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1. INTRODUCTION

Within a few years, one of the most powerful spallation sources in the world, the European
Spallation Source (ESS), will be in operation in Lund. During operation, the ESS facility will
produce a large number of different radionuclides which have a potential to be released to the
environment [1]. According to the requirements of the Swedish Radiation Safety Authority
(SSM), the annual effective dose to members of the public, resulting from release of radioactive
substances and by direct radiation from the ESS facility, must not exceed 0.1 mSv per year [2].

This report presents the results of a collaboration project between Lund University (Medical
Radiation Physics Malm® and Division of Nuclear Physics) and ESS entitled “Monitoring of
environmental radioactivity and radiation levels for “Zero Point” assessment and contributions to
ESS environmental monitoring plan” [3]. The aim was to establish the current levels of ionizing
radiation and concentration of various radionuclides, natural as well as artificial, in the
surroundings of ESS prior to start of operation of the facility. The data generated in this “Zero
Point” assessment, performed during 2017-2018, may be used to determine future potentially
unobserved and diffuse discharges from ESS to the environment. Such comparisons can also
provide information of possible long-term changes in the radionuclide concentrations in the
environment as well as assessments of the exposure to the public before and after operation of
ESS.

The radionuclides selected for the “Zero Point” assessment represent natural as well as man-
made radionuclides and include gamma-emitters as well as the pure beta-emitters *H (tritium)
and 'C. The latter two are frequently used as tracers in research and industry. The
measurements and specific radionuclides here reported included:

e Ambient dose equivalent rate

e In situ gamma spectrometry ('Be, *’Cs, “°K, #*°Ra (**U daughter) and ?**Ac (***Th
daughter))

e Gamma spectrometry of soil profiles, bioindicators, grass, crops and forage, milk and
sewage sludge (with activity determinations of *’Cs, “°K, #*Ra, **®Ac and "I)

e 3H measurements of ground- and surface water, sewage sludge, bioindicators, crops and
milk

e '“C measurements of annual tree rings, grass, bioindicators, milk and in fullerene soot
monitors

An introduction to environmental radiation and radioactivity, focussing on the radionuclides
assessed in this report, is provided in Annex A.

1.1. Summary of the report

At the 46 sites surveyed for gamma-emitting radionuclides, the following assessments were
carried out:

e Activity concentration of gamma-emitting radionuclides in soil, by “split tube” samples
(STS, vertical radionuclide concentration/distribution down to a depth of 20 cm) and by
“emergency preparedness” samples (EPS, horizontal radionuclide
concentration/distribution down to a depth of 7 cm) collected at 22 and 29 sites,
respectively;
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activity concentration of gamma-emitting radionuclides in grass, crops and forage,
sewage sludge and bioindicators collected at 20, 12, 1, and 13 sites, respectively;

in situ high resolution gamma spectrometry was carried out at 21 sites;

ambient dose equivalent rate, and its variability, was carried out at 29 sites plus one
assessment by car covering the ESS nearby areas (about 2 km in radius).

The activity concentration of *H in samples of water, sewage sludge and bioindicators were
collected and analysed from 9, 1 and 2 sites, respectively. *H was also analysed in milk at one
dairy farm in the vicinity of ESS.

The "C content of annual tree rings, representing the '“C specific activity in atmospheric CO,
during each growing season of years 2012-2016 was measured at 4 sites (2 around ESS, 1
urban background and 1 rural background site). Fullerene soot monitors — absorbing gases from
the atmosphere, then analysed for *C content - were placed at these sites for four 4-week
periods. Furthermore, the *C concentration was measured in samples of grass, moss and/or
crops/fodder at 23 sites, including samples from the urban and rural background sites. A special
study was undertaken at a dairy farm, analysing '*C in milk, silage, fodder and vegetation.

The main outcomes of these assessments were:

The concentrations of natural occurring radionuclides in the ground were similar, with
only small variations observed between the sites. Expected differences between the sites
were observed for *’Cs, in terms of depth distribution and total inventory in the soil.

No unexpected gamma emitters were observed in the various samples collected:

o ""l'was observed in the majority of the samples of sewage sludge. Other
medically used radionuclides might have been found if the time between
sampling and measurements had been shortened.

Only small variations were observed for the radionuclides investigated with in situ
gamma spectrometry at the various sites, except for *’Cs that was observed to vary
between some sites.

An average value of the ambient dose equivalent rate 1 meter above the ground was
determined as well as the variability within and between the sites.

The tritium levels were below the minimum detectable activity concentration (MDA) in all
samples analysed, except two samples of sewage sludge, where the activity
concentration was slightly above the MDA.

The sampling sites in the Lund area showed no signs of local anthropogenic
contamination of "C.
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2. SELECTION OF LOCATIONS FOR MEASUREMENTS AND
SAMPLING

Initially, the “Zero Point assessment” aimed to include 36 sites located within approximately 1.5
km of the planned target location of the ESS facility (see [4]). However, to find suitable sites and
samples for the different radionuclides assessed - and to include supplementary material -
additional and more distant sites were also included.

In general, the sites were selected according to the following criteria: The sites should
e cover all directions from the ESS site,
e be preserved over time and available in the future,
e be representative and reflect the current population density in the area.

The selection of a large number of sites aimed to guarantee that enough number of sites (in
various directions from ESS) will be accessible for future measurements.

The sites selected were located outside the fence of the ESS facility area, except for a limited
number of ground- and surface water samples that were taken from drilled holes and ponds
inside the ESS area.

2.1. Locations for gamma spectrometry and soil samples

The background gamma radiation was assessed at specific sites around the ESS facility by means
of in situ spectrometry, measurement of the ambient dose equivalent and gamma analysis the
activity concentration of soil.

The assessments were carried out within areas of approximately 30 m in radius, defined as a
ground surface where the ground was even and smooth and where no, or a minimum of,
obscuring trees or constructions could influence the radiation fields. These sites are presented in
Table 1, which also provides the sites where samples of water, grass and various types of
bioindicators were sampled. The sites used for the background gamma radiation mapping are
graphically shown in Figure 1, which includes the ESS site (marked in orange) and MAX IV
(marked in yellow).

The in situ gamma spectrometry (HPGe) measurements were carried out at 21 sites at the centre
of each surface. Assessment of the ambient dose equivalent rate (H*(10)) was carried out at 29
sites. Soil sampling was performed at 29 sites. Two different types of soil samples were
collected: STS (down to ~20 cm, analysed by different depth layers) and EPS (down to 7 cm,
analysed as one core).
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Figure 1. Map of the north-eastern part of Lund where the red circles indicate sites for
measurements of ambient dose rate, /n s/itu gamma spectrometry and soil
sampling.
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Table 1. List of the selected sites in Figure 1 and the measurements and/or samplings
carried out. The sites marked with “k:a” refer to cemeteries around the

churches.
Site  Description GPS Soil Soil Water Grass Bio- HPGe Dose
coordinates downto down indica- rate
20 cm to7cm tors”
1. Vistra N55.74310 .
Odarslév 341 £13.24773 X X X
2. Ostra Odarslév ~ N55.73805
651 E13.27359 X X
3. Ostra Odarslév ~ N55.73195
164 E13.27548 X
4. Ladugards- N55.73863 13
marken 461 F13.23066 X X X
5. Switchgear N55.73466
(SWof ESS)  E13.24149 X X
6. Mollegarden N55.73049 y < (123
E13.24411
7. Odarslovs k:a N55.75110 13
E13.24760 X X X
8. Igeldsa k:a N55.763084 13
E13.274332
9. Hastad k:a N55.774173 o
E13.226917
10.  Vastra Hoby N55.786015 s
k:a E13.167867 X
11, Stangby kia  N55.764912 s
E13.171910 X
12. Vallkérra k:a N55.741028 13
E13.171630
13. Ostra Odarslév - N55.73644 a3
264 E13.27433 X X x
14. Gardstanga N55.759156 s
ka £13.327494 X
15 Holmby k:a N55.747017 o
E13.400596
16. Svenstorps N55.741108 |
gods E13.258403 X
17. Klosterangs- N55.72678 ;
hajden E13.22656 X X X
18. Knastorps k:a ~ N55.675834 o
E13.199446
19. Hardeberga N55.697974 s
k:a £13.293402 X
20. Stora Réby k:a N55.685918 13
E13.225191
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Table 1 cont. List of the selected sites in Figure 1 and the measurements and/or
samplings carried out. The sites marked with “k:a” refer to cemeteries around
the churches.

Site  Description GPS Soil Soil Water Grass Bio- HPGe Dose
coordinates downto down indica- rate
20 cm to7cm tors”
21. Ostra Torn N55.73074 < < 13 < <
121 E13.24710
22.  Sandby 5:91  N55.728939 4851
E13.340461
23. S:t Hans N55.72267
backar E13.19258
24. Vastra N55.74856
Odarslov 421 E13.25723
25.  Vaistra N55.74342
Odarslovs E13.27426
skola
26. ESS SW corner N55.73119
E13.24539
27. ESS SE corner N55.73445
E13.25906
28. ESS NE corner  N55.73876
E13.25526
29. ESS NW corner N55.73331
E13.24197
30. Koppar-staden  N55.73852
(windmill) E13.25427
31. ESS-area N55.734557
(target site) E13.248714
32. Damms- N55.72840
torpsvagen 16 E13.25561
33. Utmarks-vagen N55.71848
55 E13.24665
34. MAX |V-area N55.727459 N
E13.233718
35. Kallby (sewage N55.695209
treatment E13.163787
plant) VA SYD
36. Svenstorp'’s N55.766913 467
gods E13.253258
37. Utmarks-vagen N55.72037
39 E13.24667
38. Vastra N55.75016
Odarslov 362 E13.24731
39. Utmarks-vagen N55.72134
23 E13.24126
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Table 1 cont. List of the selected sites in Figure 1 and the measurements and/or
samplings carried out. The sites marked with “k:a” refer to cemeteries around
the churches.

Site  Description GPS Soil Soil Water Grass Bio- HPGe Dose
coordinates downto down indica- rate
20 cm to7cm tors”

40. Ostra Odarslév ~ N55.73343
301 F13.25866 X X X X X

41. Ostra Odarslév - N55.73796 N N N .
291 E13.27053

42. Ladugards- N55.73470
marken (cell E13.22829 X X
tower)

43, Ostra Odarslév ~ N55.73621
541 (slate E13.28190 X X
quarry)

44. Karrpang- N55.72729
vdgen 6 E13.26884 X X X X X
(Hobykrok)

45. Kemicentrum N55.71713 « « « « «

E13.20938

46. Lunnarp 231 N55.645322 10

(Dalby) E13.315064

"Bioindicators: 1-moss, 2-spruce needles; 3-lichen, 4-barley; 5-clover; 6-rapeseed; 7-wheat; 8-
forage; 9-silage; 10-sugar beet; 11-milk.

2.2. Locations for ground- and surface water samples

For the assessment of *H in surface water and ground water, 21 sites were used for collecting
42 samples (Figure 2 and Figure 3). Surface water was sampled from ponds located within and
around the ESS site perimeter, as well as from the five water outlet ponds at Kallby sewage
treatment plant in the south-west of Lund (Figure 2). Water was also sampled from four
privately owned drinking-water wells (not all of them currently in use). Ground water was
sampled from existing drill holes on the ESS site or in the close vicinity of the ESS site (see Figure
3). In addition, and to serve as a future reference, water was also collected from a water
reservoir outside Malmo (Grevie PV5, VA SYD Bulltofta VV) with a well-documented and low 3H
content.
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Svenstorp?

SStangby.

Figure 2. Map of Lund (ESS area is marked) and the sites (marked in blue) where water
was sampled.

Figure 3 shows the positions of the water sampling spots inside the ESS area (including some
points outside the area). These sampling spots were the same as used by Skanska during the
construction of the ESS facility for monitoring environmental impact.

Figure 3. Positions for sampling of groundwater (A) and surface water (B) at the ESS
site (Site 31).
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2.3. Locations for bioindicators, grass, crops, milk and sewage
sludge

Bioindicators (moss, spruce needles, lichen), sewage sludge, grass, and agricultural products
such as barley, clover, rapeseed, wheat, forage, silage, sugar beets and milk were sampled
around the ESS site. However, to be able to sample all these matrices, some samples were
collected at larger distances than 1.5 km from the ESS site (see Figure 4).

Lichens, moss and spruce needles have since long been used as bioindicators and
bioaccumulators of air and rainwater pollution in the terrestrial environment [5-7]. These are
however not frequently growing in the ESS surroundings and if found, the localities can quickly
be destroyed. Therefore, bioindicator sampling was concentrated to cemeteries that often
contain mosses and lichens and where they, in addition, are well protected from changes and
reconstruction due to urban management.

Lichens in the form of Xanthoria parietina (in Swedish: gul vagglav) and moss Pleurozium
schreberi (in Swedish: vdggmossa), Holycomium splendens (in Swedish: husmossa) were
collected where available.

Xanthoria was taken from standing gravestones or from cemetery walls and moss from
tombstones laying on the ground or directly from the ground. Needles from spruce were
collected where available.
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Figure 4. Map of Lund with sampling sites for various bioindicators (marked in green).

Grass is considered as a bioindicator of high relevance and importance for the future and can be
found at the majority of the sites during a long period of the year. Grass samples were collected
at sites, from a 1 m? surface, when available (Table 1). The grass samples were analysed for the
concentration of gamma-emitting radionuclides.

Samples of crops were collected on 10 farmlands located in the western and northern directions
from ESS, see Figure 5. The sampling was performed by the staff at Svenstorp’s county estate (in
Swedish: Svenstorps gods), by collecting a representative average sample for each farmland
during harvest.
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Figure 5. Map of the surrounding farmlands (Site 36) around the ESS area (marked)
where crops (A: rapeseed; B: barley; C: wheat) were sampled (marked in
green).

Only one farmer with dairy cows was identified in the vicinity (5.8 km) of the ESS area (Site 22 in
Table 1 and Figure 4). At this farmer, milk was sampled from the cooled milk storage tank, that
was emptied by a dairy every 48 hours. The milk was analysed for gamma-emitting radionuclides
as well as °H and "C (see below). The various types of fodder (commercial fodder pellets, own
silage, grass and clover) were analysed for gamma-emitting radionuclides and '*C (see below).

On a monthly basis and during one year, sewage sludge was collected at the sewage treatment
plant in Lund, VA Syd Kallby (Site 35). The samples consisted of representative monthly samples,
which in turn consisted of subsamples from each day the centrifuge was running during each
month. Both gamma-emitting radionuclides and *H were analysed in the sludge samples to
observe possible seasonal changes over the year.

In addition, although not possible to collect within 1.5 km during the year of this study, sugar
beets were sampled to obtain background data also for this widespread type of crop (at Site 46).
The bioindicators as well as the samples of grass, crops, cow fodder, milk and sewage sludge
were analysed in a well-background-shielded high-resolution gamma spectrometer.

