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a b s t r a c t

A standard form of six stylized human intrusion scenarios for a near-surface disposal facility (e.g. the
planned Korean repository, Gyeongju Phase II) is proposed through re-categorization of totally thirty-one
past cases reported in public literature. A reference assessment framework for inadvertent human
intrusion is newly developed using GENII Version 2 conforming to the ICRP Publication 60 and thereafter.
Calculated dose from the assessment framework is verified by comparing with hand calculation results
for simplified model equations independently derived. Results from GENII Version 2 and 1.485 show
inevitable differences, which is mainly attributed to the difference in the external dose assessment
model. If intake dose coefficients in GENII Version 1.485 are modified, the difference can be reduced but
still exist to an extent. Through deterministic and probabilistic sensitivity analysis, most affecting four
parameters are derived and uncertainties of the parameters are quantified. It is expected that the
reference assessment framework together with representative stylized scenarios can be used to do a
human intrusion impact assessment for a specific repository using site-specific information. Especially,
the past practice of human intrusion impact assessment using GENII Version 1.485 with or without
modification may be replaced with the new assessment framework developed in this study.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

A radioactive waste disposal facility should be under a series of
control activities for a specified period even after closure. The post
closure activities can be categorized in to ‘active institutional con-
trol’ (e.g. prevention of human intrusion, monitoring, surveillance,
etc.) and ‘passive institutional control’ (e.g. information recording
or archiving, use of durable markers onsite, restrictions on the use
of the land, etc.) [1,2]. The International Atomic Energy Agency
(IAEA) recommends that the possibility of inadvertent human
intrusion into the repository after active institutional control period
for a limited time (up to a few hundred years) should be considered
in safety assessment of a near surface disposal facility [1]. It is also
noted that a new term ‘indirect oversight’ proposed by the Inter-
national Commission on Radiological Protection (ICRP) refers to
measures that are used once the repository is closed and there is no
longer access to the underground facilities [3]. If an inadvertent

human intrusion into the disposal facility occurs after the active
institutional control period, workers involving in activities such as
drilling or excavation into the facility could receive high radiation
dose and residents on the closed disposal site could be exposed
from radiation [4].

The ICRP also notes that the occurrence of human intrusion
cannot be excluded and recommends to consider one or more
plausible “stylized” intrusion scenarios in the safety assessment of a
disposal facility [4]. Disposal facility operators and regulatory body
in many countries have assessed inadvertent human intrusions in
order to derive radioactivewaste classification criteria and/orwaste
acceptance criteria and to demonstrate the safety of disposal fa-
cilities [5e14]. Table 1 shows available past cases and studies in
which inadvertent human intrusion scenarios have been assessed
for near-surface disposal facility. Individual scenarios for inadver-
tent human intrusion listed Table 1 are so various that it is not easy
to determine which are “stylized” scenarios as recommended by
the ICRP.

On the other hand, Human Intrusion in the context of Disposal
of RadioActive Waste (HIDRA) project led by the IAEA aimed at
presenting a general approach to develop human intrusion
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scenarios [2]. Even though the HIDRA project noted that drilling,
residential excavation, and roadway excavation would be generic
human intrusion scenarios for a near-surface disposal facility, such
three events could not envelop various human intrusion scenarios
as shown in Table 1. Furthermore, detailed approach for modeling
or assessment of stylized human intrusion scenarios have not been
specifically addressed in the HIDRA project.

