Leukemia in the Proximity of a German

Boiling-water Nuclear Reactor: Evidence
of Population Exposure by Chromosome
Studies and Environmental Radioactivity

Inge Schmitz-Feuerhake, Bettina Dannheim, Anna Heimers,
Boris Oberheitmann, Heike Schréder, and Heiko Ziggel

Department of Physics, University of Bremen, Bremen, Germany

Exceptional elevation of children's leukemia appearing 5 years after the 1983 startup of the
Krimmel nuclear power plant, accompanied by a significant increase of adult leukemia cases, led
to investigations of radiation exposures of the population living near the plant. The rate of
dicentric chromosomes in peripheral blood lymphocytes of seven parents of children with
leukemia and in 14 other inhabitants near the plant was significantly elevated and indicated
ongoing exposures over the years of its operation. These findings led to the hypothesis that
chronic reactor leakages had occurred. This assumption is supported by identification of artificial
radioactivity in air, rainwater, soil, and vegetation by the environmental monitoring program at the
nuclear power plant. Caiculations of the corresponding source terms show that emissions must
have been well above authorized annual limits. Bone marrow doses supposedly result primarily
through incorporation of bone-seeking - and o-emitters. — Environ Health Perspect 105(Suppl

6):1499-1504 (1997)
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Introduction

A cluster of childhood leukemia cases was
observed in the community of Elbmarsch in
northern Germany in 1989 to 1991 (/-3).
All five cases had been living within a dis-
tance of 5 km from the Kriimmel nuclear
power plant (Kernkraftwerk Kriimmel
[KKK]) located near the river Elbe about 35
km southeast of Hamburg. Since 1994, four
additional cases were identified in the 5-km
area surrounding KKK (Figure 1). All these
cascs were diagnosed at 10 years of age or
younger; five were very young: 1.8 to 4 years
of age (Table 1). Also, one case of leukemia
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in a young adult and a case of aplastic
anemia in a child were diagnosed.

Between 1986 and 1995 the mean
number of children up to the age of 14 liv-
ing in the 5-km area surrounding KKK was
about 5400 (4). According to Haaf et al.
(5), the mean incidence of acute leukemia
between 1980 and 1990 was 4.3x 107 17!
in individuals less than 15 years of age. The
expected number of leukemia cases in chil-
dren in the 5-km region around KKK for
the period 1990 to 1996 was 1.6; therefore,
the incidence of childhood leukemia in that
region was elevated by a factor of 5.6.

The Krimmel nuclear power plant is a
1300-mW boiling-water reactor—the
largest in the world—and began operation
in 1983. The nuclear research institute
Gesellschaft fiir Kernenergieverwertung in
Schiffbau und Schiffahre (GKSS) is located
in this plant’s vicinity. The GKSS was
established in 1958 and operates two
research reactors of 5 and 15 mW.

The governmencs of the Federal States
of Lower Saxony and Schleswig-Holstein
have established a board of experts to iden-
tify possible causes of the observed
leukemia cluster. Potential risk factors such
as X-rays, chemicals, and previous diseases

of the affected families were noted and
excluded from the study. None of the par-
ents were exposed to occupational or
unusual medical irradiation. One family,
however, was living in a house with a2 mean
radon concentration of 450 Bq/m?. The
only common factor among the leukemia
cases was their proximity to the two nuclear
establishments. With respect to KKK, not
only the spatial relationship of the observed
leukemnia cluster to the nuclear power plant
is remarkable but also the temporal corre-
spondence. The first case of malignant
blood disease was diagnosed 5 years after
KKK was commissioned.

A retrospective epidemiologic study by
Hoffmann and Greiser (6) in 1994
showed an elevation in the incidence of
leukemia in the whole population in the
vicinity of KKK. For the period 1984 to
1993 there was a statistically significant ele-
vation for males (+56%) within 5 km of
the nuclear power plant. This increase was
confined to the period 1989 to 1993; it
began 5 years after the KKK startup.

A careful investigation of the possible
relationship between the cluster of leukemia
cases and the local nuclear facilities
appeared imperative even though the
whole-body counting of inhabitants per-
formed in 1991 produced negarive results
and analyses concerning the emission of
long-lived fission produéts failed to de-
monstrate a consistent pattern of increased
radionuclide concentrations in soil and veg-
ctation (7). There were, however, several
isolated findings of elevated radionuclide
activities measured in environmental
samples at various times (8).