2.4. Sampling locations for '*C analysis

All sampling sites for C are shown in Table 2 and Figure 6. "C values of clean air CO, are
commonly used as reference data for "C in vegetation and biota. To obtain clean air *CO, data
for southern Sweden, a rural background site Borrby (site C1), located 70 km ESE from the ESS
site, was chosen. To assess the local Suess effect (the influence from combustion of fossil fuels,
see ANNEX A), an urban sampling site was selected in northern Lund (site C2), located 4.6 km
(WSW) from the ESS site. To establish the current levels of *C in Lund prior to operation of ESS,
vegetation (grass, fruit, berries and crops), which had grown during 2017 close to the ESS site,
was analysed. Annual tree rings for the years 2012-2016 (reflecting '“C in CO; during the
growing season of a particular year) were analysed at the rural and urban background sites (C1
and C2) as well as three sites located in various directions within 1.4 km of the centre of the ESS
site (sites C3, C4 and C5).
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In Lund, we have previously observed increased *C concentrations in vegetation (see ANNEX A).
We have also detected contamination of "C in workers handling "“C-labelled substances [8, 9].
Therefore, samples of fruit and berries were also collected at various places in Lund with
potential C sources (mainly in the north-eastern part of Lund, sites C18-C21, C23).

Trees, grass, crops, fruit and berries will mainly reflect the C concentration of atmospheric CO..
We have previously found that samples of moss may indicate the presence of airborne ™C
particulates [10, 11]. Therefore, moss samples from selected site (C1-C13) were collected.
Furthermore, as moss grows from the top, different layer of moss should reflect different time
periods [11]. Moss samples from the rural and urban background sites (C1 and C2) were
therefore divided into layers prior to analysis.

A special investigation was performed at the dairy farm (site 22 in Table 1, referred to as site
C13in Table 2 and Figure 6), located 5.7 km from the centre of the ESS site. Milk was collected
in June (2017-06-14) and August (2017-08-30). Additionally, the food consumed by the cows
was collected (in June: commercial fodder pellets, own silage from 2016 and grass and clover
from a pasture; in August: autumn barley harvested in 2017, silage from 2016 and grass and
clover from another pasture). Moss was also collected in June.

The sampling sites C1-C4 were also subjects to monitoring using fullerene soot. Fullerene soot is
known to absorb gases from the air, and we have previously used this approach to monitor
contamination of "C in Lund [12].

Table 2. List of sampling sites for '*C measurements, some of which are the same as
in Table 1 (Table 1 site name within parenthesis).

Site  Description GPS co- Annual Grass Moss Crops/ Milk Fullerene

ordinates  tree fodder monitors
rings

C1.  Borrby N55.42556 X! X X x! X
E14.22361

C2. Timjanvagen 5, N55.71861 x! X X x4 X

Lund E13.18278

C3. Mollegarden N55.73056 X2 X X x4 X

(6.) E13.24389

ca. Ostra Odarslov N55 73667 3 X X x4 X

(13.) 264 F13.27444

C5. Vastra Odarslov N55.74278 X2 X X x4

(1) 341 E13.24833

C6.  Ladugards- N55.73833 X X x*

(4)  marken 461 E13.23139

c7.  Klosterdngs- N55.72833 X X

(17.)  hojden F13.22806

C8.  Straw dump N55.74111 X X
E13.25833

9. Ostra Torn 121 N55.73056 X X

(21.) E13.24722

C10. Dammtorps-vagen N55.72806 X X

(32) 16 F13.25611
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Table 2 cont. List of sampling sites for *C measurements, some of which are the same
as in Table 1 (Table 1 site name within parenthesis).

Site Description GPS co- Annual Grass Moss Crops/ Milk Fullerene
ordinates tree fodder monitors
rings
c11. Dammtorps-vagen N55.73000 x>
E13.25389
c12. Kéarrpangavagen N55.73444 X X x®
(27.) bus stop E13.26028
C13. Sandby 591 Farm X X x789.10 X
(22.) N55.72889
E13.34056
Pasture 1
N55.73556
E13.34528
Pasture 2
N55.73472
E13.34417
c14. Field . N55 72917 x'
Ladugardmarken
close to MaxIV E13.22344
C15. ESS 2d wind N55.74000 x®
power tower E13.25861
c1e. Field NW of N55.73694 x'
E22_2 F13.24361
c17. Field NW of N55.73722 x4
E22_3 F13.24389
Cc18. Professorsgatan 1 N55.70972 x'?
E13.20472
c19. Rattsmedicinal- N55.71250 x'3
verket E13.20333
C20. Lophtet N55.71750 x4
(45.) E13.21056
Cc21. Active Biotech N55.71694 x'?
E13.22056
C22. Stadsodlingen N55.72083 x°
Brunnshdg E13.24111
C23. Scheelevagen at N55.71111 x4
Medicon Village E13.21667

Tree rings (2012, 2013, 2014, 2015, 2016): 1: pine, 2: spruce, 3: fir.

Crops/fodder: 4: apple 2017, 5: rye 2017, 6: rapeseeds 2017, 7: commercial fodder pellets
<2017, 8: silage 2016, 9: clover, 10: autumn barley 2017, 11: wheat 2017, 12: rowan berries
2017, 13: hawthorn berries 2017.
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Figure 6. Sampling sites for *C measurements. A: Tree rings (2012-2016), grass, moss,
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3. METHODS FOR SAMPLE COLLECTION AND ANALYSIS

3.1. Field gamma spectrometry and measurement of ambient
dose equivalent rate

At the specific locations provided in Table 1 and Figure 1, in situ high-resolution gamma
spectrometry was carried out based on the method provided in ANNEX B1 (Assessment of in situ
and mobile gamma spectrometry and ambient dose equivalent). The spectral information from
the HPGe in situ gamma radiation measurements, at specific sites (Table 1), was evaluated in
terms of equivalent surface activity (surface deposition) or activity concentration (uniform
distribution in the soil). The radionuclides evaluated using the surface deposition (Bq m?) model
were 'Be (477.6 keV) and *’Cs (661.7 keV) and the radionuclides evaluated using the uniform
depth distribution (Bq kg™) were “°K (1460.8 keV), ***Ra (186.2 keV) and **®Ac (911.2 keV). For
these measurements, two p-type HPGe detectors with relative efficiencies of 25% and 123%
were used at the various sites (see footnote in Section 3.2.7).

The average ambient dose equivalent rate at each site was determined by a scintillator-based
detector (AUTOMESS, Germany) positioned on a tripod 1 m above the ground. The variability in
ambient dose equivalent rate over the surfaces (at least 30x30 m?) was determined using a
back-pack LaBrs:Ce detector system. ANNEX B1 provides the procedure for the assessment of
the ambient dose equivalent rate using the mobile LaBrs:Ce detector as well as the handheld
scintillator-based detector.

An additional mapping of the dose rate variability between the sites (inter-site variability), was
carried out by car-borne measurements using Nal(Tl) detectors (2x4 litre) on the roads within a
few km around the ESS facility.

3.2. Sampling and measurement of soil, bioindicators, grass,
crops, milk and sewage sludge

The procedures for sampling of soil, bioindicators, grass, crops, milk and sewage sludge are
provided in ANNEX B2 (Sampling, sample preparation and laboratory measurements using high-
resolution gamma spectrometry). All samples, except sewage sludge and water, were collected
during the period from early to later summer in 2017.

3.2.1. Sampling of soil

At the sites where in situ gamma spectrometry was carried out (Table 1), two different kinds of
soil samples were taken:

e STS for the depth distribution down to about 20 cm, divided and analysed in eight
different layers;

e EPS as a surface layer, down to about 7 cm (analysed as one sample).

The average of five STS samples and four EPS samples was used to characterise the gamma
activity concentration in the soil and the distribution down in the soil. At some sites, only EPS
samples were collected, which are of special importance for a fresh deposition of radionuclides.

3.2.2. Sampling of bioindicators

Various bioindicators were collected depending on availability. Various types of cow fodder
(commercial fodder pellets, silage, grass and clover) was collected at the one farmer with dairy
cows. The bioindicators and the fodder were analysed for gamma-emitting radionuclides.
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3.2.3. Sampling of grass

Grass was collected at various sites (where grass was available) over a surface corresponding to
1 m? and analysed for gamma-emitting radionuclides.

3.2.4. Sampling of crops

In connection with harvest (summer 2017), the available types of crops (rape, barley, wheat)
were collected near the ESS facility and analysed for gamma-emitting radionuclides.

3.2.5. Sampling of milk

Samples of milk were collected at one single farmer with dairy cows. The milk samples were
analysed for gamma-emitting radionuclides, as well as activity concentrations of *H and '*C (see
below).

3.2.6. Sampling of sewage sludge

Samples of sewage sludge were collected on a monthly basis (sub-samples taken and averaged
over one month, from April 2017 to April 2018) from Kallby sewage treatment facility (VA Syd)
in Lund. The monthly samples were divided in two portions, one for gamma spectrometry
analysis and one for analysis of H.

3.2.7. Laboratory high-resolution gamma spectrometry

For the assessment of the radionuclide concentration in the various samples, three different
gamma spectrometers were used. All spectrometers are based on HPGe crystals (ORTEC, USA) in
low background lead housings, but with varying relative efficiency

e detector 4: 55%;
e detector 5: 92.5%;
e detector 7: 100%.

The methods, from collection of samples to storage of samples, are provided in ANNEX B2.

3.3. Sampling and measurements of 3H in water, milk and
sewage sludge

Ground water and surface water collected at the sites given in Table 1, Figure 2 and Figure 3
were analysed for the activity concentration of *H. In addition, the 3H activity concentration in
sewage sludge and milk was analysed as well. The methods, from sample preparation to storage
of the samples, are provided in ANNEX B3 (Sampling, sample preparation and measurements of
3H activity concentration using liquid scintillator counting).

3.4. Sampling and measurements of *C in trees, milk and
fullerene soot

3.4.1. Collection and pretreatment of annual tree rings

Carbon in the cellulose of each annual tree ring represents atmospheric CO, during the growing
season of that year. A tree core drill was used to collect several drill cores from one well-grown
tree at each site (spruce, fir or pine tree). At the Laboratory for Wood Anatomy and
Dendrochronology at Lund University [13], the drill cores were divided into separate years (2012-

' Relative count rate to a Nal(Tl)-scintillator with the dimensions 76.2 mmx 76.2 mm (length x
diameter) in the 1332 keV full energy peak from a *°Co point source at a distance of 25 cm.
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2016). At the Radiocarbon Dating Laboratory at Lund University [14] cellulose was extracted. For
further information, see ANNEX B4 ("*C — Sampling, sample preparation and measurements of
'4C activity concentration using accelerator mass spectrometry).

3.4.2. Collection and pretreatment of vegetation and fodder samples

Details of collection and pretreatment (drying and cutting into small pieces) of vegetation and
fodder samples are given in ANNEX B4. A few strands of one of the moss samples collected at
the rural background site C1 were divided into two fractions: an upper part and a lower part.

Another sample from the C1 site was divided into 3 parts.

3.4.3. Collection and pretreatment of milk

Milk was collected from the milk storage tank at the farm and freeze-dried (see ANNEX B4 for
details).

3.44. Sampling using soot monitors

Monitors with fullerene soot of fossil origin were exposed in four 4-week periods to ambient air
at the four sampling sites C1, C2, C3 and C4 (fullerene absorbs gases from the air, see ANNEX
B4 for details).

3.4.5. Graphitization and *C measurement

Carbon was extracted from all organic samples and the *C content was measured at the Single
Stage Accelerator Mass Spectrometry (SSAMS) facility at Lund University [15, 16]. The "C to '*C
ratios in the fullerene capsules were monitored in the SSAMS system, as well as a number of
standard samples of known activity and graphitized background samples (referred to as Abs and
W6). Levels were compared to "C absorbed into fullerene soot monitors in 2009, when a
contamination of *C was observed in Lund [12]. See ANNEX B4 for details.

3.4.6. Storage of samples

Material from all organic samples were kept for the records of SSM. For all samples, Lund
University store excess sample material (dried samples, not graphitized). See ANNEX B4 for
details.
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4, RESULTS

The results provided in ANNEX C (available upon request) are reported according to the SSM
report “Granskningsrapport” SSM2014-127-1 [17]. The following principles have been applied
in the reporting of the results:

e All detection limits (MDA) of the assessed radionuclides are provided.

e All results that are above half of the detection limit (MDA) are reported with the
measured value.

e Measurement results that are less than half of the detection limit (MDA) are reported as
one fourth of the MDA.

4.1. Assessment of the radiation background
4.1.1. Field gamma spectrometry

The results from the in situ gamma spectrometry measurements are provided in the ANNEX C
(Table C 1, available upon request). The average activities found were, in terms of:

e equivalent surface activity: 249 Bqg m? ('Be), 121 Bg m™ ("*’Cs);
e activity concentration: 407 Bq kg™ (*°K), 42 Bq kg™ (***Ra), 21 Bq kg™ (**®Aq).

4.1.2. Ambient dose equivalent rate

The results from the assessments of the ambient dose equivalent rate at the various sites are
presented in Table 3. On average in the surveyed area, within the sites (intra-site variability), the
dose rate varied with 20%. Based on this, the average ambient dose equivalent rate at the
studied sites was determined as 85+17 nSv h™.

The inter-site variability observed by the car-borne measurements was <3% for the entire area in
Figure 7. The field-of-view of the detectors for the principal gamma-emitters is about 100 m on
each side along the road path.
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Table 3. Ambient dose equivalent rate (H*(10)) at the various sites.

Site Description g;\(/thR)
1 Vastra Odarslov 341 88
2 Ostra Odarslév 651 88
3 Ostra Odarslov 164 88
4 Ladugards-marken 461 98
5 Switchgear (SW of ESS) 94
6 Mollegarden 76
7 Odarslovs k:a 84

13 Ostra Odarslov 264 81

17 Klosterangshojden 85
21 Ostra Torn 121 86
23 S:t Hans backar 84
24 Vastra Odarslov 421 84
25 Vastra Odarslovs skola 84
26 ESS SW corner 84
27 ESS SE corner 91

28 ESS NE corner 100
29 ESS NW corner 103
30 Kopparstaden (windmill) 79
32 Dammstorpsvagen 16 84
33 Utmarksvagen 55 79
34 MAX IV area 82
37 Utmarksvagen 39 80
39 Utmarksvagen 23 80
40 Ostra Odarslov 301 81

41 Ostra Odarslov 291 82
42 Ladugardsmarken (cell tower) 83
43 Sj’;rrz:y())darslbv 541 (slate 79
44 Karrpangavagen 6 79
45 Kemicentrum 84
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Dose rate (nSv/h)

Figure 7. Gamma dose rate variability around the ESS facility, as measured by Nal(TI)
detectors in a car.