The human intrusion events have been assessed by various
models and tools as noted in Table 1. Among others, an environ-
mental impact assessment tool GENII have beenwidely adopted by
many organizations such as United States Department of Energy
(USDOE), Korea Hydro and Nuclear Power Co., Ltd. (KHNP), and
Korea RadioactiveWaste Agency (KORAD) for assessment of human
intrusion scenarios [5e15]. GENII Version 1.485 based upon the
radiation protection principles of ICRP Publication 26 was originally
used in assessment of human intrusion at Hanford disposal facility
[6,15,16]. KHNP and KORAD have reported that GENII Version 1.485
combined with modified new dose coefficients based upon ICRP
Publication 60 was applied to derive generic waste acceptance
criteria and to analyze the potential impact of human intrusion in
actual license application for near-surface disposal facilities in Ko-
rea [10,12,17]. In 2004, MS DOS-based software GENII Version 1.485
was upgraded to MS Windows®-based software GENII Version 2 in
which the radiation protection recommendations of the ICRP
Publication 60 were incorporated [17,18]. GENII Version 2 has been

used to assess the environmental impact due to radionuclide
migration through gas and liquid at Hanford site, and to calculate
radiological environmental impact from decommissioning of nu-
clear power plants [19,20]. However, any application of GENII
Version 2 in assessment of human intrusion scenarios for near-
surface disposal facility has not been reported yet in public domain.

Therefore, this study aims at deriving a set of comprehensive,
representative, and applicable “stylized” scenarios for inadvertent
human intrusion into near-surface disposal facility after termina-
tion of active institutional control through systematic analysis of
available past cases and studies. In addition, a reference assessment
framework for “stylized” human intrusion scenarios using GENII
Version 2will be developed and its applicability will be verified and
demonstrated through various deterministic and probabilistic
studies [18].

2. Materials and methods

2.1. Derivation of stylized human intrusion scenarios

An amount of radioactive waste disposed of at a near-surface
disposal facility of concern can be transferred to the surface soil
layer through boreholes made by “drilling” activities for exploiting
well or geological survey, and more disposed radioactive can be
displaced with surface soil in “excavation” activities for road or

Table 1
Examples of past cases of inadvertent human intrusion scenarios applied to safety assessment of near-surface disposal of radioactive waste.

Organizationa Intrusion scenario Scenario number Waste release
activityb

Receptorc Assessment code Reference

D E A W R

NRC (USA) Intruder-drilling A1 C C INTRUDE [5]
Intruder-construction A2 C C

Intruder-discovery A3 C C

Intruder-agriculture A4 C C

DOE (USA) Drilling B1 C C GENII
1.485

[6]
Post-drilling B2 C C

Excavation B3 C C

Post-excavation B4 C C

Residential garden B5 C C

Farming B6 C C

WCS LLC (USA) Intruder discoverer C1 C C HELP,
RESRAD,
SWAT,
Microshield

[7]
Intruder constructor C2 C C

Intruder driller C3 C C

Intruder resident C4 C C

LLWR (UK) Borehole-drilling D1 C C GOLDSIM [8]
Laboratory analyst D2 C C

Trial pit excavation D3 C C

Housing development (Occupancy) D4 C C

Housing development (Construction) D5 C C

Smallholding D6 C C

Informal scavenging D7 C

Organized material recovery D8 C

IAEA Dwelling construction E1 C C AMBER,
RESRAD

[9]
Dwelling residence E2 C C

Road construction E3 C C

KHNP (Korea) Drilling F1 C C GENII
1.485d

[10]
Post drilling F2 C C

Road construction F3 C C

Post construction F4 C C

House and gardeninge F5 C C

Farming F6 C C

KORAD (Korea) Drilling G1 C C GENII
1.485d

[11,13,14]
Post-drilling G2 C C

Offsite well G3 C

a NRC: Nuclear Regulatory Commission, WCS LLC: Waste Control Specialists LLC, LLWR: Low Level Waste Repository Ltd., IAEA: International Atomic Energy Agency.
b D: Drilling, E: Excavation, A: Agriculture.
c W: Worker, R: Resident.
d GENII Version 1.485 together with modified new dose conversion coefficients based upon ICRP Publication 60 was applied.
e House: This scenario ‘House’ means residence in house (i.e. occupancy).
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building construction work. Although agricultural activities do not
induce redistribution of disposed waste directly, radionuclides in
the disposed waste are to be redistributed to the surface soil
through so-called “Biotic transport” process (i.e. up-taking under-
groundmaterial by plant roots and digging out underground layers
including disposal units by animals like rodents) [21,22]. On the
other hand, two types of receptors are assumed to be exposed from
human intrusion. “Worker” is to be exposed from radiation while
intruding the closed site and conducting drilling or excavation
work. “Resident” is assumed to receive radiation dose while living
on the site already contaminated by intrusion of worker.

