von Porensystemen unter dem Ein-
flu der Landbewirtschaftung.

SOMMER, C.: Konservierende Bodenbcarbeltung ein Baustein integrierter
Landbewirtschaftung.

MULLER, H.J.: Leistungen und Beschrinkungen gegenwirtiger Bewirt-
schaftungsverfahren sowie Standortswirkungen im Pflanzenbau.

RUCKENBAUER, P.: Ziele und Aufgaben der Pflanzenziichtung fiir eine
integrierte Landbewirtschaftung.

OTTOW, J.C.G.: EinfluB der Landbew1rtschaftung auf Bodenbiologie und
bodenbiologische Prozesse.

- HOFMEESTER, Y. und F.G.. WUNANDS Integrierter Ackerbau in den’

Niederlanden, Versuchsorganlsatlon und Forschungsresultate.

1991, 130 Seiten :

Fiihrer zur Exkursion in das Innviertel; Thema: Bodenentwicklung auf unter-
schiedlichen Sedimenten in Abhingigkeit von Gelindeform und Boden-
nutzung - Auswirkungen von Fluor-Immissionen auf Bdden und Pflanzen.

BLUM, W.E.H.: Vorwort.

Exkursionsprogramm.

NESTROY, O.: Geologlsche morphologlsche und pedologische Aspekte im
Bereich der Exkursionsroute von der Stadt Salzburg tiber Oberndorf und
Eggelsberg nach Braunau.

REITNER, L.: Geologie und Geomorphologie des westlichen Innviertels.

ALGE, G., A. BRANDSTETTER, M. KUDERNA, A. MENTLER, M.A.
POLLAK, E.M. UNGER und W. WENZEL..: Morphologische, physika-
lische und mineralogische Kennzeichnung der Exkursionsprofile.

WENZEL, W., G. ALGE und M.A. POLLAK: Bodenentwicklung' auf
quartiren Sedlmenten des westlichen Innviertels.

'WENZEL, W.: Flourindizierte Bodenverinderungen.

GPENGER, R., H. DOBERL und R. MAYR: Flourimmissionserhebungen
mithilfe standardisierter Weidegraskulturen im Gebiet um das Aluminium-
Werk Ranshofen.

KUHNERT, M. und G. HALBWACHS: Die Wirkung flourhaltiger
Immissionen auf die Vegetation im Rauchschadengebiet Ranshofen.

1991, 162 Selten

STRITAR, A.: Pedokologische Kartierung als Grundlage fiir dle Raum-
planung.

SCHNEIDER, W. und O.H. DANNEBERG Zum Chemismus einiger Boden
des Marchfeldes und zur Streuung einiger bodenchemischer Parameter.

NESTROY, O.: Mountamblkmg eine neue Bedrohung unserer alpinen
Landschaft.

_ Kurzfassungen der- Vortrige.

1992, 144 Seiten
FEICHTINGER, F. und E. STENITZER: Slmulatlon des Wasser- und Stoff-
transports im Boden.
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EISENHUT, M., J. FANK und P. RAMSPACHER: Einfluf§ der Bodenbe-
wirtschaftung auf die Temperaturverhéltnisse in der ungesittigten Zone
am Beispiel der Lysimeteranlage Wagna (Steiermark, Osterreich).

Fiihrer zur Exkursion durch die Westslowakei. Thema: Boden und Standorte
in der Westslowakei. ’

.CURLIK, J.: Geologie und Relief der Slowakei.

DZATKO, M.: Kurzer AbriB tiber die Vegetation der Slowakei.
DZATKO, M.: Die klimatische Situation in der Slowakei,

HRASKO, J. und B. SURINA: Béder der Slowakei.

JAMBOR, P.: Kurze Darstellung der slowakischen Landwirtschaft.
Exkursionsroute.

Landschaften und Bodenprofile.

NESTROY, O.: Bratislava/PreBburg/Pozsony - eine Stadt stellt sich vor.
Buchbcj:sprechung

1993, 76 Seiten

BLUMEL, F.: Wirkl. Hofrat i.R. Dipl.-Ing. Dr Herwig Schnller 80 Jahre.