4.2. Analysis of the activity concentration of gamma-emitting
radionuclides in soil, grass, milk, crops, sewage sludge and
bioindicators

4.2.1. Soil samples

The activity concentration in soil per dry-weight (d.w.) of **Ra (**®U daughter), *’Cs, “°K and
228N ¢ (32Th daughter), and their respective MDA values (Bq kg™) as measured in various
laboratory-configured HPGe detectors is provided in the ANNEX C (Table C 2, available upon
request). Figures 8-11 graphically illustrate the activity concentration of the investigated
radionuclides, as assessed from the EPS soil cores, and calculated as the average value of the 4
cores at each site.
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Figure 8. Activity concentration of ?°Ra in 7 cm surface soil at the sites indicated. The
uncertainty bars represent 1 standard uncertainty of the mean.
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Figure 9. Activity concentration of *’Cs in 7 cm surface soil at the sites indicated. The
uncertainty bars represent 1 standard uncertainty of the mean.
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Figure 10. Activity concentration of ?2Ac in 7 cm surface soil at the sites indicated. The
uncertainty bars represent 1 standard uncertainty of the mean.
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Figure 11. Activity concentration of “°K in 7 cm surface soil at the sites indicated. The
uncertainty bars represent 1 standard uncertainty of the mean.
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The activity concentration (Aconc) in the 20 cm deep STS soil cores can be described as
homogenously distributed for the natural radionuclides (**Ra, #®Ac, “°K), with average activity
concentrations as provided in Table 4.

Table 4. Average activity concentration in the 20 cm deep STS cores for the natural
occurring radionuclides investigated. The uncertainties are given as the
standard deviation divided by the mean activity for each radionuclide
distributed homogenously within the core.

. Aconc
Nuclide
(Bg kg™)
226R3 75+14
228N ¢ 35+2
40K 694+104

The vertical activity distribution of *’Cs in the soil may be described by two typical distributions:
i) homogenous and ii) exponential. The majority of the sites investigate have a homogenous
distribution, with low activity concentration throughout the soil 0-20 cm. In Figure 12 are two
examples illustrating the two typical '*’Cs activity distributions observed at the various sites.
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Figure 12. Examples of the *’Cs activity concentration down in soil at Site 24
(homogenous distribution) and Site 40 (exponential distribution).

At some sites (2, 13, 21, 32, 40, 45), the main part of the *’Cs activity concentration was in the
top soil layers. A possible explanation to this, is that e.g. grass surfaces in private gardens and
Site 45 have not been touched or cultivated since 1986 ('*’Cs deposited after the Chernobyl
accident). Another observation, in terms of '*’Cs activity distribution in the soil, is what is
observed at the Site 34 (MAX IV). At this site the '*’Cs activity concentration in the soil is
significantly lower than at the other sites, possibly due to the soil being put there from deep (>1
m) soil layers when constructing the site.
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4.2.2. Grass samples

The results of the laboratory gamma spectrometry of grass samples collected at various sites are
provided in ANNEX C (Table C 3). Depending on individual measuring time, the minimum
detectable activity (MDA) may vary. The activity concentrations of the radionuclides #*°Ra, '*'Cs
and #?Ac are below the MDA (except for one grass sample with 2?®Ac activity concentration
slightly above the MDA). The “°K activity concentration in the various grass samples range from
137+24 Bqg kg™ to 1583+244 Bq kg™ (on average 774 Bq kg™) during the sampling period (July-
November 2017), see Figure 13.
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Figure 13. Average activity concentration (Bq kg™) of “°K in grass samples for each
sampling month (2017).

4.2.3. Milk samples

Two milk samples have been collected from one single farmer (Site 22) and analysed for
gamma-emitting radionuclides. The activity concentration of “°K was measured as 67+8 Bq I
(MDA at 24 Bq I'") and 54+8 Bqg I'' (MDA at 26 Bq I"). No other radionuclides were identified
with significance in these samples (see ANNEX C (Table C 4, available upon request) for details).

4.2.4. Samples of crops

The results of the laboratory gamma spectrometry of the crop samples are provided in ANNEX C
(Table C 4, available upon request). This table also includes activity concentration in forage
samples collected at the farmer (Site 22) where milk was sampled.

The measured activity concentration for 2°°Ra, '*’Cs and ?*®Ac were below the MDA values for all
of the measured samples. The activity concentration (mean + 1 standard uncertainty of the
mean) of “°K was generally lower in crops samples (179 Bq kg™) as compared to grass and it was
observed that the different parts of sugar beet had various “°K activity concentrations: 1749+75
Bg kg™ (haulm), 441+21 Bqg kg™ (root outer layer) and 258+14 Bq kg™ (root).
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4.2.5. Samples of sewage sludge

The concentrations of gamma emitting radionuclides in sewage sludge are provided in ANNEX C
(Table C 5, available upon request).

All the radionuclides studied had an activity concentration (per d.w.) above the MDA, except for
137Cs that was below the MDA in all but one sample (January 2018). The average activity
concentrations, observed during the one-year period, were 112 Bqg kg™ (***Ra), 50 Bq kg™ (**®Ac)
and 144 Bq kg™ (“°)K), respectively. Apart from the data in the Annex, *'l was found in several of
the sewage sludge samples analysed. If decay corrected, to the 15™ of the month of the sample
collection, the "'l activity concentration was in the order of 500 to 5000 Bqg kg™. In the samples
where no ¥l was observed, it is likely that the time between sample collection and
measurements was too long for 'l to be detected. Furthermore, it is expected that other
medically used radionuclides might be found if the time between sampling and measurements is
shortened [18]. This means that we can expect measurable concentrations also of other
radionuclides used for therapy (e.g., ""’Lu, ?°Y, #*Ac) and diagnostics (e.g. '"'In, ®™Tc, ®#Ga).

4.2.6. Samples of bioindicators

The activity concentrations per d.w. (Bg kg™') for the radionuclides ?**Ra, "*’Cs, ?*®Ac, and *°K as
well as the respective MDA values (Bq kg™') are provided in ANNEX C (Table C 6, available upon
request) for various samples of bioindicators (lichen and moss).

As the amount of sample material from many of the sites was very small (about 10-20 g), it was
expected to be difficult to determine the concentration of #°Ra, *#Ac, “°K and "*’Cs by means of
gamma spectrometry. However, the “°K concentration in Pleurozium schreberi and Xanthoria
parietina, 342+95 Bq kg™ and 224 Bq kg™, respectively, was significantly above the MDA. After
the start of ESS these types of samples will also be of interest for analysis of alpha-emitters and
heavy metals.

4.2.7. Quality assessment of the gamma spectrometry measurements

Efficiency calibrations using reference sources from AEA Technology were used for a number of
geometries (e.g. 200 ml unity density, 200 ml density 1.5) [19, 20]. Standard samples from the
International Atomic Energy Agency (IAEA) [21-25] and from an aliquot of a standard solution
(QX48) have been used for constancy control of the detector calibrations over time for all the
HPGe-detectors used in the current project.
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Figure 14 Top left frame: constancy control over time for various radionuclides (**’Cs,
8Co, 2'Am) for a 55% HPGe detector (MCB4); Top right frame: constancy
control over time for various radionuclides ('*’Cs, °Co, *'Am) for a 92.5%
HPGe detector (MICB5); Lower frame: constancy control over time for various
radionuclides ("*Cs, ¢°Co, ?*'Am) for a 100% HPGe detector (MCB7).

The activity concentration (Bq kg™') of the samples was calculated by:

Mpet Eqg. 1
4= Msample X Eqps X ny, 8 kdec 8 kEff !
where K« is the decay correction factor to the time of sampling, Msampe is the mass of the
sample used for gamma spectrometry, and e.s is the absolute efficiency (cps/dis) for the specific
measuring geometry. The factor ke is a photon energy dependent correction factor that has
been applied to adjust for any discrepancy from the original reference calibration detected by
the QA-assurance. The mass of sample may either refer to dry mass or fresh mass, depending on

the type of sample. In all cases, it will be specified which of the two is used in a given sample.

The stationary HPGe detectors used in this study were calibrated in 2012 by the aforementioned
calibration samples [19, 20]. Ever since, the efficiency, resolution and other parameters have
been checked every 2™ or 3™ month using the calibration source. To perform a thorough
validation of the calibration, a new standard source containing several radionuclides with
gamma energies ranging from 47 keV (*'°Pb) to 1836 keV (8Y) was obtained in the spring of
2018 [26]. New calibration sources, containing saw dust, water (0.01 M HCI) and soil were
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prepared, for various geometries. For each geometry and sample density, measurements were
carried out during the summer 2018 in the three stationary HPGe detectors. The results showed
that the current calibration from 2012 was still valid.

4.3.  Analysis of *H in water and some bioindicators

4.3.1. 3Hin ground water and surface water

The activity concentrations (Bq I'") of *H in various water bodies (ground water; surface water;
tap water; drinking water), relative to a background water sample (deep-well water), are
presented in ANNEX C (Table C 7, available upon request). All of the water samples analysed
had *H levels below the MDA (14 Bq I" and 29 Bq I'"), only three water samples were above half
of the MDA.

4.3.2. 3Hin sewage sludge

The activity concentration (Bq I'") of H in sewage sludge (monthly between April 2017 and April
2018) is provided in ANNEX C (Table C 8, available upon request). The *H activity concentration
was below the MDA (varying from 2.6 Bq I to 29 Bq I'") in all but two samples. The sludge
sample collected in June 2017 was slightly above the MDA (14 Bq I") with a *H activity
concentration of 16+3 Bq I'!, while the corresponding value in January 2018 was 2.9+0.7 Bq !
(MDA 2.7 Bq ).

4.3.3. 3H in bioindicators

A limited amount of bioindicators were analysed for the *H concentration, including milk and
sugar beet, these results are provided in ANNEX C (Table C 9, available upon request). The
observed *H levels in these bioindicators were below half the MDA level (29 Bq I'").

4.3.4. Quality assurance of the 3H assessments

The results of the liquid scintillator measurements were assured using a reference tritium
solution (TRY44 number R8/12/123 by Eckert and Ziegler, Germany) with a reported uncertainty
of 1.5%. A calibration curve was carried out where the *H measurement were found to be linear
from 0 to 100 Bq I'". A quenching curve was also obtained using the method described by the
cocktail provider Perkin Elmer [27].

4.4. 1%C analysis

All results of the C analysis are reported in ANNEX C (Table C 10, Table C 11, Table C 12,
Table C 13, Table C 14, Table C 15, available upon request). The results are expressed as F'*C
[28, 29], see ANNEX B4 for definition. Basically, F'*C values corresponding to naturally produced
14C are around 1, while the maximum F'“C values observed in 1963 after the extensive testing of
atmospheric nuclear weapons in the late 1950s and early 1960s was around 2. Today, F'*C in
atmospheric CO; is approaching the pre-bomb levels. Typical F'*C values found in environmental
samples in the vicinity of light water reactors display an excess of less than 10% compared to
F14C values at sites remote from such facilities [30, 31].

4.4.1. Quality assessment

The results of the measurements of the standard samples IAEA C7, SRM 4990B and SRM 4990C
are shown in Figure 15. All samples were within 3 ¢ of the nominal values, and only 2 out of 44
samples lied outside the 1 o range.
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Figure 15. Results of the *C measurements of standard samples IAEA C7, SRM 4990B
(also known as Oxl) and SRM 4990C (also known as OxlIl). Uncertainty bars
referto 1 o.

4.4.2. Organic material

The results of the annual tree ring analysis are graphically presented in Figure 16. The average of
monthly F**C values in CO,, collected during summer time (May-August) at the background
station Schauinsland in Black Forest in Germany (1205 m above sea level; 47°55'N, 7°54'E),
serve as additional reference values [32, 33]. Moderate air pollution from the densely populated
and heavily industrialized Rhine valley is expected to reach the Schauinsland station, which is
also influenced by boundary layer air [32]. Compared to the Schauinsland and the Borrby data
(C1), the sites in Lund (C2-C5) showed no significant contamination of C.
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Figure 16. Results of the *C measurements of annual tree rings. The uncertainty of the
Schauinsland data is the standard deviation of monthly F'*C data from May
to August (N=4) [32, 33], while the uncertainties of sites C1-C5 is the
analytical uncertainty.

The tree ring data were used to estimate the C activity concentration in atmospheric CO, for
years 2012 to 2016, see Table 5 (temperature T=293 K and 6'*C = -9%. have been used in the
calculations, performed according to ANNEX B4).

Table 5 Estimated activity concentration of *CO, in southern Sweden for
years 2012-2016.

Year Average F'“C Average CO, molar  Activity concentration of
(+ SUM) parts per million [34] 1“CO; in air

(Bag/m?)
2012 (N =5) 1.040 = 0.001 394 0.047
2013 (N=5) 1.033 = 0.001 397 0.047
2014 (N =5) 1.030 = 0.001 399 0.048
2015 (N =5) 1.026 = 0.001 401 0.048
2016 (N =5) 1.021 = 0.001 404 0.048

The results of *C analysis of the vegetation samples are shown in Figure 17a. For the grass data
from 2017 (N=13), the average F'“C value was 1.014 (SD: 0.006; SUM 0.002). According to
Grubb's test, the August sample of site C13 is an outlier (possibly due to local contamination of
fossil carbon). Removing this outlier, the average grass F'“C value for southern Sweden in 2017
was 1.015 (SD: 0.003; SUM 0.001). The crops/fodder samples from 2017 (N=21) showed an
average F'“C value of 1.018 (SD: 0.005; SUM: 0.001). The mean F'“C value of the grass samples
was not significantly different from the mean F'C value of the crop/fodder samples (p>0.05,
one-way ANOVA), see Figure 17b.
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b)

Figure 17. a) Results of the *C measurements of grass and crops/fruits from 2017.
b) Box plot showing that the mean F'C value of grass was not significantly
different from the crops/fruit data of 2017 (p>0.05, one-way ANOVA).

Figure 18 shows the results of the C measurements at the dairy farm at site C13. For

comparison, the F'“C values of vegetation from the rural and urban background sites C1 and C2
are included. As mentioned above, the grass sample from August 2017 is an outlier according to
Grubb’s test. Taking this into account, the two milk samples reflect the F'*C values of the diet of
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the cows very well (see Figure 18).
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Figure 18. Results of the *C measurements at the dairy farm at site C13, compared to
vegetation samples at the rural and urban background sites C1 and C2. The
grass sample from August 2017 is an outlier according to Grubb’s test.

The results of the moss samples are visualized in Figure 19. Compared to the grass samples at
the same site (also included in Figure 19), the 'C values were very similar, except at site C6
(however, the moss and grass values of site C6 overlapped within 3o). This observation indicates
that the moss sample of site C6 was older than the rest of the moss samples. The moss samples
at site C1 were split into fractions: lower and upper 3 cm of 6 cm strands (C1 house), and lower,
middle and upper 3 cm of 9 cm strands (C1 forest). Although not confirmed statistically, both
C1 samples indicated a decreasing F'*C value with height, implying that the lower parts of the

moss samples were older than the upper parts.
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Figure 19. Results from “C measurements of moss samples, compared to grass samples
collected at the various sites.