To examine whether the population
living in the vicinity of KKK was subjected
to clevated exposures of ionizing radiation,
analyses of dicentric chromosome aber-
rations in lymphocytes of the peripheral
blood were conducted for a group of inhabi-
tants of the Elbmarsch community. Analyses
of data on environmental radioactivity
measurements also were conducted.

Biological Dosimetry by
Investigation of Dicentric
Chromosome Aberrations

The retrospective investigation by
chromosome aberration analysis included
21 individuals (19 females and 2 males), all
inhabitants or former inhabitants of the
Elbmarsch community. All were residing
within 5 km of KKK in a southern direc-
tion. At the time the blood samples were
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Figure 1. Map of the area around the Kriimmel nuclear power plant. Black circles indiate hoowes of leukeng and
aplastic anomi e wath yaar of diagnosis since 1980, The only case befare the start-up of KKK was diagnosed
in 1981, Circles show the distunce s KKK Anakhhonal case lagnosed in 1984 is not indicated on the map

because the locatian is not known.

Table 1. Lases of leukemia and aplastic anemia observed ina S-km radius of the Krimmel nuclear puwe plan]

lasg Manth and Date of Ager at
ne year born Sex Qisease diagnaais diagnas
1 971982 F AA 1271584 !
2 6/1906 F AL 271840 35
3 Z/1301 Y ALL 31840 3
4 3/1301 Y AML 441840 g
5 3/1989 F ALL 1714941 14
G 1970 % AML 4/1aM 21
! 9/1968 M ALL 51941 27
4 ? M ALL 14944 ?
9 ca 1991 M AbL 194 1
10 1585 M ALL /1995 10
11 it ALL fi/ 1996 3

1992

Abbreviations: 7. not knawn: AA, aplastic anemia. ALL, acute lymphatic leukermio; AMI, acuti nyulond fevkemia; F

tomales B, male

taken {in 1992, 1993, and 1995) these
voluntecrs were 28 to 45 vears of age. Fonr
women were selected becinse 1hey had sel-
tled in the village afier 198G (Table 2, cases
8 11, as had une of the leukemia families
{Table 2, case 3). Seven subjects were par-
ents of the children who were diagnosed
with leukemia in Elbmarsch.

The contrel group consisred of 25
healthy adulis (9 Temales and 16 males)
living in the ciiy of Bremen, about 100 km
southwest of TTamburg. At che time of

1500

blood sampling (1988 1o 1994] these
individuals were 17 1o 57 years of age.

Cuch subject completed a detailed
questionnaire, Exclusien critcria were previ-
ous occupational exposures, grearer rhan
average diagnostic medical irradiation, or
exposure tn chemica] mutagens. Smokers
(1hose who sinsked more than 10 cigarcttes
per day) were also excluded.

To evaluate the rate of dicentric
chromosomes and ccnttic ring chremo-
somes, lymphocyte cultures and slide

preparations were made according ra
standard cell cyele concralling methads
(9. Collecrion of metaphases was facili-
iated by a semiautomatic computerized
system that included dara management
{Merasvstems, Sandhausen, Germany).
Only first-division mcraphases with 46
centrometes were analyzed and all strne-
tural aberrations were registered. The
resutts are given in Table 2.

Cuowputed Lo the laberatory control
{0.46 % 1077, the investigated population of
Elbmarsch showed a highly significanc
clevation of dicentric chromasomes, with a
rate of 1.77 x 107 diceniric chromo-
somes/meraphase [p<0.00 (/2. The high-
est individual number of dicencrics
(excluding case 3 in Table 2) was 5 dicentric
chromosomes in 1000 mctaphases.

Particularly noteworthy was the existence
of cells with two dicentrics in the Fllmarsch
group (Table 2, cases 5, 8, 10, and 12) in
comtrast (0 The control group (no cells with
mure than one dicentric). Additionally,
there was one metaphase with six dicenerics
(Tablc 2, casc 3). The aberrations did nor
follow Poisson distribution bt showed a
significanc averdispersion (/7). This was
rrue for the entire Elbmarsch population
ilwr:stig:lted, evern when the multiaberrant
cell was excluded (Table 3). Although the
tesules of the chromosame aberratian analy-
sis indicate that the population of the
Elbmarsch communiry luas been severely
exposed to ionizing radiation in the past
(12), extrapolation of the entire accumu-
lated dose is not adequate because cxposure
conditions ar¢ not known.