HOFER, G F.: Eine einfache Bestimmungsmethode fiir Quecksilber, Arsen
und Selen in Boden.

EISENHUT, M. und A. KAPFENBERGER-POCK: Auswertung der

Osterreichischen Bodenkarte 1:25.000 fiir die Ermittlung der Nitrat- -
austragsgefiahrdung von Boden.

'Kurzfassungen der Vortrige.

1993, 128 Seiten

Role of invertebrate and microorganisms in decomposition and soils organic
matter formation. .

KLAGHOFER, E.: Othmar Nestroy Ehrenmitglied der OBG

INSAM, H.: Vorwort.

BERG, G., C. McCLAUGHERT, A.V. de SANTO, M.B. JOHANSSON
and G. EKBOHM: Decomposition of litter and soil organic matter - can
we distinguish a mechanism for soil organic matter buildup?

COUTEAUX, M.M.: Decomposition and soil fauna.

JOERGENSEN, R.G.: The C:N ratio of the soil mlcroblal biomass in soils
of deciduous forests.

KJ@LLER, A. and S. STRUWE: Decomposition of organic matter in
terrestrial ecosystems. Microbial communities in soil.

MERCKX, R., S. KACHAKA,M. VAN GESTEL and B. ANLAUWE:
Decomposition of organic residues in soils: Litter quality and spatial
distribution of decomposition procducts and microbial components.

SMITH, 1.U.: Calculating the amount.of carbon returned to the soil each
year from measurement of soil organic matter.

VALLEJO, R.: Evaluation of C:N ratio as a parameter of N-mineralization.

VERHOEF, H.A., F.G. DOREL, H.R. ZOOMER and S. MEINTSER: Effects
of anthropogenic N-deposition on soil fauna-microbe interactions and the

. impact on decomposition pathways. '

ZSOLNAY; A.: The relationship between resolved organic carbon and basal
metabolism in soil.

CHEN, P. and L. LI: Sulphur deposmon distribution and sulphur balance in

~ Sichuan Basin, China.

Kurzfassungen der Vortriige.
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1994, 442 Seiten

. Bodenbiologie in Osterreich.

SCHINNER, F.: Bodenmikrobiolgie in Osterrcwh

SCHALLER, F.: Bodenzoologie in Osterreich.

OTTOW, J.C.G.: Bodenmikrobiologie in Deutschland.

DUNGER, W.: Bodenzoologie in Deutschland.

ILLMER, P.: Mikrobielle, nicht enzymatische Phosphormobilisierung aus
unldslichen Calciumphosphaten.

KOPESZKI, H.: Auswirkungen von DungungsmaBnahmen auf die Boden-
mesofauna verschiedener Waldstandorte in Osterreich.

BOHM, K., E. KANDELER, W.E.H. BLUM: Jahreszeitlicher Verlauf mikro- -.
biologischer Aktivititen einer Schwarzerde mit unterschiedlicher Boden-
bearbeitung.

AESCHT E.: Freilanduntersuchungen zum blomdlkatlven Potential von
Bodenprotozoen: Erfahrungen aus Osterreich.

MEYER, E.: Bodenzoologische Bestandeserhebungen in Agrarlandschaften
Osterreichs (Oberésterreich, Burgenland).

PODER, R., B. PERNFUSS: Monitoring von Ektomykorrhizen. :

PHILLIP, B., F. MUTSCH, E. KANDELER, R. MAIER: Enzymaktivitits- .
untersuchungen bei der sterreichischen Waldbodenzustandsinventur -
Arylsulfatase.

OHLINGER, R.: Oberésterreichische Bodenzustandsmventur - Mikrobielle |
Biomasse, N-Mineralisation, Phosphatase.

INSAM, H.: Waldsanierung im Kalkalpin: Die Verwendung von intakten
Bodensiulen zur Abschitzung des Durchbruchsverhaltens von Nitrat und .
Ammonium. ‘ ‘

BAUER, E., C. PENNERSTORFER, E. KANDELER, R. BRAUN: Bio-
logische Bodenreinigung. .

LUMMERSTORFER, E., E. KANDELER, O. HORAK: EinfluB leicht
mobilisierter Schwermetalle auf die Aktivitét von Bodenmikroorganismen.