Thus the total thirty-four human intrusion scenarios (see
Table 1) assumed by USNRC, USDOE, WCS LLC, LLWR, IAEA, KHNP,
and KORAD are analyzed and re-categorized by types of human
activities initiating radionuclide redistribution from disposedwaste
(i.e. drilling, excavation, and agricultural activities) combined with
types of receptors to receive radiation dose (i.e. worker and resi-
dent). As shown in Table 2, eight and four past cases in Table 1 can
be categorized into Drilling-Worker and Drilling-Resident sce-
narios, respectively. In addition, it turns out that Excavation-
Worker and Excavation-Resident scenarios can cover nine and six
past cases in Table 1. In case of “Agriculture” scenario, however, the
worker is not expected to be exposed and Agriculture-Worker
scenario is excluded. Furthermore, Agriculture-Resident scenario
is further categorized into Agriculture-Gardner and Agriculture-
Farmer. While ingestion of vegetables and fruit is assumed in
Drilling-Resident, Excavation-Resident, and Agriculture-Gardner
scenarios, ingestion pathways of cultivated grain and livestock
raised onsite is additionally assumed in Agriculture-Farmer
scenario.

The total six stylized scenarios such as Drilling-Worker (DW),
Drilling-Resident (DR), Excavation-Worker (EW), Excavation-
Resident (ER), Agriculture-Gardener (AG), and Agriculture-Farmer
(AF) enveloping thirty-one out of thirty-four past cases in Table 1
were derived as shown in Table 2. It is noted that three past cases
(i.e. D7, D8, and G3 in Table 1) are not covered in the above six
stylized scenarios, since the three past cases are too much site-
specific rather than generally applicable to near-surface disposal
facility.

2.2. Modeling

2.2.1. Disposal system
This study modeled the near-surface disposal facility for low-

and intermediate-level radioactive waste (LILW) which is now
under licensing review for construction in Korea [13]. The actual
geometry of a disposal unit (i.e. concrete vault) and assumed arrays
of the total twenty disposal units are depicted in Fig. 1 together
with simplified structure of the disposal system modeled and used
in this study.

The 0.6 m-thick concrete wall of the vault is assumed to be
degraded and to have the same properties of the existing 5.1 m-
thick cover soil after termination of the active institutional control
period (e.g. hundreds years after closure). Inner concrete wall of

each concrete vault is also degraded and not considered in the
calculation. It is assumed that the human intrusion occurs 100
years after closure, which is based upon the reported lower bound
of institutional control period of existing overseas near-surface
disposal facilities: 100 years (e.g. Barnwell, Texas, Hanford, Sav-
anah River, and Drigg repositories) and 300 years (e.g. Centre de l’
Aube, Centre de la Manche, El Cabril, Dukovany, and Mochovce
repositories) [6e8,23e31]. The above control time duration for the
near-surface repositories in the United States (i.e. Barnwell, Texas,
Hanford, and Savanah River) and the United Kingdom (i.e. Drigg)
has been apparently defined as ‘active institutional control period’,
however, those for the other repositories are not so clear whether
‘passive institutional control period’ is included or not. On the other
hand, the institutional control periods for Gyeongju Phase I re-
pository (an intermediate depth disposal facility) and Gyeongju
Phase II repository (a near-surface disposal facility) in Korea have
been proposed to be 100 and 300 years, respectively, in the safety
case [12,13]. It can be reasoned that the above post-closure control
periods are practically applicable for the ‘active institutional con-
trol’, since the safety case of the repositories has described that
restrictions on the public access to the site and maintenance and
repair activities are to be conducted for the proposed time period
for institutional control.