Gamma Dose in the
Surrounding Area

The wajor focus of the environmental
moenitoring program of KKK and GESS 1s
v dosc rate and accumulated ¥y dose
(7.8,13,14). The anoual exrernal ¥ dose i
controlled by 80 thermoluminescence
dasimerer{s) (L) distributed ar ditferent
loions (£:3). We analyzed the results by
reparding two zones: 0 to 2.5 km (a rotal of
11 locations excluding measurcments ar the
KKK site) and 7.5 to 15 km (34 dosime-
vers). By calculating annual averages for
each of rhe rones 11 way determined chat
there was syslematic elevation of ¥ exposure
in Uie internal zone since the beginning of
operation in 1983 to abour 1992 (Figure
21. In the 2 ycars before the KKK starcup
the external ¥ doses in the two wones were
staristically similar,

The difference in ¥ exposures cotre-
spands (o a mean additional exposure of

Ervvironimental Health Perspectives = Vol 105, Suppiement & = Decernber 1997
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Table 2. Results uf chromosome aberration analysis in adult residents of Clbmarsch and in gontrols.

Parent of Length of Analyzed Rate of
Gase rhild with rosidence in Date of bload metaphases,  Dicentrics,  dicentrics
Nustilia leukermia Elbmarseh sampling number nurmber %10
Elbmarsch
2 Yus Stk Delee: 1984 Janwary 1992 1005 2 2.0
? Yes Sinees helore 1984 January 1097 390 2 5.1
. Yas Sinen helor: 1984 January 1992 1000 3 30
A Yes Bolone: 1984 1491 January 1692 1001 i 20
Y Yeu Sitna: May 1988 January 1992 664 " 1.0
B Y S bolarn 1884 October 1995 1010 2 2.4
! Yo Sinc belore 1884 Drtober 1995 1010 0 0.0
B Mit Since 1988 April 1993 1002 o Ly
] N Since 1987 April 1093 1014 0 0o
1 No Singe 1987 Aprir 1093 1097 4¢ 36
1 No Ninerr 1987 April 1083 1034 1 10
17 Nin Since before 1984 Juna 1993 1005 3 30
13 Ny Since before 1984 June 1993 110 0 a0
14 Nk Since before 1984 June 1993 1003 t 14
1% i Sinca hefore 1084 June 1993 1005 1 1.0
16 Ne Since hefore 1984 June 1093 1002 2 20
17 No Sinee bofore 1984 June 1093 1011 2 2.0
18 No Since hefore 1984 Jure 19593 1008 0 04
L] Niy Sinee befare 1984 June 1993 1007 2 20
Wi Nn Since befare 1084 June 1993 1004 2 20
bl Mu Since before 1984 June 1393 1009 0 0.0
Lol 20,391 36 1.0 =033
Control
1-25 — — 14HH-1949R 18,774 il 04640157

*Exgluding one multiabemant cell will six etz #0me celf comtained one tricentric, which was counted as
twry tlicenirics Sncluding one cell with two dicentrics. #Standard error of the mean.

Tahle 3, Intercellular distribution of dicentric chromasomeas in Flhmanseh inbubilan s

Dicentric chromasomas par cell, no

0 i i 3 1 ) fi sya u*
Includes multigherrant cell
Observed 20,358 20 4 0 0 U 1 140 Y 78
Expected 20,349 41.41 004 0 { { 0
Excludes multiaberrant cell
Observed 20,358 28 4 0 0 0 U 124 74 HR
Expetted 20,354 1594 0.03 1] 0 i o

Relative variance [¥ is the mean valuel. *v:1.96: overdispersian is significant {p< U.04).

0.09 m3v per year and canin be cxphjim:d
by small-scale spatial variation of the back-
ground cxternal ¥ radiarion feld. Although
the y exposure rate is well below the German
permissilile limit of 0.3 mSv per year, the
influence of the reacror aperarion is well
demonstrated. This result is remarkable
because a safety assessment report (15) pre-
dicted a possiblc maximum reactor dose of
anly 0.04 mSv per year. 'Lhis dose would be
incarred partly by inhalation and ingestion
of radionuclides, which are nor registered by
TLD dosimetry.