The average F'*C value for all organic samples measured (N = 57, tree ring samples not included)
is 1.017 (SUM 0.001), corresponding to 228 Bag/kg C (using 8°C = —25%o0, see ANNEX B4 ). The
14C activity concentration in various sample types is estimated in Table 6 (§"°C = —25%o has been
used for all samples in the calculations, performed according to ANNEX B4 ).

Table 6  Estimated activity concentration of "C various sample types in
southern Sweden in 2017. Values of proportion carbon are
taken from Ref [35].

Proportion carbon Activity

Material ( g carbon ) concentration of *C

kg wet weight (Bg/kg wet weight)
Cow milk 65 (62 to 69) 15 (14 to 16)
Grass or green feed 100 (40 to 160) 23 (9 to 36)
Silage 130 (65 to 180) 30 (15 to 41)
Grains 390 (360 to 430) 89 (82 t0 98)
Fruits 62 (31 to 100) 14 (7 to 23)
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4.4.3. Fullerene soot monitors

Figure 20 shows the number of counts registered in the C window of the detector during 120
s as a function of measured ion beam current of '?C" for all fullerene soot samples. The
background count rate, e.g. due to cosmic radiation, in the *C detector was estimated by linear
regression to be to 2.06 counts in 120 s. This number was extracted from all *C measurements
prior to calculating the "C/"*C ratio.

Equation y =a+b*x

Plot 14C counts in 120 s
- Weight No Weighting
40 = Intercept 2,0622
) Slope 2,65627E6
0 Residual Sum of Squares 6335,87478
J o Pearson's r 0,77779
35 - o R-Square(COD) 0,60495
4 oo Adj. R-Square 0,60321
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Figure 20. Number of counts registered in the "C window of the detector during 120 s
as a function of measured ion beam current of '>C- for all fullerene soot
samples.

The results of the SSAMS measurement (**C/"*C ratio corrected for background) of the 19
fullerene soot monitors are shown in Figure 21. The graph shows all *C measurements of soot
monitors at the sites C1-C4, the unexposed soot (blank soot) as well as graphitized fossil carbon
(Abs1 and W6C). Included in the figure is the maximum level observed value in 2009, a soot
monitor exposed to ambient air for 14 days [12]. The "C/™C ratios of clean air CO, in 2009 and
2017 are also included in the figure for comparison. None of the soot monitors of 2017 showed
any significant degree of contamination.
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Figure 21. Measured "C/™C ratios of soot monitors at the sites C1-C4, unexposed soot
(blank soot) as well as graphitized fossil carbon (Abs1 and W6C).

Figure 22 shows the results of the fullerene soot monitors in more detail. The ratios of the main
part of the samples from sites C1-C4 were very close to what is observed in unexposed fossil
samples (soot blanks and graphitized carbon). The few values that display somewhat higher
1“C/'?C ratios are associated with large uncertainties due to the low currents of ">C (see Figure
23) and very low count rates of "C at the first of the 12 measurements.
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Figure 22. Measured "C/™C ratios of soot monitors at the sites C1-C4, unexposed soot
(blank soot) as well as graphitized fossil carbon (Abs1 and W6C), in more
detail compared to Figure 21.
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Figure 23. Current of negative '>C ions measured at the high-energy side of the SSAMS
system.

In conclusion, no signs of *C contamination were seen in the fullerene soot monitors exposed
to ambient air during 9 June to 2 October 2017 at the measurement sites C1 (rural background,
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Borrby), C2 (urban background, Lund), or ESS sites C3 (Mdllegarden) and C4 (Ostra Odarslév
264).
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5. SUMMARY AND CONCLUSIONS

Within this work, the natural and anthropogenic radioactivity in the vicinity of the ESS site has
been mapped during 2017-2018: “Zero Point of the ESS”. At the sites where sampling and
measurement of gamma-emitting radionuclides were carried out, no unexpected or elevated
levels of natural radionuclides or anthropogenic contamination were observed. All samples
analysed for *H activity concentration were below, or close to, the MDA.

The sampling sites in the Lund area showed no signs of anthropogenic contamination of C,
neither for annual tree rings, vegetation samples, milk or air (the latter represented by fullerene
monitors).
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ANNEX' A RADIATION IN THE ENVIRONMENT

Gamma emitters in the environment

A number of naturally occurring gamma-emitting radionuclides exists in the environment,
emanating either from cosmogenic production or existing since or even before the formation of
Earth. These radionuclides are found in terrestrial, atmospheric and aquatic biospheric systems
all over the world. Although naturally occurring, their relative abundance in various ecosystems
can be affected by human activities such as mineral ore mining, fresh water dwellings and use of
fossil fuels. Many of these processes cause an increase in the concentration levels as well as
radiation exposures to both workers and the public. One example is the concentration of radon
(**2Rn) in the indoor environment of residential buildings which can be substantially elevated due
to the type of construction material and ventilation system. In addition to these naturally
occurring radionuclides, man-made gamma emitters mainly from the nuclear fuel cycle have
been dispersed globally and are present in many terrestrial ecosystems. The concentration levels
of these radionuclides are in most places too low to be of any health concern, but still high
enough to be easily detectable with modern radiometry instrumentation.

Cosmogenic gamma emitters

The radionuclides *H and 'C which are abundant on Earth and are both produced naturally by
cosmogenic production. However, none of them emit gamma photons and are hence not
detectable by gamma spectrometry. The most dominant gamma-emitting cosmogenic
radionuclide is ‘Be (Ty,= 55.3 days with a principal gamma photon at 0.429 MeV), which is
produced in the atmosphere by spallation reactions between galactic cosmic rays such as
neutrons and protons, and nitrogen and oxygen nuclei. The 'Be atoms then become attached to
aerosols and are mixed in the global atmosphere. The activity concentration of 'Be in outdoor air
is about 3 mBg m= [1]. The main transport route is via precipitation and the main intake route to
humans is via fresh vegetables, although the resulting radiation exposure is many orders of
magnitude lower than for e.g. *°K and ?"°Po. Since this radionuclide is easily washed out of the
atmosphere by rain, the concentration at ground level varies considerably depending on the
weather conditions in connection with the sampling event.

Another cosmogenic gamma-emitting radionuclide of importance is **Na (T,=2.6 y with a
principal gamma photon at 1.275 MeV), which is produced in the atmosphere by corresponding
spallation reactions of galactic cosmic rays with argon nuclei. The annual radiation exposure
caused by the global fallout of this nuclide is similar to that of ‘Be and can for most global
populations be considered trivial compared with the radiation doses from primordial
radionuclides [1].

Primordial radionuclides

Many of the radionuclides in this group were created before the earth was formed and were a
part of the material that condensed to form the Earth. Hence their physical half-lives are
comparable to the age of the earth, or longer. Other nuclides in this category have been
produced on earth by the decay of long-lived radionuclides of stellar origin. Primordial
radionuclides can therefore be divided into singly occurring radionuclides and members of a
decay chain. The singly occurring primordial radionuclides decay to stable daughter products
and these radionuclides generally have half-lives on the order of 10'° years or more. The most
important one in terms of absorbed dose impact to humans and other biota is “°K (T,,=1.25-10°
years) which decays through beta emission (89.3%) or electron capture (EC; 10.7%)
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accompanied with an emission of a 1460.78 keV gamma ray. “°K is a naturally occurring isotope
of potassium. Typical concentrations of “°K in human tissue range from 35 to 70 Bq kg
resulting in annual absorbed doses in the order of 0.2 mGy y' for an average individual.

The primordial radionuclides that decay to radioactive daughters will, in contrast to singly
occurring radionuclides, form so-called decay chains or decay series (see Figure A 1). Although
the radionuclide at the top of each chain is primordial, the daughters are thus continuously
produced on Earth with half-lives ranging from about 10 years to tenths of microseconds.
Today there are three dominant decay chains, referred to as series; the uranium series with 23U
(T,=4.5 10° years) as a mother nuclide and °°Pb as the last and stable daughter, the Thorium
series with 232Th (T,=1.4.10"° years) as mother nuclide and ?%Pb as last daughter, and finally the
Actinium series with ?*U (T,,=0.78 10° years) as a mother nuclide and ?°’Pb as last stable
daughter. All these series include both decays through alpha emission and beta emission and are
in many cases accompanied with emissions of gamma rays. The radiation dose contribution to
living species on Earth from the natural series are dominated by the 28U and 2**Th series due to
their much higher isotopic abundance and the physical half-lives of some key elements in their
decay chain.

One feature of these decay series is that the daughters often have shorter half-lives than the
mother nuclide and thus can be expected to be found in equilibrium with each other in an
undisturbed volume containing the mother nuclide. 28U and ?**U are mainly present in the
Earth's crust in the form of minerals. The abundance of uranium varies with the type of bedrock.
A commonly found mineral in Sweden is granite which has an activity concentration of 37-124
Bqg kg™'. The average activity concentration of 2®U in the Earth's crust is 12-37 Bq kg™, and in
water 1.2-12 mBq kg™'. The population-averaged mean value of the activity concentrations of
238 in soil is estimated to be 33 Bq kg™ [2]. An important daughter product is the alpha emitter
2%6Ra (T,=1600 y), which also emits a gamma ray at 0.186 MeV and can therefore be assessed
by gamma spectrometry. Similar concentration values as for *U are found in both soil and
water.

Thorium is found in large quantities in the Earth's crust, for example, in minerals such as thorite
(ThSiO4), and thorianite (ThO, + UO,). The population averaged mean values of the activity
concentration of 232Th in soil is 45 Bq kg™ [2]. As for the #?°Ra of the 2*®U series, the daughter
nuclide #?®Ra is important in terms of radiation dose due to the affinity of the element to be
incorporated into bone structure. In contrast to #?°Ra, **Ra does not emit any significant gamma
rays, and is often assumed to be in equilibrium with its alpha-emitting mother #*Th and with its
daughter #8Ac which has many gamma lines that can by assessed by gamma spectrometry.
Hence the activity concentration in environmental samples of 22Th and ??®Ra can indirectly be
determined by assessing the #?®Ac concentration.

The concentrations of the remaining daughter nuclides of 28U and #*Th series are in the same
order of magnitude as their mother nuclides provided that equilibrium is not disturbed.
However, all decay series contain decay steps involving the noble gas radon (Rn). In the 23U
decay series, #*°Ra decays to #*?Rn (T,=3.8 days), which is substantially longer than the radon
daughters of the two other series, 55 and 3.96 s, for 2°Rn and 2'°Rn, respectively. Due to the
extremely high mobility of noble gases, the #2Rn atom can migrate up to 1 min a geological
matrix during its short half-life, thereby creating a disruption of the equilibrium of the 23U
series. The Earth’s crust will thus continuously inject radon daughters to water beds and to the
atmosphere close to the ground, a process referred to as radon exhalation. This exhalation in
turn causes a substantial redistribution of on a global scale of its daughter nuclides, of which
219pp (T,,=22.3 years) and ?'°Po (T=138 days) are the most important in terms of radiation dose
to living species. Typical #'°Pb and #'°Po concentration in soil is 20 =240 Bq kg™, depending on
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annual precipitation at the site [3]. However, these levels decrease rapidly with depth and
reaches the levels that correspond with the 28U concentration in the local bedrock. The
concentrations of "°Pb and 2'°Po in soil vegetation are similar to that in soil, but are also
dependent on the direct contamination from the atmospheric deposition of the two
radionuclides.
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Figure A 1. Decay chart for the three naturally occurring decay series [4]. Sub-series, in
which the radionuclides have similar properties regarding transport in the
environment, are indicated in grey shading for the uranium and thorium
series. The first at the last nuclide in the sub-series tend to have the same
activity. Each decay chain ends with a stable isotope of lead, indicated by an
open symbol.

Man-made gamma-emitting radionuclides in the environment

The principal inflow of anthropogenic radionuclides to the environment have come from the
global fallout of nuclear weapons tests in the 1950s and 60s, together with operative and
accidental releases from the nuclear power industry (e.g. the Sellafield releases in 1970s and the
Chernobyl accident release in 1986).

The nuclear weapons fallout has resulted in a global deposition of gamma-emitting fission
product ¥'Cs (T,=30.2 years with principal gamma photon of 0.662 MeV) ranging from 1-

3 kBg m?, depending on the local annual precipitation and the geographical latitude. Other
important fission products are the pure beta emitter *°Sr (T,,=28 years) and the short-lived ™'|
(T,=8.02 days). In 1986 the atmospheric injection of the Chernobyl release resulted in many
countries receiving more than 100 kBg m™ of '*’Cs, as well as other short-lived fission products
(again 'l). In south of Sweden this deposition was, more modest, ranging from 1-2 kBg m™.
These depositions will today result in typical soil concentrations of *’Cs ranging from 10-
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100 Bq kg™. In leafy vegetation and grass the corresponding values are less than 10 Bq kg™. In
moss and lichens, concentrations may exceed these values substantially due to their higher
efficiency in retaining atmospheric depositions [5, 6].

Other important sources of man-made gamma-emitting radionuclides are the operational
releases from nuclear power plants. In Sweden the operational releases of gamma emitters from
the light water reactors are principally through water releases and considerable radionuclide
concentrations of neutron activation products such as ®°Co (T,=5.27 years), **Co (T»=70.7 days),
**Mn (T,=312 days), ©Zn (T,=244 days) and ""°’Ag™(T,,.=250 days) have been found in species in
shallow waters along the Swedish coasts, following a power law relationship with distance from
the NPP site (e.g. [6-9]). In terrestrial bioindicators with high efficiency for atmospheric retention,
such as sewage sludge and moss, detectable amounts of activation products like ®°Co have been
found in the environment around Swedish as well as foreign nuclear power plants [10-12].

Gamma-emitting radiopharmaceuticals, such as "'l (T,,=8.02 days), that are administered to in-
patients in hospital will result in detectable amounts of these nuclides in sewage sludge and in
shallow water species close to water reprocessing plants. Temporary peaks in "*'l concentrations
in Fucus close to the Barseback nuclear power plant were found many years after shut-down
indicating the importance of this type of man-made source and was of considerable concern for
the industry as these findings were erroneously linked with their activities.

Tritium in the environment

Tritium (T,=12.3 years, decay mode: beta (B"), Emax(B)=18.6 keV, Emean(B)=5.7 keV) is produced
by neutron activation in vast amounts in nuclear reactors and can also be formed in target
materials and surrounding cooling media in particle accelerators, like the ESS. However, tritium
also occurs naturally in the environment since cosmic-ray induced slow and fast neutrons
interact with certain elements in atmospheric gases, e.qg. nitrogen: ("*N+n—"2C+°H). Almost all
(~99%) of the tritium produced naturally is oxidized to water (HTO) in the atmosphere, resulting
in a cosmogenic background level of tritium is between 0.1 and 0.6 Bq I"" of water [13].