2.2.2. Radioactive source term
The eleven radionuclides (3H, 14C, 59Ni, 60Co, 63Ni, 90Sr, 94Nb,

99Tc, 129I, 137Cs, and gross alpha) specified in the general waste
acceptance criteria (WAC) for LILW in Korea are considered as
radioactive source term in this study [32]. The gross alpha is
assumed as a single radionuclide 239Pu since the disposal concen-
tration limit for gross alpha in the Korean LILW repository (i.e.
Gyeongju Phase I Repository) has been conservatively derived for
239Pu [12]. Initial concentration of each radionuclide is assumed to
be 1 Bq/g in order to compare the relative risk importance of the
total eleven radionuclides considered in this study.

2.2.3. Mechanisms inducing redistribution of radionuclides
In drilling and excavation scenarios derived in this study, ra-

dionuclides originally present in the disposed radioactive waste are
to be redistributed to the surface soil through manual redistribu-
tion (drilling or excavation) and biotic transport (plant transport or
animal transport). That is, an amount of released radioactive waste
is mixed with existing surface soil. Through the above processes,
the dilution of radioactive waste for each applicable stylized sce-
nario j (i.e. DW, DR, EW, ER, AG, and AF) can be approximated by:

DFTot;j ¼ DFM;j þ RP$ð1yÞ þ RA$ð1yÞ (1)

where, DFTot;j is the overall dilution factor for the scenario j, DFM;j is
the dilution factor due to manual redistribution (drilling or exca-
vation) which is not applicable to the agriculture scenarios (AG and
AF), RP and RA is the rate constants for release of radionuclides from
waste to surface soil through plant transport and animal transport,
respectively (y�1), and ð1yÞ is the assumed duration for which

Table 2
Stylized human intrusion scenarios derived by re-categorization of available past cases and studies.

Receptor Human activities initiating redistribution of radionuclides

Drilling Excavation Agriculture

Worker Drilling-Worker (A1, B1, C3, D1, D2, D3, F1, G1) Excavation-Worker (A2, A3, B3, C1, C2, D5, E1, E3, F3) Agriculture-Worker (Not applicable)
Resident Drilling-Resident (B2, C4, F2, G2) Excavation-Resident (A4, B4, D6, D4, E2, F4) Agriculture-Gardener (B5, F5)

Agriculture-Farmer (B6, F6)

*Scenario numbers in a bracket show relevant human intrusion scenarios (see Table 1) which can be enveloped by each stylized scenario typed in bold.

K.N. Kwon, J.H. Cheong / Nuclear Engineering and Technology 51 (2019) 1561e1574 1563



biotic transport occurs. RP is not applicable to the worker scenarios
(DW and EW). RP and RA can be calculated by the default equations
as built in GENII Version 2 [21]. Depletion of radionuclides through
harvesting and leaching is not considered in this study for
conservatism.

On the other hand, DFM;j can be calculated by the following
equation as:

DFM;j ¼
VW;j

VW;j þ VS;j
(2)

where, VW;j is the volume of redistributed (i.e. drilled or excavated)
radioactivewaste (m3), and VS;j is the volume of surface soil (m3). In
addition, the volume of surface soil layer to be mixed with released
waste for each applicable stylized scenario j can be calculated by:

VS;j ¼ Aj,HS;j (3)

where, VS;j is the volume of surface soil for drilling or excavation
scenario (m3), Aj is the area of site (m2), and HS;j is the height of
surface soil (m).

For drilling scenarios (i.e. DW and DR), the volume of redis-
tributed radioactive waste is the waste volume of the drilled core
given as:

VW ;j ¼ AD,Hj ¼
�
D
2

�2
,p,Hj (4)

where, VW;j is the volume of redistributed radioactive waste for
drilling scenarios (m3), AD is the cross section of the drill hole (m2),
Hj the height of disposed waste drilled out (m), D is the diameter of
the drill hole (m). Likewise, the volume of redistributed radioactive
for excavation scenarios (i.e. EW and ER), can be calculated by:

VW;j ¼ AE,Hj (5)

where, AE is the cross section of the excavated are (m2) and
assumed to be the same with Aj, Hj is the height of disposed waste
excavated (m).

