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ABSTRACT

In 1990, b7Cs contaminated areas were discovered along 19 km of the banks of the rivers receiving
discharged waste waters from the Bohunice NPP. The contamination was the result of uncontrolled
releases of drainage water from the radioactive waste treatment unit and two accidents on the CO2

cooled and heavy water moderated NPP-A1 unit in 1976 and 1977. In total, more than 67.000 m2 of
bank surfaces (the lower and middle parts of their slopes) have been found to be contaminated with
137Cs at levels exceeding 1 kBq/kg of soil. This paper describes the planning for restoration of these
river banks with emphasis on site characterization techniques used for these purposes. The general
strategy and application of monitoring techniques for the purposes of characterisation of contaminated
river banks is the main topic of the work performed in the context of the IAEA CRP on "Site
Characterisation Techniques for Environmental Restoration". First results in developing new and
more sophisticated measuring techniques, needed for the characterization of discontinuous and spot-
contamination found on parts of the banks are given. The technique described is based on a dose rate
measurement approach, using ratio of two detector readings at two different distances above ground
and Monte-Carlo simulations of the plastic scintillation detector responses. The method will also be
useful, for the final, post-remediation survey of residual spots of 137Cs contamination.

1. INTRODUCTION

The present work was carried under the Research Agreement No 873 I/OR between the IAEA
and VUJE Institute Trnava, Slovakia. According to this agreement, the subject and long term
goal of the VUJE Institute participation concerns to the developing and innovation of
monitoring technology necessary for radiological survey and characterisation of contaminated
sites resulting from nuclear accident.

The research topic received baseline funding and support within the framework of the national
project no. PE1024 "Innovation of the monitoring systems and procedures", and carried out in
the time period between 06/1996 to 12/1998. Experiences gained from performing tasks
related to this project were further utilised in the context of the IAEA project on "Site
characterisation for remediation purposes" [1] and on "Post-restoration compliance
monitoring" [2].

Project PE1024 was focused partly on large-area monitoring and the monitoring plan
optimisation, and partly on developing and testing new methods using Monte-Carlo detector
response simulations to 137Cs contaminated circle soil spots. The latter method is intended for
use in the context of remediation and post-restoration monitoring, and for characterisation
purposes on spot-contaminated river banks. Detailed description of results obtained during the
project are described in two VUJE reports [3] [4].

The objective of this annex is to describe the general strategy of monitoring and
characterisation techniques as applied to the contaminated banks of Manivier canal-Dudvah
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river system. The description relates, in general, the planning, performing and assessing of the
site characterisation and radiological surveys with subsequent validation of compliance with
the derived cleanup criteria. In addition, the recent results achieved in the field of Monte-
Carlo simulation of the response of a plastic scintillation detector, and the determination of
lj7Cs content in small circular spots of contaminated soil, including field verification
examples are given. The tested plastic scintillation detector with a 76x76 mm size was shown
to being sensitive enough to apply it not only as the main measuring device during clean-up,
but for post restoration monitoring purposes as well.

Detailed descriptions of radiological environmental pathway studies and dose assessments for
the contaminated banks, including derived clean-up levels can be found in the companion
references [1] [5] [6] [7].

2. BACKGROUND INFORMATION AND DESCRIPTION OF THE SITE
CONTAMINATION

2.1. Characteristics of the site

The 19 km long banks of the Bohunice NPP waste water recipient has been identified as
contaminated by 137Cs as a result of two accidents on the CC>2-cooled and heavy water-
moderated NPP-A1 unit in 1976 and 1977 respectively. In total, more than 55,000 m2 of river
banks (their lower and central parts) have been found as being contaminated at levels
exceeding 1 Bq137Cs/g of soil. Until 1992, NPP waste water had been routed through the 5 km
long, concrete paved Manivier canal to the smaller rated Dudvah River (QaVerage- 1.8 m3/s)
which joines the Vah River (Qa= 150 m3/s) further 13 km downstream, 90 km above River
Vah's confluence with the Danube River (see Figure 1).

In the period between 1976 and 1978, when both accidents happened, a flood control project
on Dudvah River had just been being implemented over a length of 8 km upstream of its
mouth. In the following 5 km upstream river section affected by NPP, the flood control
conditions are insufficient and has, hitherto, caused permanent concern of the public. The
affected recipient water flows directly through, or passes close by, four villages with
approximately 5,000 inhabitants. The contaminated banks have, however, unrestricted access
for some 11,000 residents living in a 3.5 km wide strip alongside the river.

2.2. Types of contamination on the river banks

We can distinguish between a primary and a secondary contamination of the banks; the latter
arose as a result of improper handling of the highly contaminated river bed sediments and
mud. A number of types of river bank contamination were identified at the Bohunice site:

(1) In the upper part of the flow, bank surfaces were primarily contaminated during the
accidental releases which coincided with water level being elevated by by-passing
during construction works the flow some 8 km upstream from the mouth of Dudvah
River.