Cesium Isotopes

in Rainwater and Air

Long-lived y emitters arc rourincly
measured in the vicinity of KKK (13,74).
Concentrations in rainwater are measnred
periodically at three locutions. Figure 3

Frwvirnnrnenial Health Porspectives = Vol 105, Supplement & = December |99/

shows 7 Cx activity in precipitation at these
sammpling stations. The Griinhof statian,
which is 2.2 km downwind of KKK, has
shown a decreasing but permanent elevation
of isotopes PCs and 137Cs since 19806.
These isotopes were clevated compared to
isotope incidence at other locations of the
KKK manitering program and the 147Cs
concentrition was at feast 10 fuld higher
than thar at other measuring poinis in neni-
e Germany from the third quarter of 1986
unel 1993 {16). Thus, Chernoby! fallout
can be excluded as a cause of such clevations,
TIn addirion, the presence of the 179Cs iso-
tope in these sampies indicaes thar the cone
aminations cannot be anributed 1o the
fallout from nuclear weapons restinp because
of the short half-life of ¥Cs (2.1 years).
Calculations and measurcments demon-
strate that the releases of radioactiviry

permitted by German nuclear facilities do
not lead 10 derectable convaminarion in the
surmunding areas (17). Therelore, find
ings of Cs in rainwarer appear (o be an
indication of repeated releases of nuclides
above permireed limies.

Flevared (s cmissions have been
wonlinned by measurements of dry fallour
at different lacanions near KKK (13),
Compared to that in other lucations in
Ciermany, the 7Cs aerosol concentrarion
inair near the ground in the vicinity of
KKK was signifhcantly clevated in ditferent
quarters in the p(‘l'ind 1985 to 1995 {I'ablc
4), To should be nored that these measuee-
ments were cartied out by three different
laboratorics; therefore, repeated measure-
ment errers can be discounted. Addition-
ally, remarkable concentrarions of 798¢
were fonnd in 1984 and 1988, which also
canuut be explained by any other sources
than KKK emissions (™S in minwarer was
not measured),

Fission and Activation
Products in Soils and
Green Plants

Measurements of environmenial samnples
show elevated activities of the nuclides
137Cs and "8t in soil and plants since the
startup of KKK (73,/4). The Chernobyl
aceident led o only marginal increascs of
M8 in the German enviranment {17).
Mevertheless, conceniations af this rsntope
rose repaatedly by several Byfky (elry imnasy)
compared to the background fallout in
the grass around KKK. The highest *S;
cantamination—30 Bq/kg (dry mass)—was
registered in Angust 1987 at a location 10
km from KKK; ihis 15 more than 10-fold
the normal concentration in Germany a
thart time (/8,74). The highest concentra-
tion of 1775 in grass {103 Ba/kg) was mea-
sured in 1988 2 km from KKK (73}, 'This
1% an ;||1I}r:1xin1:-1n‘|y 1ik fold increase over
the normal value in local vegetation (/9),
The KKK enviroumental monitoring
program docs not call for nuclide-specific
and contrinuous measurements of pare
f-and ¢t-emiviers in the concrolled media
except for "8r in the air. Measurements of
short-lived 7 and B emitters are also not
required, Nevertheless, there have heen
occasional findinps of shori-lived lission
and activation products as well as radio-
active corrosion products, none of which
van be explained by the Chernobyl acci-
dent (Table 5). Only afier damage o
the fuel rods would these noclides be
detectable ourside the plant. Tn these cases
Leakages of primary cooling water would be
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releases is in the discovery of “Np in seil
in 1993 because 2*Np is a precurser of
My (Table 5.

Discussion

Elevated races of lenkemia among popu-
lations in the vicinily of nuclear estab-
lishnients have been tound repeatedly
(21-23). Tor example, in the case of the
[ilgrim nuclear reactor in Massachusetts, a
corrclation berween the leukemia rares in
the vicinity of the planr and official infor-
matian nn releases Uf l'ildloﬂuti\'ity was
established and a cause—effect relationship
derived (24). In western Germany, an nci-
dence study of childhood leukemia near
nuclear cseablishments in the former coun-
trics of the Federal Republic had negiiive
resulrs (29). However, with respect to pop-
nlations residing in a radius of less than 5

1481 1484 1385 14987 1989 1991

Yoar

Figure 2. Annuai Y s nnissares] by TLD in two radian zones around the Kidmmel nucfear power plant Thi viiluos

given are averages taken at 11 locations in 1he 010 2. b kin eang and at 34 logations in the 7.5 to 15 km zone.