2.2.4. Conceptualization of stylized scenarios
Fig. 2 shows the conceptual views of the six stylized scenarios

derived in this study.
Fig. 2 (A) represents the scenario DWwhere a part of cover soil is

contaminated by radionuclides extracted from waste disposal unit
through biotic transport by animals like rodents and through in-
truder’s drilling out the ground above the disposal unit (i.e. 5.7 m
depth of surface soil and 9.7 m depth of disposed waste). The
penetrated volume of waste is mixed with 0.15 m depth of clean
surface soil [6,15]. The intruder (i.e. worker) receives radiation
exposure through direct radiation from contaminated surface soil,
inhalation of re-suspended dust, and inadvertent soil ingestion.
Fig. 2 (B) represents the scenario DR where additional biotic
transport by plant root uptake is taken into account. The resident
living on the site of the closed repository is exposed through direct
radiation from contaminated soil during outdoor activities and
indoor residence times. Furthermore, an additional internal expo-
sure pathway due to ingestion of fruit and vegetables (leaf and root)
grown onsite is considered.

Fig. 2 (C) and Fig. 2 (D) represent the scenarios EWand ERwhere
a portion of disposed waste is redistributed from disposal unit to
the surface soil area through excavation of 0.5 m depth of disposed
waste layer rather than drilling of a borehole assumed in the sce-
narios DW and DR. Assumptions on exposure pathways in the
scenarios EW and ER are the same with those for the scenarios DW
and DR, respectively.

The scenarios AG and AF are depicted in Fig. 2 (E) and Fig. 2 (F),
respectively. The surface soil is contaminated with radionuclides

Fig. 1. Geometry of a unit disposal concrete vault and simplified schematic views of the planned near-surface disposal facility, Gyeongju Phase II repository, modeled in this study:
(A) Ground plan of arrays of the total twenty vaults, (B) Front view of arrays of multiple vaults after active institutional control modeled in this study, and (C) Side view of arrays of
multiple vaults after active institutional control modeled in this study.
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Fig. 2. Conceptual views of the stylized human intrusion scenarios: (A) DW, (B) DR, (C) EW, (D) ER, (E) AG, and (F) AF. Circled numbers represent exposure pathways: ① external
exposure, ② inhalation, ③ soil ingestion exposure, ④ plant ingestion, and ⑤ livestock ingestion. Circled alphabets represent radionuclide redistribution processes from disposed
waste: ⓐ animal biotic transport, ⓑ plant biotic transport, ⓒ manual redistribution by drilling, and ⓓ manual redistribution by excavation.
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through biotic transport only. It is noted that ingestion of additional
contaminated foodstuff (i.e. grain, meat, poultry, and milk) is
considered in the scenario AF, while ingestion pathways of fruit and
vegetables which are the same with the scenarios DR and ER are
reflected in the scenario AG.

Physical compartments containing radionuclides, processes
through which the radionuclides migrate, and potential radiation
exposure pathways for the stylized human intrusion scenarios can
be represented as a model given in Fig. 3.

2.2.5. Calculation framework for established model using GENII
Version 2

In order to simulate the established model for stylized scenarios
as shown in Fig. 3, the near-field exposure template consisting of
five types of modules (Constituent, User defined, Exposure
pathway, Receptor intake, and Health impact modules) provided in
GENII Version 2 is utilized as a basic calculation framework.

Dose coefficients recommended by ICRP Publication 60 and
thereafter are used in this study [17]. Internal exposure coefficients
for adult due to intake of radionuclides through ingestion and
inhalation pathways are taken from ICRP Publication 72 and ab-
sorption type of a radionuclide is assumed to be the default ab-
sorption type recommended in the same publication [34]. With
regard to dose coefficients for direct exposure to contaminated
ground surface, the values listed in Federal Guidance Report No.13:
CD Supplement are selected [35].