(2) At the mouth, contrary to expectations, both river embankments along a 3 km stretch of
the river, which were constructed as part of the widening works, were found to be highly
contaminated too. It is assumed that highly contaminated bottom sediments from the by-
passed river bed were used as cover material in constructing the embankments.
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(3) Along a 2 km section of the canal banks, just downstream from the NPP discharge
point, frequent and highly intense spots of l37Cs contamination have been discovered on
the central part of the banks. The spots probably result from past improper clean-up
operations on the paved canal bed. During this clean-up operation, highly contaminated
mud discharged from the contaminated NPP-A1 sewage system after flooding in 1980,
was manually excavated from the paved canal bed and scattered over the central part of
the embankment surfaces.

(4) Along an 1 km section of the present Vah river flood-plain, which was occupied by
Dudvah River before its channelling, large spots (5 to 10 m radius) with inversely depth
distributed contamination were found as a result of naturally settled, highly
contaminated sediments from the Dudvah river bed where it deepened or widened.

the Bohunice

NPP

DR3

Siladice

FIG. 1. Scheme of the river-reservoir system at the Bohunice NPP site

2.3. Initial remedial responses after discovery of the problem

The contamination of the river banks and its significance was discovered in 1991 in
connection with the preparatory work for the implementation of the above mentioned flood
control project on the still not-engineered part of the river. As a result, the project
implementation was stopped during its licensing procedure by the responsible health
authority. Soon after, proper restoration action was requested from the operator of the
Bohunice NPP, who was considered responsible for the contamination. A clean-up level was
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prescribed for this purpose by the authority, and ad hoc set on the rather low level of 1
kBq'37Cs/kginthesoil.

In 1992, a bank restoration project including site characterization for the affected part of the
river was initiated by the NPP with a projected disposal capacity of 5,000 m3 for removed soil.
It was planned to dispose the soil into a subsurface concrete structure on the NPP site, which
was considered to be the option most acceptable to the nearby public. During the ongoing
monitoring exercises, other parts of the river banks were found to be affected as well.
Therefore, a comprehensive post-emergency radiological survey was deemed necessary to
include all potentially affected river banks and the adjacent land.

Initially, a ground based screening survey was conducted on the flood plain of the Dudvah
(18 km) and Vah rivers (25 km), including the Kralova Reservoir in order to identify
contaminated locations in the area. After completion of the monitoring exercises, it was
recognized that the 1 Bq 137Cs g"1 value was too low and inappropriate for use as clean-up
criterion. It emerged that the previous restoration project planning needed to be re-considered
with emphasis on the complexity of the proposed cleanup measures, including alternative
remedial technologies (fencing, clean covering, trenching), cost-analysis and the development
of criteria for justifying cleanup.

The VUJE Research Institute has been involved since 1993 in addressing in a comprehensive
way the contamination problems described above. A typical problem in the context of these
efforts was the absence of clear legislation in the field. Therefore, the primary requirement
was to develop some principles for evaluating the justified scale of clean-up measures. The
first priority were the development of appropriate clean-up criteria in order to obtain public
confidence and to facilitate authorization of the reviewed final environmental restoration plan.
This task was realized in close co-operation with the relevant health authorities and experts.
The proposals submitted for comprehensive remediation measures at the site were supported
by the State Health Institute in Bratislava in the beginning of 1995 and are described in more
detail in references [5] [7].

Owing to recent the changes in economic and political circumstances, and the not too critical
radiological impacts, restoration activities are again under review. The main question now is
the justification and feasibility of the remedial measures planned. Other aspects, including the
selection of an appropriate disposal site and burial technology, investments required, and the
issue of public acceptance are now under review. It appears that the implementation of flood
control measures in the upper part of River Dudvah will be the main driver in the future
development of proper remedial activities and priority sections along River Dudvah will be set
accordingly.

3. MEASURING AND SAMPLING TECHNIQUES EMPLOYED

3.1. Soil and grass sampling including laboratory analyses

Gamma radiation readings from a hand-held plastic scintillation detectors have been used for
biased sampling of the contaminated soil layers at locations selected for being typical of
different levels of contamination. For laboratory analyses, sliced bulk soil samples from well
defined depths and of defined thickness were taken from the embankment slopes inside and
outside the levees along the river.
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The depth distribution study gave meaningful results only, if the reproducibility of the
sampling depth and location was ensured by a special soil sampling technique. For this
purposes, a special shovel-sampling device with a 200 cm cross-section was developed in-
house, which allows depth-oriented soil layer sampling. The shovel is fitted with special
lateral "wings", which move in an U-shaped metal frame as to well reproduce the sampling
depth. It is shown "in action" in Figure 2. In places, where contamination levels are higher and
sampling depth accuracy is not so critical, standard cylindrical augers have been in use as
well.

h i

it?-.-. • -*i ;*-.«• .
t . , - • . . . it".**

i*7G. 2. Sampling of soil layers by special shovel with wing and U-shaped frame.