The annual natural production of tritium is about 10" Bq, resulting in a global inventory of
tritium of about 10'® Bq [2, 14]. The predominant form is as tritiated and gaseous water (HTO)
(and to a small fraction of gaseous tritium (HT)), which take part in the hydrological cycle [2, 14].
Environmental free tritium is thus extremely mobile in the environment. The remaining fraction is
organically bound tritium (OBT) which has been incorporated in organic compounds in living
matter. The OBT can be either exchangeable (if bound to oxygen, sulphur or nitrogen) or non-
exchangeable (if covalently bound to carbon). The fraction of OBT compared to total tritium
varies considerable between various biological matrices [13]. The OBT fraction is of special
interest due to the longer residence time of OBT than HTO in the body, effecting dose as well as
risk. For globally dispersed tritium the dominant pathways are drinking water and food (HTO as
well as OBT), and UNSCEAR estimates a global individual average annual dose of

0.01 pSv year.
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Figure A 2. Tritium concentration in precipitation in Canada and the US [15] a) during
the bomb-pulse era, b) from 1990 to 2012. | TU = 1 Tritium Unit, which
equals 1 tritium atom per 10" 'H atoms, corresponding to 0.119 Bq I of
water. Seasonal variations are e.g. due to the “spring leak”, resulting from
the exchange of tropospheric and stratospheric air masses during winter
and spring, see [16] and references therein.
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The anthropogenic production of tritium mainly stems from nuclear weapons tests using fusion
components (so-called hydrogen bombs) in the 1960s, adding ~2-10%° Bq tritium worldwide
[17]. By 1963 the tritium activity concentration in rainwater was about three orders of
magnitude higher than prior to the tests [13], see Figure A 2a [15]. Today (2018) about 5% of
this tritium (i.e. in the same order of magnitude as the natural global inventory) remains in the
global water circulation, and the tritium activity levels in rainwater are now in the order of single
Bqg I or less, as shown in Figure A 2b [15]. Recent data from rivers in south of France report HTO
concentrations of 0.12+0.11 to 0.86+0.15 Bq I''[16].

In some countries, tritium is produced in industrial nuclear reactors in substantial amounts for
military as well as civil purposes. Tritium commonly serves as tracer in radiolabelled compounds
in hospitals and research laboratories. Tritium is also used in neutron generators in some nuclear
physics laboratories. The same deuterium-tritium (DT) reaction is also used in fusion test-
reactors. Furthermore, tritium is used in industrial applications such as luminous objects.
Although the releases from these applications are negligible compared to the global inventory,
they may give rise to significant excess of tritium in the local environment and biota [14, 18].

The nuclear power industry is a large source of anthropogenic environmental tritium. The annual
total amount of tritium released from nuclear power industry is several orders of magnitude
lower than that from nuclear weapons’ tests, and primarily originates from deuterium enriched
(heavy water) moderated nuclear reactors and from fuel reprocessing plants. A typical tritium
release rate from a 1 GW. heavy-water reactor is 7.4-10" Bq year" and 1.8-10'* Bq year” as
gaseous and liquid effluents, respectively [19]. Tritium releases from light-water reactors is
usually at least a factor of 10 less than for heavy-water reactors [19]. For fuel reprocessing
plants, typical release rates are in the order of 10" Bq year" [20]. Excess activity of tritium can
be found in the surroundings of nuclear facilities: e.g., in the lower Rhone River 95% of the
observed tritium (up to 10 Bg I'" of water) originates from nuclear facilities [21].

Environmental tritium contamination has also occurred after incidents at tritium production
facilities as well as major accidents nuclear power plants [14]. In the literature, incidental releases
up to the order of 10" Bq are reported from the US [14]. The Chernobyl as well as the
Fukushima accident resulted in highly elevated environmental tritium levels: e.g. water in a plant
collected 20 km from the Fukushima site one month after the accident in 2011 had 100 times
higher tritium activity (167 Bq I'") than background water (<1.5 Bq I'") [22].

Examples of tritium measurements in Sweden

The Swedish Radiation Safety Authority (SSM) collects water samples twice a year at six Swedish
waterworks since year 2001 [23]. The tritium activity concentrations are often below the
detection limit of a few Bq I, as shown in Figure A 3 (data from two of the waterworks;

"< value" refers to values lower than the detection limit).
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Figure A 3. Tritium activity concentration in drinking water [23].

SSM also monitors tritium in surface sea water at six Swedish stations since 2009 [24]. These
measurements are part of the national programme for the environmental control at the nuclear
facilities [24]. Data from two of these stations, Ringhals in Kattegatt and Fjallbacka in Skagerak,
are shown in Figure A 4. The Kattegatt station (R35) is located 8.2 km from the release point of
cooling water from Ringhals nuclear power plant [25], while the Skagerak station lies
approximately 160 km north of Ringhals. Most data in Figure A 4 are below the detection limit
for tritium of the instruments used (a few Bq I).
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Figure A 4. Tritium activity concentration in sea water [24].
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“Cin the environment and previous measurements in the Lund area

“C is a long-lived beta-emitting radionuclide (Ti>= 5730 years, decay mode: beta ("), Emax(B)=
156 keV, Emean(B)= 49.5 keV) that is produced naturally in the upper atmosphere when thermal
neutrons — originating from spallation reactions of atmospheric gases induced by cosmic
radiation — interact with atmospheric nitrogen ("“N+n—'*C+p). '“C is mainly incorporated into
atmospheric CO,, and thus takes part in the global carbon cycle. The natural abundance of C is
approximately 107°% of total carbon (226 Bq (kg C)', or F'*C = 1 (for definition of F'*C see [26,
27]). The main transfer pathway of naturally produced 'C to man is through ingestion leading
to an effective dose rate of about 12 pSv year' [14].

The "C concentration is under influence of anthropogenic activities, which may decrease or
increase the specific activity of carbon, globally as well as locally [28]. Atmospheric testing of
nuclear weapons during the last century temporarily doubled the C concentration in the
atmosphere, as shown in Figure A 5. The data in Figure A 5 have been collected at sites
representing a minimum of local human interference (clean-air) [29-31] and environmental *C
data is usually compared to this clean air data. After the Limited Test Ban Treaty, the "C specific
activity of atmospheric carbon dioxide has decreased due to absorption into the oceans and
biosphere, and also due to dilution caused by the increasing CO,-concentration of the
atmosphere (mainly caused by fossil fuels, which are free from 'C).
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Figure A 5. "C in atmospheric CO, and oceans representative for the Northern
Hemisphere, expressed in units of Fraction Modern, F*C [26]; F'*C is
approximately 1.0 before the nuclear weapons tests, corresponding to the
natural *C/">C ratio of about 10'°%. Atmospheric data are taken from the
CaliBomb home page [31] including data from Levin and Kromer [29] and
Levin, Kromer et al. [30]. Marine data are from Kalish, Nydal et al. [32].

Local fluctuations in the specific activity of carbon can be caused by local emissions of

combustion of fossil fuels (lowering the specific activity, known as the local Suess effect). The
magnitude of the suppression in F'“C values of vegetation in heavily industrialized regions is in
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the order of some percent (see e.g. [28, 33]). The opposite effect can be observed close to
nuclear power plants as well as industries and research facilities using C as a tracer [28].

Typical release rates of “C from nuclear power reactors are about 200 GBq year' from light-
water moderated pressurized water reactors (L(WR-PWR), mainly as airborne hydrocarbons;
about 300 GBq year' from light-water moderated boiling water reactors (LWR-BWR), mainly as
airborne CO;; about 2500 GBq year' from a heavy-water reactor (HWR), predominantly as CO,
[19]. F™*C values in vegetation within a few km from LWRs typically show a maximum ™C excess
of 10% (see [28, 34] and references therein). Near HWRs significantly higher values have been
observed (see [28, 34] and references therein). An extreme example is reported from Pickering
Nuclear Generating Station (PNGS, Canada), a large HWR facility: *C concentrations of about
13 kBqg (kg €)' (F'*C=~57.6) have been found in fruit close to the facility in year 1992 [35].
Measurements at larger distances from PNGS have shown F'*C>6 at 2 km from the facility (year
1998), and about 7% excess at a distance of 100 km (F'*C=1.20+0.03) [28].

The local contamination of ™C found in the surroundings of research facilities and radiolabelling
laboratories is usually site-specific (see examples in [28]) and varies with time. E.g., "*C
concentrations of >60 kBq (kg C)" have been found in soils (corresponding to F**C~290) close
to a company performing radiolabelling [36]. Also plants showed >100 times clean-air '“C levels
[36]. Previous measurements at the research facilities show local “C values in vegetation of
F'“C>10 (in a tree ring from 1985 at the Rossendorf research centre, Germany) [28].
Measurements of grass, moss and soil at Julich research centre (Germany) in 2004 showed very
local contamination within the research facility area: some samples were uncontaminated,
others showed an excess of up to 36% (F'*C>1.4) above clean air in 2004 [28].

Also the research-intense city of Lund hosts several potential anthropogenic sources of *C. In
2009, a contamination was observed in Lund: chestnut leaves in the university area showed
excess "C of 25% above clean air values (i.e. F'*C=1.30 compared to clean air F"“C=1.05 in
2009) [37]. Measurements performed in 2010 led to the conclusion that a pharmaceutical
company probably was the source of the contamination [37].

Long-lived spallation and activation products in accelerator driven
systems

A facility that operates a high energy accelerator with large beam current, like ESS, has many
features common with a nuclear power plant. However, differences are also large. The ESS-
facility will operate at a mean power of 5 MW that is hundreds of times lower than the power in
a nuclear plant for energy production (see Table A 1 for some ESS parameters). This means that
the total amount of activity involved will be proportionally smaller. In a reactor which uses
uranium as fuel, the storage of waste with long-lived activity is a large problem while in the
proton irradiation of ESS, the half-lives of the produced radionuclides are considerably shorter.
On the other side, the radionuclides in a nuclear plant are restricted mainly to the core, while in
ESS it will be more distributed. The target with its different components, tungsten wheel,
cooling media, reflector, moderator and windows will have the highest activity, but magnets
bending and spreading the beam will also be highly activated. For many of the radionuclides
produced at ESS, we lack experience of its behaviour in the facility, and in premises and
surroundings. More research is needed how to measure and analyse radionuclides that will be
generated at ESS.
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Table A 1. Some ESS parameters [38]

Parameter Value
Average beam power 5 MW
Proton kinetic energy 2.0 GeV
Pulse repetition rate 14 Hz
Average pulse current 62.5 mA
Macro-pulse length 2.86 ms

Spallation products

The radionuclide inventory induced by high-energetic protons differs strongly from the inventory
of nuclear reactors. Elements from nearly the whole periodic system with a lower mass number
than the target element tungsten are produced by spallation, fragmentation, and high-energy
fission processes, this means e.qg. isotopes of Ta, Hf, Lu, Yb, Tm, Er, Ho, Dy, Tb, Gd, Eu, Sm, Pm,
..., Cs, 1,... Sr, Mn. Moreover, species with higher atomic number than the target element are
formed as well, due to compound nucleus reactions of stable tungsten isotopes. Next to such
primary reactions, also reactions of tungsten with high energetic secondary particles like helium
and tritium, as well as (p,xn) reactions of in-situ generated long-lived products with a higher
atom number may have an impact on the final radionuclide spectrum. Theoretical predictions of
the residue radionuclide inventory are difficult, due to the complexity of the involved nuclear
reactions.

Experimental data are needed in order to benchmark and improve theoretical high-energy
models and Monte Carlo calculation codes. Investigations should primarily focus on
radionuclides with half-lives longer than several months, considering issues of disposal and final
storage as well as radiological accident scenarios. Important radionuclides could be investigated
based on the following selection criteria [39].

1. Radionuclides with high energetic photons and half-lives up to 500 years have to be
considered, due to their major contribution to the total activity and dose rate of the
radioactive waste, even after several years of cooling time. Such candidates are [40, 41]:
"3Lu (T1=1.37 years), ""?Hf/""?Lu (T1,=1.87 years), '*¥Ba (T1,=10.5 years), *Sb (T1,=2.77
years), '%™Rh (T1,=2.9 years),"°'Rh (T+,=3.3 years) and ®Co (T:,=5.27 years).

2. Radionuclides decaying by alpha emission: '¥Gd (T1,=74.6 years), *°Gd (T1,=1.79-10°
years), **Dy (T1,=3-10° years) and “*Sm (T:,=1.03-108 years) [40, 41] are of essential
importance, due to their radiotoxic effects.

3. Attention should also be paid to radionuclides of volatile species like '?°I (T1,=60.1 days)
and '?°l (T1,=1.57-10" years) due to their high inhalation probability and thyroid uptake
in case of radiological accident scenarios.

4. High power spallation targets are a potential source also of other rare and very long-
lived radionuclides like #Ti (T1,=60.40 years), *°Al (T1,=7.16-10° years) and >*Mn
(T12,=3.7-10° years), '®Hf (T1,=9.0-10° years) and *°Fe (T;,=2.60-10°years).

Activation products

The residual activity induced in particle accelerators is a serious issue from the point of view of
radiation safety as the long-lived radionuclides produced by fast or moderated neutrons and
impact protons cause problems of radiation exposure for staff involved in the maintenance work
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and when decommissioning the facility. The dominant activity after shut down results from
W, W and "W [41]. To accurately estimate the radiological consequences of beam loss
during acceleration and associated activation of components, concrete and air are difficult, if
even possible, and an (conservative) assumption has to be the input in the calculations.

The activation of the magnets and collimators in the high energy beam transport line of the ESS
due to the backscattered neutrons from the target and also due to the direct proton interactions
and their secondaries has been estimated [42]. The result includes the production of any
radionuclide that decays emitting gamma rays and also that has a lifetime longer than 24 hr.
Shorter lived radionuclides, like **Na can pose a safety concern if the tunnel has to be accessed
in emergency situations, but the study was limited to include only the radionuclides that live
longer than 24 h: 'Be, “*Sc, *Ti, *'Cr, **Mn, *°Fe, **Co, *’Co, **Co, *°Co, *°Zn, "*Se, 8Rb, #Sr, #Y,
9SZr’ 94Nb’ 95Nb’ 106Ru’ 109Cd’ 111|n’ 11BSn’ 1ZSSn’ 124Sb’ 1ZSSb’ 125|’ 132CS’ 134CS’ 137CS’ 1338a’ 139Ce'
141Ce’ 144Ce’ 152Eu’ 154Eu’ 1536d’ 160Tb’ 161Tb’ 170Tm' 169Yb' 172Hf’ 182Ta’ 18505’ 192|r' 198Au’ 199Au’
2BHg, 2'°Pb, *YBi, #*®Th, ***Np, *'Am, and ***Am. One of the factors that contribute to the
production of these radionuclides inside the magnets is the direct impact of the proton beam.
When proton beam losses occur, the protons interact with the beam pipe producing hadronic
and electromagnetic showers. Also, when the protons interact with the magnets they will
produce additional secondary radiation. The main factor proved to be the backscattered
neutrons, the particle collimator placed in front of the target being the worst affected.
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ANNEX B1 ASSESSMENT OF /N S5/TU AND MOBILE GAMMA
SPECTROMETRY AND AMBIENT DOSE EQUIVALENT

Purpose

The purpose of this appendix is to describe the methods applied for in situ high-resolution
gamma spectroscopy and the assessment of the ambient dose equivalent rate and its variability
(stationary, by foot and by car) for the project entitled “Monitoring of environmental
radioactivity and radiation levels for “Zero Point” assessment and contributions to ESS
environmental monitoring plan” (contract ESS-0093103).