PALZENBERGER; M., H. POHLA: Verfiigbarkeit von Spurenmetallen fiir
Bodentiere (Regenwiirmer) am Beispiel eines Industriestandortes.

BERTHOLD, A.: Freilandtkologische Untersuchung der Ciliaten (Protozoa)
in schwermetallbelasteten Boden.

KAMPICHLER, C., A. BRUCKNER, R. BAUER, E. KANDELER: Infer-
aktionen zwischen Bodenmesofauna und Mikroflora in Freiland-Meso-
kosmen. II. Wiederbesiedlung von tierfrei gemachten Mesokosmen durch
Oribatiden, Collembolen und Enchytraeiden.

KANDELER, E., B. WINTER, C. KAMPICHLER, A. BRUCKNER, R.
BAUER: Interaktionen zwischen Bodenmesofauna und Mikroflora in Frei- -
land-Mesokosmen. III. Biomasse und Nahrstoffumsatz von Bodenmikro-
organismen.

Posterbeltrage

AICHINGER, S., E. KANDELER: Die mxkroblologlsche Aktivitdt von unter-
schiedlich stabilén Bodenaggregaten

BACHMANN, G., M. MULLEBNER: Bodenbxologlsche Aktivitédten in
Gemiisemischkulturen.

BAUERNFEIND, G., F. SCHINNER: EinfluB von Stxckstoffemtrag aus der
Atmosphire auf bodenmikrobiologische Prozesse in Waldbéden. -

BERRECK, M., K. HASELWANDTER: Die Auswirkungen von organischen
Diingern in Kombination mit Magnesit auf bodenmikrobiologischen -
Parameter in einem Fichtenbestand in Oberosterreich.
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CHRISTIAN, E.: Die Dipluren Wiens (Kurzfassung).

GEMEINHARDT, G.: Bodenbiochemische Analysen eines ammonnitrat-
gediingten Bodens. ,

GIRSCHICK, B., S. ZECHMEISTER-BOLTENSTERN: EmﬂuB von
Magnesit, organischem Diinger und Mmeraldunger auf
bodenenzymatische Umsetzung in einem Fichtenwald.

GOBL, F.: Forstliche Mykorrhizaforschung in Osterreich.

HENRICH, M., K. HASELWANDTER: N,0O Frelsetzung durch Denitrifi-
kation in einem sauren Waldokosystem. '

INSAM, H., A. PALOJARVL: A microcosm experiment on the effects of

* forest fertilization on nitrogen leaching and soil microbial properties.

KAMPICHLER, C.: Voruntersuchungen zur Analyse einer epigiischen
Collembolenstratocoenose (Kurzfassung).

KAMPICHLER, C., M. HAUSER: Die Rauheit von Bodenporen
Oberflichen und ihr Einflu8 auf den verfiigbaren Lebensraum fiir -
Mikroarthropoden (Kurzfassung).

.KOPESZKI H.: Collembolen als aktive Bioindikatoren fiir Schadstoffbe-

* lastungen von Béden.
KUHNERT-FINERNAGEL, R., W. v. MERSI, F. SCHINNER: Verwendbar-
-keit von Gesteinsmehlen zur Verbesserung der Nahrstoffverfiigbarkeit in

verschiedenen Waldbéden (Langzeituntersuchungen). ‘

MEYER, E., K.H. STEINBERGER: Uber die Fauna in' Waldboden
Vorarlbergs (Osterreich) - Auswirkungen von Gesteinsmehlapplikationen.

RANGGER, A. H. INSAM, K. HASELWANDTER: Mikrobielle Aktivititen
und Biomasse entlang eines Héhengradienten in den nordlichen
Kalkalpen.

RESCHENHOFER, J., W. STROBL: Unterschiedliche Stlckstoffdynamlk
von Acker- und Griinlandbtden (Kurzfassung).

SMEJKAL, G.: Bodentyp, Bewirtschaftungsweise und bodenblologlsche
Parameter: Ursprung-Elixhausen.