Laboratory analyses were performed using a standard HPGe gamma-spectrometry system
consisting of two High purity Germanium (HPGe) detectors with about 35% relative
efficiency and 2.0 keV resolution (1332 keV), and modular spectrometry electronics. These
analyses showed that 137Cs is the dominant contaminant at the site. Only negligible
concentrations of other gamma emitting radionuclides, such as 60Co and 134Cs, were found in
the samples.

On selected samples, radiochemical analysis and determination of 90Sr and 239Pu were carried
out in addition. The respective results are reported in [8]. The main aim of these analyses was
to determine the absolute and relative content of some very toxic radionuclides with either
alpha or pure beta particle emissions in comparison to the well determinable Cs activity
concentrations in the samples. The 90Sr content in the soil, estimated on the basis of a set of
about 20 samples analysed, has been found to be 50 to 100 times lower than the 137Cs activity
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concentration. Nevertheless, its contribution to the effective dose showed to be not
insignificant. The 239Pu concentration has been found to be 5 to 7 thousands time lower than
the 137Cs levels in the samples and, therefore, could be completely neglected for the dose
assessment purposes.

In addition to the soil samples, grass samples from the most contaminated parts of the banks
were analysed in order to estimate soil-to-plant concentration ratios for 137Cs and 90Sr. A 0.5 x
0.5 m frame was used for sampling the grass on the bank. Some of the grass samples were
rinsed in water, the water was analysed, and the results were compared with results from the
rinsed grass. The results so obtained show that the grass contamination is mostly caused by re-
suspension of the soil particles due to rain splashing.

3.2. Mobile, vehicle borne techniques for screening and activity concentration
measurements

For accessible locations on the inland slopes of levees, continuous scanning by a Vehicle
Mounted Gamma Survey System (VMGS) was employed [8]. The VMGS (Fig. 3.) consists of
a large, 100x100 mm, shielded scintillation NaI(Tl)-detector (sodium iodide activated with
thallium), commercially available rack and modular electronics, and a micro-computer with
custom software. The Nal(Tl) detector is inserted into a flexible car holder containing also a
5°cm thick led cylindrical shielding The system was developed in the VUJE Institute as part
of a national project. The rack for electronic moduls containing the high voltage (HV) and
amplifier/ counter modules are supplied by a 12 V standard car battery and a current converter
designed specially for this purpose. This equipment was used for surveys of the 18 km long
Dudvah River banks, several hectars of land fields nearby the Dudvah River, and areas on the
Van River flood plane as well.

The Nal(Tl) gamma counting system was mounted on the hydraulic arm of a tractor in order
to test the monitoring system in difficult-to-access steep bank conditions of the Manivier
canal, as is shown in Figure 4.

3.3. Hand held scanning and discrete measurements on steep banks

On the slope of the levees facing the river, a hand held, lightly shielded gamma survey meter
with a large plastic scintillator (76x76 mm), as shown in Figure 5, was used for point
measurements on a 20 m line grid. A measuring time constant of x= 10s was used to reach a
sufficient sensitivity of the detector. At critical locations, where activities were highest, a 10
m grid was used, thus covering about 15% of the embankment surface area. The application of
detector shielding was intended to achieve sufficiently close correlation between the soil 137Cs
activity concentrations and the detector responses above narrow contaminated strips on the
bank of variable width between 0.5 to 2.5 m. Measuring the narrowest strips caused some
problems at times because its width could be narrower than the effective field of view of the
detector used. Thus, the detector response strongly depends on the width of the strip
measured.
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FIG. 3. Vehicle-borne NalfTl) gross gamma
counting survey and mapping system.

>*V".'V rW*-*.

FIG. 4. Tractor hydraulic arm-borne gross gamma-
survey system for difficult-to-access sites (e.g. steep
river banks).

F/G. 5. Hand held plastic scintillation (76x76 mm) detector with a light 2
cm lead shielding for hand-held scanning and discrete-spot measurements.
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For the canal sections with contaminated spots, in addition to grid survey described above,
continuous scanning with T= 1 s to search for the most highly contaminated spots was
employed. Some of the spots discovered were examined in detail by scanning and soil
sampling to determine their size, shape, specific activity, and the depth distribution of 137Cs.
There was no close correlation found between the detector response and the specific activity
of the spots. This was found to be due to their not-regular shape and variable size, which in
most cases was smaller than the circular area "seen" by the detector (Rdw= 70 cm).

3.4. Assessment of small spot contamination on the river banks

Finally, three groups of spots were selected based on to the typical average activities
determined by laboratory analysis of the samples taken. Sizes and linear densities of the
contaminated spots were roughly estimated on the basis of the readings obtained from the
monitoring devices. These data were then applied to make conservative assessments of the
average contamination of the affected bank section (only on its lower part).