Applicability

This description (procedure) is applicable to general measurements outdoor (free in air) of the
photon radiation from natural occurring and anthropogenic radionuclides. The procedure is
applicable to future assessments of the radiation environment from gamma-emitting
radionuclides and its variability around ESS, enabling assessment of the radiological impact of
ESS.

Methodological outline

After signing the contract, suitable sites were selected (to cover all directions around the site; to
stay untouched for long time periods; to be representative and reflect the current population
density (@approximately within 1500 m of the ESS site)). At the sites where in situ high-resolution
gamma spectrometry was carried out, soil samples were also collected. In order to illustrate the
variability in the radiation fields within and between these sites, gamma spectrometry mapping
was also carried out by foot and car in combination with stationary measurements of the
ambient dose equivalent rate at the sites.

At the majority of the sites of the stationary measurements (i.e. in situ gamma spectrometry and
assessment of the ambient dose equivalent rate), the measurements started directly and
continued during the soil samplings and parallel measurements. The total measurement time
varied between 1 to 2 hours.

Selection of
measurement
sites

Preparation,
setup and

Contract "ESS- Final report

"ESS-0093103"

0993103"

measurements

Figure B1. 1. Flow of actions for achieving the point zero measurements of /n situ
gamma spectrometry and ambient dose equivalent.
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Methodological details

Planning

In the close vicinity of the ESS site, 24 sites were selected for combined ———
.. . , . Selection of

measurements of in situ high-resolution gamma spectrometry, mapping

of the ambient dose equivalent, and soil sampling. These sites were

selected as described in detail in section 2.1.

measurement
1{=

The majority of the stationary and mobile spectrometric assessments were carried out at
private or company owned gardens in the vicinity of the ESS facility and at the one church
closest to ESS (Site 7). Slightly further away, but also included, were two sites in the Northern
inhabited parts of Lund city (Sites 23 and 45).

In addition, a detailed survey was carried out by car-borne measurements on the streets
enclosing the about 2 km radius area around ESS to provide an overview of the dose rate
variability in the area.

Output Representative locations for future re-assessments of the temporal changes in
the radiation environment after commissioning of ESS, enabling dose
estimations relevant for today’s population density in the area.

General aspects on the measurements

At specific sites, in situ high-resolution gamma spectrometry (using High

Purity Germanium detectors, HPGe) was carried out in combination with FIEpRIEOn;

) ) ) setup and
soil sampling (and when possible also grass) as well as measurements of A ETRE TG

the ambient dose equivalent rate. The ambient dose equivalent rate was
determined with stationary detectors at the sites and its variability was determined with
backpack configured detector systems.

In situ high-resolution gamma spectrometry

Field gamma spectrometry measurements were carried out using HPGe detectors (ORTEC,
USA), mainly a 123% but also a 26.10% (relative efficiencies). Using either of these two, the
HPGe detector was positioned on a tripod in the centre of the selected surfaces, where the
ground was as flat as possible, with the crystal at a distance of 1 m above the ground. The
surface was selected so that it was at least 30 meters from any buildings or topography that
might shield the detector’s field of view (at a distance of 30 m, ~1% of the 662 keV photons
from *’Cs reach the detector).

In private gardens and backyards, it might not always be possible to put the detector 30 m
from the main house or other buildings. In such situations, the detector was positioned as far
away as possible from such buildings and where a flat surface could be found. The selected
position of the HPGe detector defined the centre of the surface for further measurements and
samplings. The measurement time of the HPGe detector for in situ gamma spectrometry was
>1 h.
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Mobile gamma spectrometry

In parallel with the stationary HPGe measurements, foot-borne mapping (with about 1-2 m
between the walking lines) of the ambient dose equivalent rate, H*(10) (uSv h™"), over the
surface of the site, was carried out with a (76.2 mmgx76.2 mm) LaBrs:Ce based back-pack
radiation detection system. This system is based on the SSM developed CEMIK system with
Nugget software [1]. Using this system, the total gamma dose rate as well as individual
spectra, were acquired each 1-3 seconds and stored together with the GPS coordinates.
Similarly, car borne measurements of the ambient dose rate was carried out using two 3 litre
Nal(Tl) detectors mounted in the car. This mapping was carried out on the available roads
near the ESS facility.

Stationary assessment of the ambient dose rate

In addition, the ambient dose equivalent rate was acquired using a tripod-mounted detector
based on a ZnS scintillation dose rate probe (detector based on a 75 mmgx75 mm organic
scintillator; Automess, Probe 6150AD-b). This detector was positioned at four different points
around the same central position as the HPGe detector, at a height of 1 m above the ground.
For each of these four points, the ambient dose equivalent rate was averaged over time (10-
20 minutes), and an average dose rate was calculated for the entire surface/site. The average
variability of the dose rate was calculated based on the gamma dose rate variation as
determined with the foot-borne back-pack system at each of individual surfaces/sites.

Output Gamma spectra from the majority of the sites close to the ESS facility as well as
careful mapping of the ambient dose equivalent rate and the dose rate variability
within and between these sites. Provides for reproducible and comparable
assessments in the future.
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Special precautions

During in situ gamma spectrometry, it is important that any persons do —————
not obscure the detector field of view, in order to avoid shielding or S RRigHUR;
influencing the radiation fields. Further, it is also important to protect the
detector (including the tripod) from any possible contamination on the
ground by using e.qg. plastic bags over the detector and cleaning of the
tripod between the sites. If the equipment is observed or is expected to be contaminated, it is
important to evaluate this further in a low-background room, followed by proper procedures.

setup and
measurements

When evaluating the mobile (by foot or by car) mappings of the radiation fields, it may be
important to also consider variations in topography, surface material and other obscuring
objects such as buildings etc. Such variations can influence the results, as compared to a
perfectly flat, open and homogenous surface.

Output | Reduces the risk of contaminating the detectors and the equipment and reduces
the risk of misinterpreting the results.

Output

The output of the procedure provides representative sites for follow up of the temporal changes
in the radiation environment after commissioning the ESS, enabling dose estimations relevant
for today’s population density in the area.

Gamma spectrum from the majority of the sites close to the ESS facility as well as careful
mapping of the ambient dose equivalent rate at the various sites, including its variability within
and between these sites.

The procedure reduces the risk of contamination of the equipment and misinterpretation of the
results and provides for reproducible assessments in the future.

References

(1] Karlberg, O. Manual och teknisk beskrivning av CEMIK-systemet och NuggetW version
3.2. 2007.

70(97)



ANNEX B2 SAMPLING, SAMPLE PREPARATION AND
LABORATORY MEASUREMENTS USING HIGH-RESOLUTION
GAMMA SPECTROMETRY

Purpose

The purpose of this appendix is to describe the sampling, sample preparation and measurement
of the environmental sample activity concentration using laboratory gamma spectroscopy for the
project entitled “Monitoring of environmental radioactivity and radiation levels for zero point
assessment and contributions to ESS environmental monitoring plan” (contract ESS-0093103).

Applicability

This description (procedure) is applicable to environmental samples measured at the
environmental radioactivity laboratory in Malmé using high-resolution gamma spectroscopy. The
procedure is applicable to future measurements of gamma-emitting radionuclides in various
samples collected from the Lund area to monitor the radiological impact of ESS.

Methodological outline

Firstly, suitable sampling and measurement sites were selected to cover all directions around the
ESS site (see details in Section 2). After that, sample types collected for analysis of the activity
concentration by gamma spectrometry included soil, bioindicators, grass, crops, milk and
sewage sludge. Prior to the measurements, the samples (except the milk) were pre-treated by
homogenising the sample and by drying them at 70 °C (during several hours) to reduce the
water contents. The prepared samples were then distributed in special sample beakers and the
radionuclide concentration was measured by means of well-shielded High-Purity Germanium
(HPGe) detectors. After evaluating the spectrums, the results are presented in a final report.

Sampling, pre-

Contract "ESS- Selection of
treatment and

Final report

0093103" sampling sites "ESS-0093103"
measurement

Figure B2. 1. Flow of actions for achieving the point zero measurements of the gamma
activity concentration in various types of samples by laboratory analysis in
HPGe detectors.
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Methodological details

Planning

Several sampling sites in the close vicinity of the ESS site (within
approximately 1500 m in various wind directions) were selected as
well as some sites at larger distances than 1500 m from the ESS
site.

Selection of

sampling sites

Soil and grass samples were collected at the majority of the sites

when in situ gamma spectrometry was carried out. Soil reflects the history of previously
deposited radionuclides on the ground such as '*’Cs. The radionuclide concentration in soil
together with the radionuclide concentration in grass provide important information on both
the external radiation exposure at the sites, as well as how fixed the radionuclides are in the
soil.

Bioindicators such as moss and spruce needles have since long been used as an important tool
for determining radionuclides in the environment. Bioindicators representative for the area
were collected both close to the ESS site (<1500 m) and further away.

Crops is an important pathway of transfer of various pollutants to humans. Samples of various
crops were therefore collected at the farmlands (Site 36) north of ESS. Other farmlands should
also be considered after establishing contact with the owners of these.

There are currently few dairy farms close to ESS. However, as milk is an important pathway of
transfer from ground deposited radionuclides to humans, milk was sampled from one farmer
with dairy cows (Site 22).

Sewage sludge is an indicator of the collective radionuclide concentration in the human
population in the catchment area of sewage treatment facility and may to a certain extent
also reflect the wash-off of ground surfaces in the catchment area. Hence, samples of sewage
sludge were collected at the sewage treatment facility in Lund (Site 35), Kallby VA Syd.

Output Representative sampling locations and types of samples for assessment of the
background radionuclide concentration relevant for gamma dose estimations.

General aspects on sampling

Gloves should be worn (when possible) during sampling, especially
when in direct contact with the sample itself. At the site, each Sampling, pre-
sample taken must be carefully documented and marked in treatment and
temporary containers e.g. double sets of plastic bags. The site itself measurement
should be documented by its GPS coordinates, photographs from
different directions and preferably also at various distances to

include ambient information that might be of importance for the future.

Between samplings, it is important to carefully clean the sampling probe, e.g. the tube for soil
samplings and the scissors for grass samplings. Likewise, it is important to clean the tools used
in the laboratory during sample preparation between the handling of different samples. When
sampling soil with the STS (see below), special plastic sheets are inserted in the soil-sampling
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probe to further reduce the contact between the sample and the probe. These sheets can
easily be cleaned in the field and re-used to avoid cross contamination between samples. The
EPS sampler (see below) does not have such sheets and must therefore be cleaned with
water/paper between samplings.

If there is a suspicion that the samples are contaminated, additional precautions must be
taken.

The information collected during the sampling must as soon as possible be digitalised, stored
and secured.

Output Reduction of risk of cross-contamination between samples. Minimizes risk of loss
of data.

Sampling and sample preparation

Soil

Soil samples were collected using two different methods. One method
uses a split tube sampler (STS, see Figure B2. 2), consisting of an
aluminium tube with an inner diameter (@) of 53 mm and a total
length of 400 mm. The STS is brought down into the soil by a
dedicated hammer, to a depth of at least 20 cm. This is repeated at
each of the five positions at each site. The individual soil cores are then divided into different
sections, corresponding to various depth layers: the first is the vegetation and litter, followed
by different soil layers from 0.0-2.5, 2.5-5.0, 5.0-7.5, 7.5-10.0, 10.0-15.0, 15.0-20.0 cm and
>20 cm, the latter being of indefinite size (normally between 2-5 cm). Each depth layer from
the five cores is mixed and put into eight different plastic bags marked with site, date and the
corresponding layer depth in cm. This results in eight bags with five subsamples (core
fragments) in each bag. The bags are then sealed until the samples are prepared in the
laboratory. The STS soil samples are weighed fresh (wet weight, w.w.) in the laboratory, layer
by layer, and then put onto individual aluminium trays. The information about the sample is
registered in the laboratory protocol together with other information relevant to the sample
and the sample site. Each sample is given a serial number that is written on the aluminium
tray. The trays are then put in a heating cabinet at 70 °C until the soil is dry (a couple of
hours). In order to avoid clustering of the soil, which are hard to separate when dry (for the
specific clay soil outside Lund), the samples are continuously crumbled and homogenised
during the drying process. The higher the clay contents of the soil the shorter heating periods
between the repeated crumbling of the sample. When the sample is completely dry, the
sample weight is determined (dry weight, d.w.) and registered in the laboratory protocol.
Each sample, corresponding to different depth layers, are homogenised and put into
dedicated 200 ml sample beakers (60 ml for the vegetation/litter). The sample serial number,
weight and sampling date are written on the lid of the sample beaker. The sample is then
measured in a lead shielded HPGe detector for at least 20 h, after which it is stored.

Sampling, pre-
treatment and

measurement

The other method applied for soil sampling utilises a sampler standardised for the Swedish
radiological and nuclear emergency preparedness (emergency preparedness sampler, EPS, see
Figure B2. 2) that generates a ~70 mm deep and @=65 mm core of soil. These soil samples are
referred to as EPS cores. Images of these two soil sampling tools, the STS and the EPS, are
shown in Figure B2. 2 below. The EPS samples are easily taken by pressing the tool down in to
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the ground by foot. The EPS soil core is then directly, at the site, inserted into a 200 ml
sample beaker, dedicated for the purpose.

Emergency preparedness
sampler (EPS)

Split tube sampler (STS)

‘.‘.;'.‘,.'...-:....-."-'.'.'-'.".'.';"..'.'.“ R EEEmEErllcmsnnn s niin

Figure B2. 2. Images of the soil samples: to the left is the assembled split tube
sampler, and to the right is the emergency preparedness sampler.

When the samples arrive to the laboratory, the weight of the EPS soil cores is determined
after which they are assigned a unique serial number. The serial number, site, weight and
sampling date is noted on the lid of the sample beaker. The information is also registered in
the laboratory protocol, together with other relevant information to the sample and the
sample site. When the samples have been catalogued, they are measured in a lead-shielded
HPGe detector for at least 20 h. The acquired data then represents the fresh weight
concentration of gamma-emitting radionuclides. After the sample has been measured, it is
dried prior to storage, by heating the sample in a heating cabinet at 70 °C for a few hours.

At each site, two sets of dedicated ropes are placed around the HPGe detector (with the
HPGe detector as the centre of Figure B2. 3); one forming an isosceles triangle around the
tripod and one forming a larger square around the triangle. This method was introduced in
order to achieve a high reproducibility for the two methods of soil samplings at the various
sites.

@ 515

® EPS

Figure B2. 3. STS (deep soil cores, > 20 cm) and EPS (surface soil cores, 7 cm) sampling
strategy at the sites.

The STS samples are taken in the four corners of a square and one that is taken directly under
the HPGe detector in the centre of the surface (Figure B2. 3). The EPS samples are taken at
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the three corners of the triangle enclosed by the STS square and one that is taken directly
under the HPGe detector (Figure B2. 3).