Values of essential parameters needed for base case calculations
are assumed as listed in Table 3 by referring to appropriate refer-
ences. It is noted that the food ingestion rates in Table 3 are the
same with those used in offsite dose calculation at nuclear power
plants (NPPs) site in Korea, which have been conservatively derived
from dietary survey for the critical group around a Korean NPPs site
[36,37].

3. Results and discussion

3.1. Verification of assessment results from GENII Version 2

In order to verify the calculation framework for the stylized
human intrusion scenarios, the results from GENII Version 2 are
compared with the results of hand calculation for simplified
equations representing the stylized human intrusion scenarios. The

scenario ER is selected for the verification purpose since the sce-
nario ER shows the highest radiation dose for each radionuclide of
unit activity concentration (i.e. 1 Bq/g) among the six stylized
scenarios assumed in this study (see Section 3.2). The simplified
equations have been independently derived for themodel shown in
Figs. 2 and 3, which are partly based upon and modified from a
mathematical model for an on-site residence (soil) scenario pro-
posed by the IAEA [38].

The total effective dose for the scenario ER for radionuclide i can
be represented by:

DTot;i ¼ DExt;i þ DInh;i þ DIng;i;F þ DIng;i;S (6)

where, DTot;i is the total effective dose for radionuclide i (mSv/y),
DExt;i is the effective dose due to external exposure for radionuclide
i (mSv/y), DInh;i is the effective dose due to inhalation exposure for
radionuclide i (mSv/y), DIng;i;F is the effective dose due to food
ingestion exposure for radionuclide i (mSv/y), and DIng;i;S is the
effective dose due to inadvertent soil ingestion for radionuclide i
(mSv/y).

DExt;i can be calculated by:

DExt;i ¼ CW;i,DFTot;i,rS,HS;j,ðTI,SI þ TO,SOÞ,DCFExt;i (7)

where CW;i is the concentration of radionuclide i in disposed
radioactive waste (Bq/g), rS is the density of contaminated soil (g/
m3), TI and TO are the indoor and outdoor exposure duration (h/y),
respectively, SI and SO are the indoor and outdoor shielding factors,
respectively, and DCFExt;i is the dose conversion factor of radionu-
clide i for external exposure from contaminated surface soil
(mSv$h�1 per Bq$m�2).

DInh;i can be calculated by:

DInh;i ¼ CW ;i,DFTot;i,rS,ðTI þ TOÞ,M,BR,DCFInh;i (8)

where, M is the mass loading factor (g/m3), BR is the breathing rate
(m3/h), and DCFInh;i is the dose coefficient for inhalation for radio-
nuclide i (mSv/Bq).

DIng;i;F can be calculated by:

Fig. 3. Schematic diagram of the assessment model for stylized human intrusion scenarios assumed in this study.
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DIng;i;F ¼ CW;i,
�
DFTot;i þ Rd

�
,DCFIng;i,

X
leaf ;root;fruit

�
Bp;i,DWp,Ip

�
(9)

where, Rd is the ratio of root part penetrating into disposed
radioactive waste, DCFIng is dose coefficient for ingestion (mSv/Bq),
Bp;i is the soil-to-plant transfer factor for plant p and radionuclide i
(Bq/g-dry plant per Bq/g-dry soil), DWp is the dry-to-wet ratio for
plant p (g-dry plant per g-wet plant), and Ip is the ingestion rate of
plant p (g/y). The ratio of plant root present in the surface soil layer
is assumed to be “1” for conservatism.

Finally, DIng;i;S can be calculated by:

DIng;i;S ¼ CW;i,DFTot;i,ðTI þ TOÞ,IS,DCFIng;i (10)

where, IS is the soil ingestion rate for inadvertent human intrusion
scenario (g/h).