More accurate evaluation of these discontinuous bank contaminations requires the application
of more sophisticated measuring techniques/methods, which require furthers scientific
development and field verification (see Chapter 6).

3.5. Summary of radiological survey results

3.5.1. 3.6.1. Extent of contamination

The detailed survey carried out between 1991 and 1994 shows that the top soil contamination
on the banks varies widely from background levels (0.01 kBq/kg), to 20 kBq/kg of l37Cs
(around 4 MBq/m2) for River Dudvah, and reaches 250 kBq/kg for spot contaminations on the
canal banks near the NPP discharge point. The contamination is spread over a strip along the
lower part of the banks approximately 0.5 to 3 m wide (on average over 2.2 m), and the
average level of 137Cs in the top 10 cm of the soil layer reaches 6.3 kBq/kg. This is equal to
about 1.1 MBq /m2 of 137Cs surface activity, if one reckons a soil density of 1.3 kg/m3 and that
75% of the total activity are located in top 10 cm of the soil profile. A summary of the
monitoring results on selected river bank sections (indicated in Fig.l) as were predetermined
on the basis of prevailing conditions is given in Table I.

Thus overall, contaminated area identified, with an activity level exceeding 1 kBq/kg of 137Cs,
comprises approximately 67,000 m2. The volume of soil to be removed according to the first
clean-up limit exceeds 13,000 m3. However, the assessment of the volume distribution of the
soil contamination has shown that removing the mostly contaminated soil only would result in
a significant improvement in the radiological situation at the contaminated site. Details
concerning the relevant distribution of the contamination in space on the embankment
surfaces are described for instance in reference [8].
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TABLE I. CONTAMINATED AREAS AND 137Cs ACTIVITY CONCENTRATIONS ON
THE AFFECTED BANKS NEAR BOHUNICE NPP.
(see Fig. 1 for a map of the respective river and canal sections)

Contam.
section

Kl
K2
K3

Dl
D2
D3
Dpo
DR1
DR2
DR3

VPK1
VK35
VK6

SUM

S,>1
[m2]

10000
5730
9725

1200
1500
3725
1500
5940
6050
10500

4760
2530
4260

67420

As
[kBq/kg]

6.7
16.2

2

1.8
3.5
4.7
2
1.9
3.2
9.6

2.1
2.8
1.8

-

S,>8
[m2]

2000
5730

0

0.0
0.0

1400
0.0
0.0
0.0

9450

10
25
0

18615

As
[kBq/kg]

9.5
16.2

0.0
0.0
8.4
0.0
0.0
0.0
10.2

8.7
9.2

-

A-resid
[kBq/kg]

4.9
3.3
2

1.8
3.5
2.5
2.0
1.9
3.2
0.9

2.1
2.8
1.8

-

Note

strip, 1-1.5m
strip, 0-2.5m
(near a
village)

(arable field)

clean soil
cover
S< min area
S< min area

S,>1, S,>8 are areas with activity concentrations higher than 1 and 8 kBq/kg respectively, As is the average
activity concentration at area S,>, A-resid is the estimated residual activity concentration at the indicated
bank section after removal of the soil from areas with contamination higher than 8 kBq/kg.

4. SITE CHARACTERISATION THROUGH DOSE ASSESSEMENT

4.1. Radiological risks definition for the site

The planned flood control project at the Dudvah headwater, which would involve the removal
large volumes of the contaminated soil from the river banks, and their spread over the adjacent
environment poses a most serious threat to the nearby population. In a worst case scenario, it
can be envisaged that the contaminated soil be uncontrollably relocated and used as a in-fill or
be spread on garden soil around residential houses. This type of radiation risk could also arise,
but with smaller amounts of contaminated soil being involved, from maintenance or other
construction works on the bank. It can be considered the most critical exposure pathway, and
would also arise at contaminated river bank sections with satisfactory flood control conditions
at present.

4.2. Exposure pathway analysis and its radiological characteristics

Typical use and occupancy scenarios were selected and analysed in close co-operation with
the health authorities to evaluate actual and potential risks from the contamination on the
banks. Scenarios with legally accepted parameter values were employed for the final
evaluation of the contaminated site. The two types of scenarios were considered: the use of the
banks for recreation (e.g. fishing), and second the potential use of contaminated soil itself
(after its removal to residential and garden plots), have been shown to be the most significant,
hi addition to external radiation exposure, the ingestion pathway, using transfer factors from
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137, 90rgoat's milk and meat, and the loamy soil according to [6] [10] for both Cs and Sr, were
part of the dose estimations performed. The radiological characterisation resulting from the
selected and authorised occupancy and "soil use" scenarios is summarised in Table II.