Bioindicators

Various bioindicators (moss, spruce needles, lichen), depending on availability, were collected
in the vicinity of ESS. The samples were dried in a heating cabinet at 70 °C and then put into
the most suitable plastic beaker geometry for measurement of the gamma-emitting
radionuclide contents in the same way as with samples of soil.

Crops

The workers at Svenstorp’s county estate were informed by LU to collect crops during
harvesting of the fields close to ESS. They were instructed that after collecting the harvest
from a specific field, a sub-sample of approximately 1.5 kg should be allocated for LU. In
total, ten samples of barley, rape, and wheat were collected.

At the laboratory in Malmé, the weight of each sample was determined after which they
were dried at 70 °C in a heating cabinet. After eliminating the water contents of the samples
the sample weight was determined once again. The dried samples were then put into 200 ml
plastic sample beakers (one per sample fraction, i.e. ten samples). Then the activity
concentration of gamma-emitting radionuclides was determined by high-resolution gamma
spectrometry in a well-shielded HPGe detector system for at least 20 h.

Grass

Grass was collected at various sites over a surface corresponding to 1 m?. The grass was cut
~3 c¢m above ground (soil level), in order to make sure that only the green part of the grass
was included in the sample i.e. no parts of the root system or soil. If the grass was short, a
larger area was used in order to collect enough material. However, grass was always sampled
from areas in multiples of 1 m?. After sampling the grass in big plastic bags, the grass was
dried in a heating cabinet at 70 °C. The dried grass was then grinded, in order to increase the
density of the sampled grass, after which the sample was put into either a 60 ml or a 200 ml
sample beaker. The individual samples were then measured in a lead shielded HPGe detector
for at least 20 h, to obtain the activity concentration of gamma-emitting radionuclides per
d.w., after which the samples were stored.

Milk

Milk was sampled at one dairy farm by collecting representative milk samples from the milk
storage tank. During the two collections, five litres (five individual one-litre bottles) were
collected. The HPGe gamma measurement was performed in 200 ml beakers with similar
acquisition time as for the other types of samples. The milk was not prepared in any way
before the measurements. In addition, at this farmer, forage was also sampled and analysed
for gamma-emitting radionuclides, as a pathway for radionuclides to the cows.

Sewage sludge

Every month the staff at Kallby sewage treatment facility in Lund collected sub-samples of
sewage sludge. During operation of the sludge centrifuge (a few times per week), a small
portion was taken and stored in a freezer. At the end of the month, an amount of 1-1.5 | of
sludge was acquired for later transport to Malmd. The monthly samples were divided in two
portions, one for gamma spectrometry analysis and one for analysis of *H. The one part for
gamma measurement was first dried in a heating cabinet at 70 °C after which it was
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homogenised and put into a 200 ml sample beaker for HPGe gamma spectroscopy
measurement.

Laboratory high-resolution gamma spectrometry

For the assessment of the radionuclide concentration in the various samples, three different
gamma spectrometers are used. All of them are based on HPGe crystals (ORTEC, USA)
inserted into lead shielded cavities, but with varying relative efficiencies: detector 4: 55%;
detector 5: 92.5%; detector 7: 100%.

The recorded gamma spectra are evaluated using an in-house evaluation sheet (cross-checked
with the detector software evaluation program, Gamma Vision 7.1™ and used for reporting
to e.g. IAEA and SSM), in order to have full control of all the steps in the evaluation of each
individual gamma line. Using this sheet, the minimum detectable activity concentration (MDA)
is based on the definitions by Currie [1] summarised by the following equation:

271+ 4.65 - oy, .
t-e- ny
where aygy is the uncertainty of the net counts within a channel interval around a specific
gamma energy of the current spectrum calculated by GammaVision, t is the live time of the
current measurement, ¢ is the absolute efficiency of the sample geometry at the specific

energy and n,, is the branching ratio of the decay.

MDA =

(Eg. B2.1)

For the naturally occurring radionuclides, e.g. the radon daughters, a background is present.
This background is obtained by acquiring background spectra (with measurement time fsg),
where photo-peaks are localized, identified and quantified. The statistical uncertainties in the
peak present in the background is ON g thus giving the equation:

2
2.71+4.65-J(z-aNet—\/E)2+<UNBkg' /ﬁ) (Eq. B2.2)

t-e:n

MDA =
. . . y . . .
where gy, is the uncertainty in net counts in the channel interval in the current spectrum

reported by GammaVision. G is the gross number of counts in the channel interval.

Output | Gamma spectra of the measured samples and the corresponding radionuclide
concentrations of gamma emitters.

76(97)




Storage of samples

All samples collected are stored for future analysis (in dried form,
except for milk). Each sample is stored at room temperature in the Sampling, pre-
sample beaker that was used during the measurement, sealed in a treatment and
plastic bag (the milk samples are stored in a freezer). measurement

For all samples with excess sample material, the material is stored at
Lund University.

Output The procedure guarantees that sample material from prior the start of ESS is
available for future measurements.

Output

The output of the procedure is the activity concentrations, and spectra, of gamma-emitting
radionuclides in soil, bioindicators, crops, grass, milk and sewage sludge. Re-analysis of the
samples collected is possible.

References

(1] Currie, L.A. Limits for qualitative detection and quantitative determination. Application
to radiochemistry. Analytical chemistry, 40(3): 586-593, 1968.
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ANNEX B3 SAMPLING, SAMPLE PREPARATION AND
MEASUREMENTS OF 3H ACTIVITY CONCENTRATION USING LIQUID
SCINTILLATOR COUNTING

Purpose

The purpose of this appendix is to describe the sampling, sample preparation and measurement
of the activity concentration of *H using liquid scintillation counting (LSC) analysis for the project
entitled “Monitoring of environmental radioactivity and radiation levels for zero point
assessment and contributions to ESS environmental monitoring plan” (contract ESS-0093103).

Applicability

The description (procedure) is applicable to various environmental samples measured at the Lund
University laboratory at the Medical Radiation Physics group in Malmé using LSC. The procedure
is applicable to future measurements of tritiated water (HTO) in various samples collected from
the Lund area to assess the radiological impact of ESS. The current method does not allow
measurement of the organically bound tritium.

Methodological outline

For the background mapping of *H, samples of water, sewage sludge, milk and sugar beet have
been sampled, measured and analysed.

Sampling, pre-
treatment and
measurement

Contract "ESS- Selection of Final report

"ESS-0093103"

0093103" sampling sites

Figure 3. 1. Flow of actions for achieving the zero point measurements of the *H
activity concentration in various types of samples by laboratory LSC
analysis.

Each sample measured for the *H concentration in the LSC is prepared according to a procedure
that was developed during the ESS-0093103 contract period (as provided below). The milk,
sewage sludge and sugar beet were freeze dried in order to extract water from the samples,
prior to the chemical pre-treatment and LSC analysis. After evaluation of raw data, the results
are presented in a final report.

Contract ”ESS-
0093103"

Selection of
sampling sites

Sampling of
water

Pre-treatment
of sample

Measurement Fmi‘ Sl
d (o ESS-
A 0093103"

Pre-treatment
by freeze
dryer

Sampling of
biological
samples

Figure B3. 1. Details of the workflow of the *H procedure.
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Methodological details

Selection of sampling sites

Several sampling sites were selected in the close vicinity of the ESS site.
The sites were selected as described in detail in Section 2. Selection of

sampling sites

Water was sampled at some locations within the fenced area of the ESS
facility, including samples of ground water and surface water (see Section
2.2). Ground water was sampled in the existing drill holes on the ESS site (Site 31), as well as
in the close vicinity of the ESS site (Sites 4, 32). Surface water was collected from the existing
ponds located within and around the site perimeter (Sites 31, 33, 34, 35). In addition, water
samples were collected in some private wells (although not all of them were in operation), in
households within the approximately 1500 m radius from ESS (Sites 24, 37, 38), as well as
from the five water outlet ponds at Kallby sewage treatment facility in Lund (Site 35). Sewage
sludge is an indicator of the collective radionuclide concentration in human population in the
catchment area of the sewage treatment facility. To a varying degree the sludge also contains
radionuclides from runoff and from household and processed water.

Milk was sampled from one farmer (Site 22) with dairy cows. Although there are currently
few dairy farms close to ESS, milk is an important pathway of transfer to humans from
ground deposited radionuclides.

Sugar beet was the only bioindicator (at this stage) that was analysed for *H activity
concentration (sampled at Site 46).

Output Representative sampling locations for determination and follow up of *H activity
concentration in water, sewage sludge, milk and sugar beet, for *H background
dose estimates to representative persons.

General aspects on sampling

It is recommended to wear gloves during sampling, especially when in R i
direct contact with the sample itself. At the site, each sample taken must Sampling, pre-
be carefully documented and marked in temporary containers that are treatment and
carefully sealed. To avoid cross contamination, special precaution should
be taken when several samples are taken and when a 3H contamination is
suspected.

measurement

Special sampling tools are required for sampling of surface water (a long enough rod to reach
out in the water without disturbing it) and ground water (a long enough rope to reach the
water level).

The site itself should be documented by its GPS coordinates, photographs from different
directions and preferably also at various distances to include ambient information that might
be of importance for the future.

Between samplings, it is important to carefully clean the sampling probe, e.g. by washing of
the sampler with clean water.
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The information collected during the sampling must be digitalised as soon as possible and
after that stored and secured.

Output Reducing the risk of cross-contamination between samples. Guarantees
sampling locations for the future. Minimizes the risk of loss of data.

Sampling and sample preparation

Pre-treatment of the samples

The water was sampled in 200 ml plastic beakers which were kept in a Sampling, pre-
refrigerator until preparation. To reduce quenching and remove ions from  BaEluEREERE
the sample, about 2 g of a mixture of cation and anion exchange resin L
(DOWER 50WX8 and DOWER 1X8) was added to about 15 ml of the

sample. The vials were then shaken for about 10 minutes and then filtered using a paper
filter.

Water from the sludge, milk and beet samples was extracted using freeze-drying. For
increased efficiency of the method, the milk was poured into small aluminium foil trays and
frozen at -18 °C before placed in the freeze dryer. The sludge and the beet were frozen
directly after being collected. Using a hammer, the sludge was crushed to smaller pieces and
placed in an aluminium tray. The freeze dryer process started in the morning and was turned
off at the end of the day. In the following morning, the extracted water from the sample was
retrieved from the condenser of the freeze dryer.

The mass of the samples was measured before and after the freeze-drying process. To extract
all water from the sludge, the samples were placed in a drying cabinet until they were
completely dry. Thereafter, the mass and water content were determined.

The method was tested using a tritium tracer to establish the freeze-drying yield. It shall be
noted that only the water fraction is measured in this method and not the organically bound
tritium in the solid residue.

3H analysis using liquid scintillator counting

For the majority of the samples, 5 ml of water were mixed with 10 ml of Ultima Gold LLT
scintillation cocktail (Perkin Elmer) in a 20 ml polyethylene vial (for a few of the sewage
samples 10 ml of water was used). Samples were then shaken for 10 min and stored in the
dark for 48 hours to decrease chemical quenching before measurement. The samples were
then measured in a Beckman LS 6500 multi-purpose LSC during 120 or 240 minutes and
evaluated using a dedicated user programme (the 10 ml water samples were measured for
120 minutes 5-15 times). A sample of deep well water (Grevie-Bulltofta verket, VA Syd) with a
well-documented low tritium concentration was used as background and Horrocks's method
was used for quenching correction.
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Uncertainty estimate

The uncertainty in the results is dominated by the statistical uncertainty in the count rates of
the sample and background. Uncertainties introduced in volume and efficiency measurements
are negligible compared to the statistical uncertainty in the number of counts. The activity of
the reference solution (TRY44 number R8/12/123 by Eckert and Ziegler, Germany) has a
reported uncertainty of 0.75% (1 standard deviation).

The total calculated uncertainty (oeic) in the activity concentration considers the uncertainty of
the sample as well as the background:

2 2

0A 0A
o’ = (acpms) "Oepm,” + (acpmb> *Tepm,” (Eq. B3.1)
Thus,
.5
1 Ocpm 2 Ocpmy, 2\°
= s Eq. B3.2
%2 60-V<( ES>+< Eb> (Eq. 83.2)

The statistical uncertainty in counts (com-t) of a measurement equals (com-t)°>, thus:

(cpm-t)*>  cpm\05
Ocpm = F = ( n ) (Eq B3.3)
and
1 [cpmg/ty cpmy/t 05
s/ts b/ ‘b
= Eq.B3.4
Ta=5Ty < P + E,? > (Eq )

Minimum detectable activity

The minimum detectable activity, MDA, is defined according to [1]:

329 J (F) + By + (z.tz1)

60-E-V

(Eq. B3.5)

MDA =

where cpomy is the count rate of the background (counts per minute), t; is the measurement
time of the sample (min), t, is the measurement time of the background (min), £ is the
efficiency and Vis the sample volume (I). The background count rate was established using
deep well water with a well-documented low tritium level. The counting time was set to 120
or 240 minutes depending on the current number of samples. The relatively short counting
times gave MDA values of about 29 and 14 Bq I, respectively. This counting time provides
results rapidly with MDA levels well below the limit of 100 Bq I in drinking water set by the
National Food Agency [2]. The MDA was further decreased by extending the counting time
for a few of the sewage sludge samples, giving an MDA of 2.6-3.4 Bq I
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Output | Activity concentration of tritiated water in various types of samples.

Storage of samples

An overview of storage procedures for 3H samples is provided in [3]. For SSMpIing, pre_
the present program, the water samples are stored in air tight and closed e
containers. Organic samples are stored in closed containers in a freezer. measurement
Residual parts of samples, fractions not prepared and analysed, are stored
in closed containers in a freezer.

Output | The samples collected are possible to re-analyse in the future. However, when
the sample comes in contact with any other material such as the container or
the atmosphere, the tritium content may change. A re-analyse of a background
sample is thus of limited value.

Output

Representative sampling locations for determination and follow up of *H activity concentration
in water, sewage sludge, milk and sugar beet, for background *H dose estimates to
representative persons.

Reducing the risk of cross-contamination between samples. Guarantees sampling locations for
the future. Minimizes the risk of loss of data.

*H activity concentration for the sampled matrices.

References

(1] Currie, L.A. Limits for qualitative detection and quantitative determination. Application
to radiochemistry. Analytical chemistry, 40(3): 586-593, 1968.

[2] Livsmedelsverket. Vdgledning till livsmedelsverkets féreskrifter (SLVFS 2001:30) om
dricksvatten. 2016.

(3] Kim, D., Croudace, .W., Warwick, P.E. The requirement for proper storage of nuclear
and related decommissioning samples to safequard accuracy of tritium data. Journal of
hazardous materials, 213: 292-298, 2012.
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ANNEX B4 SAMPLING, SAMPLE PREPARATION AND
MEASUREMENTS OF C

Purpose

The purpose of this appendix is to describe the sampling, sample preparation and measurement
of the ™C concentration in tree rings, vegetation and milk using accelerator mass spectrometry
for the project entitled “Monitoring of environmental radioactivity and radiation levels for zero
point assessment and contributions to ESS environmental monitoring plan” (contract ESS-
0093103).