STANA, I, T. SEVCIK, S. MALY: Bodenbiologische Untersuchungen an
Dauerbeobachtungsflichen in der Tschechischen Republik (Kurzfassung).

v. MERSI, W., F. SCHINNER: Bakterielle Kalium-Mobilisierung aus
illitischen Tonmineralien.

v. MERSI, W., F. SCHINNER: Pilzliche Kalium-Mobilisierung aus
illitischen Tonmineralien:

WIESHOFER, 1.: Bodenmikrobiologische Parameter zur begleitenden Unter-
suchung des Umstellungsbetriebes Lobau.

ZEHNER, R., A. MENTLER, M., PFEFFER, W E.H. BLUM: Bodenbio-
logische Aktivititsmessungen im Stammablaufbereich eines
immissionsbelasteten Buchenbestandes im Wienerwald (Kurzfassung).

‘1994, 190 Seiten

Symposium: State of the ecological research on soil science and land use in -
Slovak Republic and.in Austria.

AICHBERGER, K, G. HOFER and U. GRUBER: Heavy metals in soil - an

~ aspect of the Upper Austrian soil monitoring program.

BIELEK, P.: Soil science in Slovak Republic, present state and perspecnves

BIZIK, J.: Plant nutrition ecological aspects.

DUBLINEC, E. and J. KUKLA: Natural edaphic-ecological conditions and
influence of polluted air on state of forest soils.
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CURLIK, J and L. MATUSKOVA: Natural and man-induced factors of. soil
pollution (and hygiene).

DANNEBERG, O.H., I. POVOLNY, H. GOTTSCHLING and O.
NESTROY: Soil Units and their Distribution in the Agricultural Area of
Lower Austria.

DZATKO, M. and J. VILCEK: Pedo-ecologlcal aspects of the land
evaluation and land use planning.

FULAIJTAR, E.: Assessment of soil water regime.

FULAJTAR, E.: Soil monitoring on the territory influenced by construction
of the hydro-system Gabcikovo. .

JAMBOR, P.: To the relationships between Austrian and Slovaklan soil
scientists. )

LINKES, V.: Slovak Republic soils monitoring system.

NESTROY, O.: The position of soil ecology in the scope of the ecology.

RAMPAZZ0, N., W.E.H. BLUM and J. CURLIK: Soil structure assessment
- the importance of mineralogical and micromorphological investigations.

SURINA, B.: Water regime of the soils with deep ground water level (upper-
Zitny Ostrov) soil unit: Calcaric Fluvisol.

Heft 51 1995, 175 Seiten
" NESTROY, O.: Ergebnisse bodenskologischer Studien im Raume
- Obertauern (Radstidter TauernpaB, Land Salzburg).
BROCKER, F. ind O. NESTROY: Bodenkundliche Untersuchungen in der
subalpinen und alpinen Stufe im Bereich der Kamtner Nockberge
Berichte

Heft 52 1995, 110 Seiten .
- SCHNEIDER, W.: Dr. Maximilian Eisenhut ¥ .
BLUM, W.E.H.: Internationale Bodenforschung - Versuch einer
Bestandsaufnahme ’
DANNEBERG, O.H.: Chemische und physikalische Eigenschaften von
Bodeneinheiten der landwirtschaftlich genutzten Fliche Nlederosterrelchs
Berichte :

1. Sonderheft der Mitteilungen der OBG (1978, 92 Seiten)
Exkursionsfiihrer siidostliches Alpenvorland;
Thema: Landfomung und Bodenbildung auf Talbdden des siidostlichen
Alpenvorlandes (Standorts- und Meliorationsprobleme). :

2. Sonderheft (1979, 126 Seiten)
Exkursionsfiihrer Ost- und Weststeiermark;
Thema: Obstbau in der Steiermark - Standorte und Probleme.

3. Sonderheft (1981, 199 Seiten)
Exkursionsfiihrer durch das Glocknergebiet und die Karnischen Alpen in
Kérnten;
" Thema: Béden und Standorte in den Zentral- und Stidalpen - Nutzungs-
probleme des montanen und subalpmen Griinlandes.

D1e Hefte konnen iiber die Osterrelchlsche Bodenkundliche Gesellschaft Gregor-Mendel-
) StraBe 33, 1180 Wien, bezogen werden.
-Der Autor trigt fiir den Inhalt seines Beitrages die Verantwortung.
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