This table indicates that the most critical exposure pathway is the potential use of
contaminated soil. Table II further indicates that the effective dose from a stay on the bank
does not exceed 0.35°mSv/y, while the potential risk from the use of contaminated soil after
its relocation to a fictive residential garden results in much higher effective dose levels of up
toabout2to3°mSv/y.

The annual collective dose from the scenario "stay on the banks", corresponding to a land use
which is not too-intense, is very low, at maximum at the level of about 100 to 200 man mSv.

TABLE II. E FACTORS (DF) RELATED TO 1 kBq/kg OF 137Cs IN SOIL AND DERIVED
INTERVENTION LEVELS (DILs) FOR SELECTED SCENARIOS. DOS

SCENARIO

stay on
banks

stay on contam.
field

use of soil
50 m3

use of soil
200 m3

To
[y]
0

0

5
0

10
0

geom.ftexp
[h/y]

300x1.4
g=0.54

500
g= 0.67

1950
g=0.39
2000

g-0.67

INGESTION
[relative unit]

0.4
milk+meat

1
veg.+potato

1.2
ve+po+mi+me

1.2
ve+po+mi+me

DF
[mSv/y]

0.035

0.078

0.14

0.21

DIL(1,TO)
[kBq/kg]

28.6

12.8

8
7.1

6
4.8

Relative unity of ingestion dose = 0.04 mSv/y from consumption of potato 110 kg + root veg. 55kg + leaved veg. 55kg,

g = (dose rate used /Bq.g"'):(0.118 microSv.rf'/Bq.g"1) (geom. f. against a half-indefinite b7Cs source),

ve - vegetable, po - potato, mi - milk, me - meat, DIL - derived intervention level

DIL(1,TO) = (1 (mSv/y) / DF).exp(XT0), where:

To time from which the likelyhood of applied scenario is considered as non-zero, .X= b7Cs decay constant.

4.3. Acceptance and cleanup level derivation

The same principles as described above were applied for the development of site specific
clean-up limits as well. Acceptance criteria and clean-up levels for the contaminated banks
were derived on the basis of authorized principles [11] and the most critical soil use scenario
dose factors (see Table II). If in accordance to the accepted restoration approach, both the
potential and the actual individual risk from the contaminated banks must not exceed an
effective dose level of 1 mSv/y. The following average 137Cs activity levels for the banks
correspond to this requirement:

— AL200 = 6.0 kBq/kg on 800 m2 of surface area, or over a 300 m distance along the bank
(use of 200 m3 of soil), or

— AL50 = 8.0 kBq/kg on 200 m2 of surface area, or over a 80 m distance (50 m3) along the
bank.
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In addition, the following I37Cs activity concentrations were proposed in conjuction with the
first two concentration limits as cleanup criteria for selected parts of the contaminated banks:

— AL.i = 25 kBq/kg at isolated small spots on the canal banks, (ca. 1 m2) and
— ALWS = 4 kBq/kg on 2500 m2 of surface area or over 1 km of the bank for installing

warning signs.

4.3.1. Characterisation by verification of contamination compliance with the cleanup
levels

To be in compliance with these criteria, it is expected that it will be necessary to remediate
about 11,000 m2 of the contaminated area on the Dudvah River banks, and 8,000 m2 on the
Manivier canal banks. As engineered flat terraces prevail on the Dudvah River banks, it will
be sufficient to apply a clean soil cover over 9500 m2 of the contaminated area, according to
the authorised principles [12]. As a result, the volume of soil to be removed and disposed of
safely amounts to about 1,100 m3. However, selection of this remediation option for the flat
terraces can not be considered the final decision, as it will be affected by flood control
engineering requirements and public acceptance of restoration measures at this particular
section as well.

4.3.2. Activity distribution ofI37Cs contamination at the site

The volume distributions of the activity concentrations in the soil on the banks are important
characteristics of the site. It can be expected to be a non-linear distribution with a shift to
values in the lower activity region of the curve. Concentration data for the site are available,
as indicated in Figure 6, and are given in more detail in [12]. They were obtained on the basis
of detailed mapping measurements of individual bank sections. Using these data distribution
curves, one can demonstrate that clean-up measures, applied even only to the small part of the
banks which is most contaminated (with 6 to 7 kBq/kg of 137Cs),"would lead to a significant
improvement of the radiological situation at the site.

5. MONTE CARLO (MC) SIMULATIONS FOR PLASTIC SCINTILLATION
DETECTOR RESPONSE ABOVE DIFFERENT CIRCULAR SLAB SOURCES

More accurate evaluation of the above described 137Cs-contaminated spots along the Manivier
canal bank requires the application of more sophisticated measuring and evaluation
techniques. As can be shown that one single standard measurement reading is insufficient to
determine the activity concentration in a circular slab source with unknown radius. This is,
because a detector response above a circular soil source, in general, depends on three
independent parameters: 1. the activity concentration Am, 2. the circle radius that describes the
surface area of the contaminated spot, and 3. the thickness of the contaminated slab (the last
two parameters combined give the total amount of contaminated soil, M, at the location).