Applicability

The description (procedure) is applicable to environmental samples measured with respect to “C
at the Single Stage Accelerator Mass Spectrometry (SSAMS) facility in Lund [1, 2]. The
fundamentals of the procedure are applicable to future measurements of '*C in the Lund area to
assess the radiological impact of ESS.

Sampling and measurement of '*C in environmental samples

Methodological outline

The general methodology for the ™C mapping is shown in Figure B4. 1. Suitable sampling sites
were selected (rural background, urban background, sites around ESS (approximately within
1500 m of the ESS site)) as given in Table 2. Sample types collected included tree rings,
vegetation (grass, moss, fruits, crops, berries) and milk. Organic samples (tree rings, vegetation
and milk) were pretreated, graphitized and measured by the SSAMS facility. Fullerene soot
monitors were used to display airborne contamination of "C (including other compounds than
CO; in ambient air). After evaluation of raw data, the results were presented in Section 4.4.
Parts of all organic samples were stored in dried form.

Planning Sampling Sample preparation Graphitization SSAMS
) measurement
. Cellulose from
Tree rings -
Cellulose [ELTE
Selection of extraction

sampling

e Sampling Sample preparation Graphite
: ; Dried from trees, Result
Selection of bt it vegetation vegetation Dziz 2 || Storage
selection o and milk
an analysis Report of

sample 3 | -
types ampling Sample preparation

Freeze drying Powdered milk

Sampling Soat
00
Exposure of soot monitors to ambient air monitors

Figure B4. 1. General methodology for C.

samples
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Methodological details

Planning
The selection of the 23 sampling sites, including the rural and urban Planning
background sites, is described in detail in section 2.4. The motivation of
sample types is also stated in this section.
Selection of
sampling
sites
Selection of
sample
types
Output Representative sampling locations, including urban and rural background sites,
and sampling materials relevant for dose assessment.
General aspects on sampling
Gloves were worn during sampling. All sampling was photographically —

documented, and GPS coordinates were noted. All data were stored at
multiple locations.

Output Reduction of risk of cross-contamination between samples. Guarantee of
sampling locations for the future. Minimizing risk of loss of data.
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Sampling and sample preparation of tree rings

A tree borer (250 mm, EDUCATION/SCIENCE : _
COLLECTION P, VWR 763-0191) was used to Sampling \ Sample preparation
collect several drill cores from one well-grown )
tree at each site (spruce, fir or pine tree), see Celilose
Figure B4.2. Drill cores were placed in drinking extraction

straws and in ziplock bags (90 MY, 180 x 250
mm, VWR HKPK102036).

Figure B4. 2. Tree core drill and collected tree drill core.

At the Laboratory for Wood Anatomy and Dendrochronology at Lund University [3], the drill
cores (except those kept for SSM’s sample bank) were divided into separate years (2012,
2013, 214, 2015 and 2016) using a razor blade. The samples, in form of shavings, were
placed in labelled containers (55 ml plastic jars: Kartell, VWR 216-2260). A certificate
describing the result of the dendrochronological analysis and separation into annual rings was
provided by the laboratory.

At the Radiocarbon Dating Laboratory at Lund University [4], cellulose was extracted from the
shavings representing different years. Approximately 15 mg of wood per annual sample,
corresponding to a length of about 1.5 mm of one or several annual rings from the 5 mm drill
cores, was used for the cellulose extraction (the yield of the cellulose extraction was about
45%). About 3 mg of cellulose per sample was taken further to *C-analysis.

Output | Isolation of cellulose containing '*C in atmospheric CO; during the growing
season of separate years in the past, to be taken further to *C analysis.

87(97)




Sampling and sample preparation of vegetation

Vegetation (grass, moss, crops and berries) and \ \

: ' )
fodder were sampled in labelled containers (55 Sampling Sample preparation Y
ml jars with screw cap: Kartell, VWR 216- Ix?
2260). Large vegetation samples (e.g. fruit and / f

silage) were sampled into plasic bags (ziplock

bags (90 MY, 180 x 250 mm, VWR HKPK102036)), and a representative fraction was
subsequently transferred to smaller containers (55 ml jars with screw cap: Kartell, VWR 216-
2260). The amount of sampled material was typically a few strands of grass, a few cm? of
moss, a few berries and single larger fruits. Fruits were cut into smaller pieces. All samples
were dried in an oven at 30-50 °C for several hours (until complete removal of water).

For moss samples, the length of the strands was measured.

A few strands of one of the moss samples collected at the rural background site C1 were
divided into two fractions: an upper part and a lower part (3 cm). Another sample from the
C1 site was divided into 3 parts (upper, lower and middle 3 cm).

A fraction of each vegetation or fodder sample (>10 mg) was put into labelled and separate 5
ml glass vials with plastic caps (5 ml, VWR 216-1759), was cut into smaller parts using a pair
of scissors and was taken further to '“C-analysis.

Output Dried vegetation samples to be taken further to "C analysis.

Sampling and sample preparation of milk

Milk was poured from the milk storage tank at : —
the farm into a bucket provided by the farmer. A Sampling Solsrsmeld \
0.25 litre stainless steel container was used to fill “ /
three 5 ml vials (VWR 216-1759) with milk. One / /
of the samples was freeze-dried at the

Radiocarbon dating laboratory. The two other samples were stored in a freezer at the
Department of Geology, Lund. A fraction of the freeze-dried milk (>10 mg) was taken further
to "C-analysis.

Output Dried milk powder to be taken further to C analysis.
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Soot monitors

Fullerene soot of fossil origin
(ALFA40971.03, Alfa Aesar) was
pressed into 19 Al capsules Exposure of soot monitors to ambient air
fitting the ion source of the ™C-
measurement instrument. The capsules were stored in airtight glass tubes sealed with a
Swagelok cap. The capsules were exposed in four 4-week periods to ambient air at the four
sampling sites C1, C2, C3 and C4 (fullerene absorbs gases from the air [5]). At each sampling
site, a fullerene capsule was placed in a 5 ml vial (VWR 216-1759) with a small hole in the
plastic lid. The vial was turned upside down (protection from exposure to rain) and was
fastened to a tree using a stainless-steel wire, see Figure B4. 3. After exposure, the soot
capsules were stored in the airtight glass tubes sealed with a Swagelok cap until analysis by
the "C-instrument.

Sampling

Figure B4. 3. The fullerene soot monitor.

Output Soot monitors exposed to environmental air, to be taken further to "C-analysis.
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Graphitization and “C measurement

Prior to C-measurement, 1-2 mg carbon was —
. Graphitization SSAMS

extracted from all organic samples (> 2 mg dry measurement

weight) using the graphitization system AGE at

the Radiocarbon Dating Laboratory at Lund

University [6, 7]. After extraction, the carbon Graphite \

Results

from each sample (unknown samples, from trees,
vegetation

) vegetation Data
standards, blanks) was pressed into separate Al

Report

and milk analysis
sample holders, which are taken further to C
analysis in the SSAMS facility [1, 2]. The ™C
content was measured at the Single Stage -
Accelerator Mass Spectrometry (SSAMS) facility Soat
at Lund University [1, 2]. The precision of the -
measurements was <1% [2], certified by
measurement of several standard samples of known “C content (IAEA C7, SRM 4990B and
SRM 4990C). The background of the sample preparation and accelerator system was assessed
by the measurement of graphitized fossil samples. The raw data was analysed by the
Radiocarbon Dating Laboratory, giving results expressed as the quantity F'*C (see below). A
certificate of the results was provided by the Radiocarbon Dating Laboratory at Lund
University.

The results of a quality assessment of the measurements is given in Section 4.4.1, and the
results of all organic samples analysed are presented Section 4.4.2. Furthermore, the obtained
'4C data is compared to other European '*C data.

In the ion source of the SSAMS system, gaseous "C that has been adsorbed to the surface of
the fullerene soot in the capsule is expected to be sputtered off a few minutes [5]. The
observed "C/™C ratio, decreasing with time of measurement, was used to provide a
qualitative measure of the presence of airborne '*C contamination. The *C to '*C ratios in the
fullerene capsules were monitored in the SSAMS system, as well as a number of standard
samples of known activity and graphitized background samples (referred to as Abs and W6).
Each soot sample was measured 12 times: each time for 120 seconds after a warm-up of 20
seconds. The ™C to ™C ratios of the Lund samples were compared with the ratios for the
background samples (to indicate possible presence of airborne anthropogenic '“C
contamination in the ESS area). Levels were also compared to C absorbed into fullerene soot
monitors in 2009, when a contamination of C was observed in Lund (Skog, 2010). These
results are presented in Section 4.4.3.

Output '“C data from of organic samples in the quantity F'*C, "*C/™C ratios of fullerene
soot monitors.
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Storage of samples

Of all samples collected, dried samples were stored for future possible o
analysis. 4

One tree ring from each site was saved for the SSM records (dried in an oven S~
at 30 °C for several hours prior to storage). For the rest of the samples, >50 Storage
mg was saved and stored for SSM in labelled 5 ml glass vials with plastic caps of
(VWR 216-1759). The SSM samples (> 50 mg per sample) were stored in a Saples
labelled plastic box in a locked laboratory at the Dep of Geology, Lund . )
University. For all samples, Lund University stored excess sample material T
(dried samples, not graphitized).

Output Guarantee that sample material collected prior to the start of ESS are available

for future possible measurements.
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Note on units and further calculations

F*Cin relation to activity concentration

\

The results of the *C analysis were expressed as F'“C [8, 9]. When Data 'u_\‘

comparing high-precision measurements of '*C in various environmental analysis /
samples types, the dimensionless quality F'*C is more suitable than /

.'Ir-
reporting sample specific activity A (in units of Bq (kg carbon)™). Firstly,
mc

specific activity mi depends on the time of measurement (due to the radioactive decay of
Cc

14C). Secondly, due to a process known as isotope fractionation, the specific activities of
various species in the same environmental reservoir are not identical (isotope fractionation can
occur during any chemical or physical process in nature: all isotopes are not transferred and
equal rates or to equal extent, e.g. due to their difference in mass). F'*C, however, remains
constant over time and eliminates the effects of isotope fractionation, making F'*C values of
various sample types directly comparable.

The relation between F'*C and specific activity mi at the time of measurement is given by
C

2
A e
me 0.975 (y-1950)

. 8267 Eqg. B4.1
e Bq e e (Eq )
kgC \ |1+ 1500

F*C =

where §3C is the isotope fractionation of the sample, and y is the year of measurement (the
number 8267 in the exponent is T1,/In2, where T,,=5730 years). The squared part of the
equation normalizes the sample activity to 8*3C = — 25%.. The exponential part eliminates the
effect of decreasing specific activity with time.

13
813C, which is the relative deviation of the '3C/"2C ratio of the sample, (%) , compared to
S

that of a standard material, VPDB (Vienna Pee Dee ), expressed in per mil:
12 \12~
C/s C/vpoe
12
C/vpoe

813C of various terrestrial organic materials is commonly around -30%o to -20%. [10, 11].

Typical values are shown in Table B4. 1 below. If requested, §*3C can be very accurately
measured by means of Isotope Ratio Mass Spectrometry (IRMS).

§3C= 1000%0 (Eq. B4.2)
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Table B4. 1. Typical §13C values in nature [10].

Material 813C (%0)
Marine carbonates 0 (-4 to +4)
Atmospheric CO, -9 (-11 to -6)
Grains, seeds, maize, millet -10 (-13 to -7)
Marine organisms -15(-19t0 -11)
Bone collagen, wood cellulose -20 (-24 to -18
Grains (wheat, oats, rice, etc) -23 (-27 10 -19)
Recent wood, charcoal -25 (-30 to -20)
Tree leaves, wheat, straw -27 (-32 t0 -22)

Conversion of F'*C to specific activity of carbon
The specific activity of carbon in any sample, mi, at the year of growth, x, is given by [9]:
C

2

83C
A 14+—-—rr— (1950—x) Bq
— Fl4c. 1000 | .. 8267 .99 L (Eq. B4.3)
me 0.975 ¢ kg C ’

where F'“C is the F'*C data from the SSAMS measurement and §3C is the isotope
fractionation of the sample according to Eq. B4.2.

Activity concentration in atmospheric CO, using tree ring data

The mass of carbon in atmospheric CO, per unit volume, ;nc , is given by:
mc b TNcoz
= M[c]- . (Eq. B4.4)
Vair R-T nu :

where M[C] is the molar mass of carbon (12.011 kg/mole), p is the pressure (in Pa), R is the
gas constant (8.314 J/(mole:K), T is the temperature (in Kelvin) and f€0z s the molar fraction

Nair

of CO; in air (can be obtained from https.//www.esrl.noaa.gov/gmd/ccqq/trends/).

The activity concentration of C in CO, per unit volume of air is given by:

A A me

- _ . (Eqg. B4.5)
Vair mc Vair
Activity concentrations of organic materials
The activity concentration of organic materials is calculated by:
A A me
=——— (Eq. B4.6)

msample mc msample
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https://www.esrl.noaa.gov/gmd/ccgg/trends/)

mc

where is the mass of carbon per wet weight of the sample. This value can be

Msample
obtained from elemental analysis. Generic values can e.g. be found in Ref [12] and in Table
B4. 2 below.

Table B4. 2. Typical proportions of stable carbon in various materials [12].

Material mc ( gcarboTn )
Msample  \Kg wet weight

Cow milk 65 (62 to 69)

Grass or greenfeed 100 (40 to 160)

Silage 130 (65 to 180)

Grains 390 (360 to 430)

Fruits 62 (31 to 100)

The varying proportion of stable carbon mainly depends on the amount of water in the
material in question.

Output Activity concentration of air expressed as Bq m=, in milk and terrestrial plants as
Bqg kg wet weight.
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Storage of samples

Of all samples collected, dried samples were stored for future possible o
analysis. é k
One tree ring from each site was saved for the SSM records (dried in an oven S~
at 30 °C for several hours prior to storage). For the rest of the samples, >50 Storage
mg was saved and stored for SSM in labelled 5 ml glass vials with plastic caps of
(VWR 216-1759). The SSM samples (> 50 mg per sample) were stored in a Saples
labelled plastic box in a locked laboratory at the Dep of Geology, Lund . )
University. For all samples, Lund University stored excess sample material T

(dried samples, not graphitized).

Output Guarantee that sample material collected prior to the start of ESS are available
for future possible measurements.

Output

The output of the procedure is quality-assured F'“C values in tree rings, vegetation and milk, and
“C/'?C ratios of fullerene soot monitors to indicate potential presence of air-borne C
contamination.

The F'*C data offers the opportunity to directly compare different sample matrices. The activity
concentration of "C in air expressed as Bg m=, and in milk and terrestrial plants as Bq kg™ wet
weight, can be estimated using the information in section “Notes on units and further
information".
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