200

firtnhod

|I o
é .
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e
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1¥1992 11393

Quartar/Year

Figure 3. '37Cs in rainwater measured at three locations in the vicinity of the Krilnunel nurlear power plant.

accompanied by releases of Puoand other

. ol
isotopes 2Py and PPy are compared,
transuranium isotopes (20).

it is concluded that they were generated in
a reacror and are not the result of weapons
fallour. No P measuremerts were avail-

ahle after 1984, A lurther indication of Tu

In 1984 Pu isoiupes were found in
surface witrter of the Elbe River and in fish
in the river {#). When the activity ratios of

0 Pumpspeicharwverk

km From a nuelear establishment and chil-
1193

dren less than 5 years of age ar diagnosis,

thete was a 3-fold significanc elevarion in

leukemia incidence compared 10 that in

control regions {29).

The siudy by Keller and co-workers
{25} was restricted to the period 1980 to
1990; therefore, most of the cases of child-
hood lecukemia near KKK were not
included. Maost af chese children become ill
at very young ages (Table 1), The Lypothe-
sis of raelianion induction is thus supported
by the well-known fact that individuals in
the prenatal stage and at very young ages
have a higher scnsitivity to radianon.
Furthermore, the predaminance of illnesses
among boys {Table 1) cirrespunds to the
finelings amaong A-bomb survivors in which
thie male:female ratio is 2:1 tor radiation-
induced cases {26): the normal ratio for
such illnesses is 1.3:1 (5).

Furcher support for the hypothesis of
radiatian-induced leukemia in the
Elbmarsch region has been found through
investigations of the latency periods tor
leukemia in exposcd cohorts. Childeen U to
15 years of age recciving X-ray therapy for
ringworm of the scalp showed a maximuim
ratc of leukemia abonr 4 years afier irradia-
ton; 54 of all cases occurred |J)‘r this time
{2/, 28). "This corcesponds to the distribu-
tiun in the Oxford Survey of Childhood
Cancers for Jeukemia after prenatal expo-
sure to diagnostic X-rays (29}, and ro age
correlations in latent cases of radiation-
induced illnesses amang Tapanese A-bomb
survivers (360).

Assuming 4 years of latency and realizing
that the first appearance of childhood
lenkemia in the proximity of KKK was in
1990 (l'able 13, a single exposure event in

Erwvironmental Health Perspoctives = vol 105, Supplement & « LDecember | 997
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Table 4. (s aerosol concentrations in ait above sofl in pBa/m? at different measuring paints in the vicinily nl KKK
in Lampansan to other locations in Garmany. Values of the year of the Chemafyl accident (1986) are not reported.

Year (Quarter, location KKK surrounding” Draunschweig”  Derlin® Treiburg”
1960 IIl, GKSS K] IFY 059 0.7z
1087 I, GKSS i+ 1 70 17 -
Il GKES 143 178 171 -
ill, GKS&e M 571 D -
I, GKSS? Mo+ 28 h71 340 -
Iy, GKSSC 77+3 1513 B5 -
IV, GKSS™ 12113 153 7R -
1984 ll. lespe Axd 34 36 -
I, RKSS M 34 b -
IV, Fumipspencherwek tdxd 28 6.0 -
IV, lespe ER 2B 6.0 -
1989 I, GKSS 10+3 20 17 2.7
I, Tespe 13¢2 20 3.7 2.7
Il Pumpspeicherwerk 22£3 25 40 1.3
I, Tespe 14+£2 25 a0 12
¥, GKSS 21:3 19 28 12
1990 I, Pumpspeicherwerk 1312 17 a 24
|, Tespe 21103 17 a1 74
I, GKSS 2514 17 1 24
I, Pumpspeichanyerk 1512 24 76 0
II, Grinhof 1512 24 26 il
I, GKSS 2714 14 14 Y
199 I, GKSS h+h 12 11 07
1991 Il, Pumpspeicharwerk 19 1.5 22 1.1
I, Griinhof 3 1.5 2.2 1.1
1992 Il Fraischaltanlage 16 22 0 74
I, Fumpspeichenwerk e 22 an 74
1995 [, Pumnipspaica ik Vi - - 0.6

#All values except the last five entries in eolumn 3 e durivd by awe ikar maasurements and contain all results
above the detection limits (13, 14}, Yalues for the last five entries of column 3 are modsurements ol the dry Gillool
by deposition, which have been converted into air concentrations. *The data from the locations Braunschweip
[narthurn Gemany), Kol and Feilueg (sautharm Germany) are taken from tha annual reports on environmental
radioactivity and radiation of the Federal Ministry of Enviramnent (38} @Mesasnremeonts mady Ly KKK
4Measurements made by an independent second laboratory.