Field sampling and measurements for 137Cs have shown that a typical depth distribution can
be well represented in effect by a homogeneous slab source having a thickness of 10 cm. Thus
the remaining two parameters have to be assessed by more then one measurements, using for
instance the detector responses at several (at minimum at two) pre-defined measuring
positions, or for different shielding of the detector (e.g. ratio of unshielded- to shielded
detector response).
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3 4 5 6 7

Acceptance Limit AL (Bq/g of 137Cs)

FIG. 6. Volume of soil to be removed from the contaminated sections of the River Dudvah and
the Manivier Canal banks as a function of the Acceptance Level AL.

For simple measurement techniques such as standard dose-rate meters (i.e. not for
spectrometric systems), scattered photons play an important role for the detection of gamma-
radiation. Therefore, knowledge of the complex photon transport through the source, the
source-to-detector space, and the detector media, are required to unambiguously solve the
given problem.

In this context, Monte-Carlo (MC) simulation of selected (sufficiently sensitive) detector
responses (from the NB3201 detector with 76x76 mm plastic scintillator) have been carried
out by a joint efforts between the VUJE institute and the Comenius University's Nuclear
Physics Department. The GEANT Monte-Carlo code from CERN [13] for homogeneous 10
cm circular slab sources geometries was employed for these purposes. The main objective of
the work was to investigate and

— to find the dependence of detector response on the radius of a circular slab sources for
two different measurement distances above ground, and for shielded and un-shielded
detector respectively, and

— to develop appropriate measuring procedures for estimating the effective radius of the
measured 137Cs spot in soil, including its total activity or activity concentration.

o

o

o
o
a!

12

10

10 20 30 40

Radius of spots [cm]

50 60

FIG. 7. Monte Carlo simulation results for the ratio of two measurments positioned at
1373 and 30 cm above the centre of a Cs spot by NB 3201 plastic scintillator.
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137.5.1. Monte-Carlo simulation results and their use for Cs circular spots determination

The procedure of MC simulations is described in more detail in [4]. A first preliminary
simulation for simplified detector arrangement, consisting of a 76 x 76 mm plastic scintillator
only, has been carried out in 1997. Typical simulation results for the measurement ratio for
two selected heights above ground and sensitivities of the detector are shown in Figures 6 and
7, respectively.

Figure 7 shows a strong dependence on the circular spot radius for the calculated ratios
between measurement at the heights 3 cm and 30 cm above ground in the center of spot. At
the same time, it can be seen that this parameter allows to evaluate the effective diameter of a
circular source. The measuring heights above ground tested were selected based on an
evaluation of available data for un-scattered photons. The uncertainty of this type of
assessment may be generally large, but it allowed to distinguish the different sizes of b7Cs
spots reliably. Therefore, it will form the basis for a more accurate characterization of existing
spot-like contamination on the river banks.

The MC simulations in 1998 were focused on achieving as realistic detector response
simulations as possible. The sensitive material and the construction, that is a small CsI(Tl)
detector and a metallic Fe-ring used for detector NB3201 energy and angle dependence
compensation, were considered in the simulation model. Lightly shielded (2 cm of lead) and
unshielded detector responses for the two distances (3 and 30 cm) above the centre of circular
soil slabs of 10 cm thickness with different radii from 5 to 90 cm have been calculated by MC
simulation. Simulations for circles of up to 150 cm radius were performed for the unshielded
detector in order to study the angular distribution of the total photon fluxes above a
homogeneous soil slab 137Cs source of 10 cm thickness.

50
CM*

o 40

S- 30s.
o
"55
£ 20 !
er

CO
S"
'= 10 -1

30 40 50

Radius R [cm]

60 70 80 90

FIG. 8. Monte Carlo simulated relative sensitivity of the NB 3201 plastic scintillator detector
to contaminated circular !37Cs spots with various radii and two soil densities.

The above calculations were also performed for different soil densities in order to study their

effect on the detector sensitivity. These results are shown in Figure 8, where a slight
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dependence of detector response sensitivity on the soil density is observable. The graphs in
Figure 8 also demonstrates that the density effect is somewhat smaller in the case of surface
activity determinations as opposed to the mass activity determinations.

"5T

25 50 75
Radius of circle spot, R [cm]

100

FIG. 9. Monte Carlo simulation results for the sensitivity of shielded and unshielded NB
3201 plastic scintillator detector 30 cm above the centre of a I37Cs spots depending
on the spot radius.
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FIG. 10. Monte Carlo simulation results for the sensitivity of shielded and unshielded
NB 3201 plastic scintillator detector 30 cm above the centre of a I37Cs spots
normalised to the total activity over the spot with different radii.
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Figure 9 shows the calculated (MC) sensitivity of a shielded and an unshielded detector
respectively, positioned at 30 cm measuring height above the spot centre, as a function of the
spot radius. The detector dose response is given in pGy/s to a total of 1 Bq/kg ' 7Cs in soil in
circular spot. As can be concluded from this graph, for larger spots of contamination, it would
be feasible to use a shielded detector and the dose rate-to-activity concentration conversion
factor (CM)- The sensitivity factor for the shielded detector shows only slight source radius
dependence above a radius of 60 to70 cm. This is, because the spot surface area effectively
seen by the shielded detector increases rather slowly above this radius, in contrary to the
unshielded detector, for which the effective field of view is much larger.

The two graphs in Figure 10 show the same simulated detector sensitivities as in Figure 9, but,
which are normalised to the total contamination in the spot, that is the dose response to an
activity of 1 Bq 137Cs distributed over contaminated slabs of varying radius. For smaller
circular spots, e.g. with radii smaller than about 30 to 40 cm (i.e. a surface area of less than
0.3 to 0.4 m2), the detector sensitivity to the total activity in the spot shows only slight
dependence on the circular spot size. This means that the detector dose-rate-to-total-activity
conversion factor of the unshielded detector (CT) at the selected measuring height (e.g. 30 cm)
above the centre of the spot gives the most reliable estimate of the total activity in the spot, as
is shown in the lower part of Figure 10. For mass activity concentration assessment in the
spot, the spot radius estimation may be used according to Figure 7, as is shown in Table IV.
According to these simulation results, it appears that the activity distribution within the
contaminated slab is becoming less important as the radius of the contaminated spot decreases
to sufficiently low values, i.e. the relative spatial resolution of the detector configuration
decreases.

The proposed method for 137Cs field monitoring is based on dose rate measurement technique
and exploring the ratio of two measurement readings for different measuring height above the
centre of contaminated spot. The method is currently under final development and verification
in real field conditions.

5.2. Proposed measuring procedures for estimating 137Cs spot contamination

The conclusion from the MC simulation results and the discussion in the previous chapter is
that the proposed method exploring the ratio of two dose rate measurements at different
heights above the identified centre of contaminated spot is appropriate for determination of
the gamma contamination in regular more or less circular spots. The influence of shape un-
regularities to accuracy of mentioned above determination would be subject of further
investigations. Imagination about significance of the mentioned problem gives the data for
detail mapping above two selected spot surfaces in Table III and its expression in integral
central dose rate data in Table IV. The protocol of measurements for regular spots can be
summarised as follows:

— Identify locations with enhanced (above background) detector response;

— Identify the centre of contaminated spot by scanning at 3 cm distance above ground with
a shielded detector and determine its maximum dose - D3;

— Determine the maximum dose at 30 cm above ground for the same, i.e. the shielded
detector- D3O;

— Calculate the ratio of net detector signal (e.g. above the background) P3/30 = (D3-B3) /
(D30-B30), where B is the background dose response of the detector used;
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— Referring to the shielded detector response-graphs from the Monte Carlo simulations,
determine the effective radius "R" of a circular spot and classify its size (detector
specific): small (R < 30 cm), medium (30 cm < R < 60 cm), and large (R > 60 cm);

— Referring to the net detector response at 30 cm above ground (D30 — B30) for an
unshielded detector and the respective MC results, determine the total and/or specific
activity A at the spot. It depends on the estimated size of spots:

(1) for small spots - preferably use dose-to-total activity conversion factor Cj(R)
[(pGy/s)/Bq], determine total activity AT and recalculate activity concentration
Am= Aj/Vp;

(2) for large spots use MC values for dose-to-activity concentration conversion factor
CM [(pGy/s)/(kBq/kg)] and determine directly Am (as it is usual, the direct
determination of the total activity is not the goal of the measurement),

(3) for medium spots the action is similar as in the case of small spots, only be aware
that the result is strongly affected by the estimated effective radius of spot;
therefore in addition, check the spot size and shape more carefully by scanning
with the shielded detector at 3 cm above the ground.

5.3. Field testing of the procedure

Some limited field testing of the developed protocol was performed within the framework of
national sub-project PE 1024. Detailed mapping measurements above the surface of identified
spots were carried out directly on the contaminated Manivier canal bank in order to assess the
dose rate and the areal distribution of the 137Cs contamination within the spots. Typical results
are given in Table III. Azimuts according to the "hour-hand" system are used in Table III to
indicate the survey lines starting from the centre of an previously identified spot. As can be
seen in Table III, spot No 2 is of aproximately circular shape with a radius of about 20 cm. A
different case represents spot No. 1, which is, according to survey results, of irregular shape
and elongated in direction "6" hours.