Table 8. Shinl-lved fisson and activabon products found near KKK.

Concentration,

Nuclule Tz Time Ba/kg Lacation
B57n 250 days Septamber 1985 15 Grass, Tespethude, 1.5 km east
5N 30 days June 1964 0.36 Grass, Tespe, rivarside opposite KKK
October 1994 oL} Surface water, 10 km west
Ry 1 year May 1088 240 Suspndiad rsalunal, Goasthacht
June 1988 18 Suil, issenlod, 10 ko s ib
Aurust 1988 16 Snil, Tespo, riversade opjsils KRK
Mg 33 iy My 14Hh 24 Sediment, naar Geesthacht
Febainy 198/ LA River Elba, above KKK
My 1541 .16 Soil. Schwinda, G km west
July 14997 LV Sadiment, 1 km southeast
Jatisiry 19495 Uz Four samples of sail in 3-km region
3y 2.3 days January 1993 510 Soit, near transformer station KKK

about 1986 could be suspected. [Towever,
the onpoing occurrence of malignancies in
Elbmarsch points to continuous conrami-
nation and/or incorpotation of radioactivity
with a long biological half- life.

From rhe medical and biological findings
discussed in this paper, we vonclude thar the

Frwiroarmental Health Perspectves = Vol 105, Supplement 6 = Uecernber 1597

population was aftected by repeared cxpo-
surcs for the following reasons. First, at least
four of the children with leukemia were born
after 1987 (Tahle 1). Second, the rrfpt‘.;llc'.d
expassures are indicated by the resulis of the
chrompsome aberracion analysis. Dicentric
chremosomes are unstable aberrations with a

decline al about 40%/vear (1.2), Therefore,
backdating the measured 1ates of dicentric
chromosomes to a single event in 1986 or
catlicr would yicld unrealistically high origi-
nal ratcs of exposure. ‘Third, the elevaced rate
of dicentric chromosomes is similar for per
sons who sertled in Elbanarseh hoth before
and alier 1980 (Tahle 2).

Dose estimarions based on the abserved
rate of dicentric chromosomes in Elbmarsch
inhabitanes are nor reliable because neither
the time nar che conditions surrounding
the exposures are known. The (lindings
abour averdispersion of e distrilution of
aberrations per cell, however, give additional
information about the kind of exposure.
Overdispersion of diceneric chromosomes
can be causcd by cither nonuniform or high
linear energy rransfer (LET) irradiarion.
Such distribucions have been {ound in
blood samples of persons occupationally
exposed to plutonium (31), tritium (32},
or uranium (33). This cannot be proven
through available data or mcasuremenrs for
the Elbmarsch popularion. The overdis.
persion ubserved in e present sidy also is
unexplainable by external ¥ irradiation or
other kinds of low-dose low LET exposure,

The supetvising minisuy in Schleswig-
Holstein has denied thar KKK is responsi-
ble for exposing the population in the
viciniry of the plunt aned refers 1o the
resules of the extensive ¥ monitoring, of the
surrounding area. Although there is no
indication of a severe overexposurc to
external ¥ irradiation in thac region, the
supposed bone marrow dose may have
besn a result of incorporation of - and
B-zcrosals, whereas the ¥ submersion was
negligible. Scenarios that lead o such
organ doses are described in conncction
with aceidents caused by cooling water
effluent (207, In addinon, fuel-rod failures
are o well known problem in nucdear reac-
tors, Because it has the largest boiling-
water reactor in the world, che Kriimmel
nuclear power plant is a unique installa-
tion. A rccent television dacumentary
reported severe problems encountered dur
ing construction of the pressure vessel with
regard to the welding ol single elements,
The leukemia study researchers learned of
significant leakages of cooling media from
the pressutized system during almose all
the years of epcration {34). 'Lhe quantidies
rase to A4 licers/hr in 1986 and increased
to more than 200 livers/he in 1993 and
1996. Further investigations will consider
the relevance of these leakages by analyzing
the patcern of observed nuclides in the
arcas surrounding KKK.
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