Examples for the application of the protocol developed are given in Table IV for the two spots
mentioned. The results from dose rate measurement at 3 and 30 cm height above the centre of
the spot and the parameters estimated from the MC simulation curves are presented in Table
IV. The last two rows of Table IV contain a comparison of two estimates of activity
concentrations in the two spots. One estimate, Am in Table IV, is based on the protocol
developed for in situ dose rate measurements; the other, Am-lab, is based on standard
laboratory determinations on samples from taken from the centre of the spots (circular slab 10
cm thick and with a 20 cm radius) identified by in situ measurements and scanning (see Table
III), and on semiconductor gamma spectrometry analyses of the homogenised soil sample. As
it is shown in Table IV, the activity concentrations are underestimated by about 15% in the
case of the irregular shaped spot No 1.

The actual surface distribution of the contamination over the spot surface area, i.e. divergence
from the circular shape, of course, can influence the activity concentration estimations (see
results in Table IV), however more detailed investigation of this effect was beyond the scope
of this CRP.
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TABLE III. DETAILED MAPPING RESULTS IN READING UNIT OF THE DETECTOR [pGy/s] FOR
THE MANIVIER CANAL BANK AS A FUNCTION OF THE DISTANCE R [cm] FROM THE
CENTRE OF THE CONTAMINATED SPOT
(shielded detector nb3201 at 3 cm above the contaminated spot).

Spot No. 1

Direction

2
3
4

6

8
9
10

12

centre

297

297

297

297

297

297

297

297

10cm

159

255

266

259

196

210

191

220

20cm

111

159

211

222

124

130

101

162

r

30cm

70

134

139

195

76

92

57

86

40cm

41

105

105

151

49

68

49

55

50cm

33

68

74

150

43

64

33

42

60cm

70

55

120

37
57

31

Spot No. 2

direction

1.5

3.0

4.5

6.0

7.5

9.0

10.5

12.0

centre

336

336

336

336

336

336

336

336

10cm

197

274

195

216

232

242

219

206

20cm

83
100

115

114

138

75

130

101

r

30cm

60

60

70
90

90

72

97
68

40cm

109

70

50

46

50cm

110

55

37

33

60cm

126

47

Note: Directions - azimuts according to hour hand system, e.g. 3 hr - east.

TABLE IV. EXAMPLES OF DETERMINATION OF 137Cs CONTAMINATED SPOTS
ON MANIVIER CANAL (cf. TABLE III) ACCORDING TO THE PROPOSED
PROTOCOL (SHIELDED PLASTIC SCINTILLATION DETECTOR).

DP30 [pGy/sl
DPB30 [pGy/sl
N30 [pGy/s]
DP3[pGy/sl
DPB3fpGy/sl
N3[pGy/sl
P=N3/N30
R[cm]
CT(R) [pGy/s/kBq]
AT(N30/CT) PkBq]
M(R)[kg]
A^Ar/Mf-kBq/kg]
AM-lab. m. [fcBq/kg]

Spot No.l

110
21
89

297
24

273
3,06
24

0.103
870
25.3
34.4

39.2±3

Spot No. 2

101
21
80

336
27
309
3,9
20

0.109
730
17.6
41.5

40.0±2

Abbreviations:
DP3, DP30= dose rate at 3, 30 cm; DPB3, DPB30 = background dose rate;
N= net signal DP-DPB; CT= dose rate to total activity (in spot) sensitivity factor;
AT, AM= total and mass activity respectively, M= V(R)xp the mass of soil in the spot
AM-lab= activity concentration of the soil sampled and determined by laboratory

semiconductor gamma spectrometry
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6. SUMMARY AND CONCLUSIONS

A re-evaluation of a restoration project for a river bank contaminated by 137Cs was conducted
at the Bohunice NPP site on the basis of a comprehensive and detailed site characterisation.
Cleanup levels as the average activity concentrations 6 or 8 kBq/kg of 137Cs in the soil were
developed taking into account the site specific conditions in the bank use and the continuously
contaminated bank area. Owing to the application of consistent site characterisation
techniques and dose assessment methods, excessive removal and disposal of soil will be
avoided during the new bank restoration project, which is now under preparation.

Monte Carlo simulations were used to propose more sophisticated monitoring techniques for
remediation monitoring purposes on the spot-contaminated Manivier canal banks. The
proposed method is based on sophisticated measuring procedures using the ratio of two
readings for two different (3 cm and 30 cm) measuring distances above the contaminated spot.
The proposed measuring protocol was found to be appropriate for the determination of small
circular contaminated spots.

The CRP in particular helpt to address the problems associated with the

— identification of discrete, spot or strip, contaminations on a larger site;
— development of strategies for the identification of discontinuous areas of contamination;
— selection of sensors sufficiently sensitive;
— the evaluation of detector responses as a function of the shape and distribution of a

contamination;
— verification by laboratory and field testing of the methods developed.
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