Fig. 4 shows the ratio of radiation dose assessed by GENII
Version 2 to radiation dose calculated using Eqs. (6)e(10) for each
radionuclide having unit activity concentration. As addressed
above, the calculation is conducted for the most conservative sce-
nario ER with values of parameters given in Table 3. As shown in
Fig. 4, the ratio of estimated radiation doses for each radionuclide
lies between 96.2 and 103.7% except for 99Tc of which ratio shows
130.5%. In spite of the relative error of about 30.5% for 99Tc, it can be
generally said that the assessment framework using GENII Version
2 gives rise to reasonable radiation dose comparable to the esti-
mated dose by use of simplified independent model equations.

Relatively large difference in the results for 99Tc can be ascribed
to the fact that the simplified model for verification does not take
into consideration of detailed mechanisms of accumulation of ra-
dionuclides into the plant. While GENII Version 2 calculates the
accumulation of radionuclides into a plant through two separate
pathways such as resuspension and deposition of radionuclides
onto the leaves and stems of a plant, and direct uptake of radio-
nuclides by the plant root, Eq. (9) does not cover the resuspension/

deposition for simplification [21]. Accordingly, 99Tc shows the
largest difference in the ratio (see Fig. 4) since it has the highest
soil-to-plant transfer factor (210 for leafy vegetables) than those for
the other radionuclides in leafy vegetables (0.00006 for 239Pu to 3
for 90Sr) considered in this study [21].

3.2. Analysis of calculation results for stylized human intrusion
scenarios

3.2.1. Most dominant scenario for all radionuclides: ER
It is assumed that the near-surface disposal facility is to be

closed and to be further under active institutional control for one
hundred years after closure. Fig. 5 shows the calculation results of
the six stylized human intrusion scenarios (i.e. DW, DR, EW, ER, AG,
and AF) using the assessment framework based upon GENII Version
2 and values of input parameters given in Table 3.

Table 3
Values of input parameters assumed in this study for assessing stylized human intrusion scenarios.

Parameter Stylized scenario Reference

DW DR EW ER AG AF

Area of site Aj (m
2) 100 2500 2500 2500 2500 2500 [6,10]

Height of surface soil HS;j (m) 0.15 0.15 5.7 5.7 N/A N/A [15]
Height of waste drilled out or excavated Hj (m) 9.7 9.7 0.5 0.5 N/A N/A [13]
Diameter of drill hole D (m) 0.3 0.3 N/A N/A N/A N/A [6]
Density of contaminated soil rS (kg/m3) 1600 1600 1600 1600 1600 1600 [33]
Mass loading factor M (g/m3) 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 [6,33]
Biotic transport - Animal excavation

- Plant root uptake
B

�
B

B

B

�
B

B

B

B

B

B

[6]

Fraction of plants roots in deep soil 0.00 0.01 0.00 0.01 0.01 0.01 [6]
External exposure time (h/y) - Outdoor

- Indoor
40
0

2190
4380

80
0

2190
4380

2190
4380

2190
4380

[6,33]

Shielding Factor - Outdoor
- Indoor

1.0
e

1.0
0.7

1.0
e

1.0
0.7

1.0
0.7

1.0
0.7

[33]

Inhalation exposure time (h/y) 40 6570a 80 6570a 6570a 6570a [33]
Breathing rate BR (m3/h) 0.84 0.84 0.84 0.84 0.84 0.84 [33]
Soil ingestion rate IS (g/h) 0.004 0.004 0.004 0.004 0.004 0.004 [33]
Food ingestion rate Leaf vegetable (kg/y) e 31.7 e 31.7 31.7 31.7 [6,33]

Root vegetable (kg/y) e 24.5 e 24.5 24.5 24.5 [6,33]
Fruit (kg/y) e 16.6 e 16.6 16.6 16.6 [6,33]
Grain (kg/y) e e e e e 47.1 [6,33]
Meat (kg/y) e e e e e 33.1 [6,33]
Poultry (kg/y) e e e e e 22.0 [6,33]
Milk (L/y) e e e e e 63.0 [6,33]

a This value is originally derived based upon the fraction of time spent outdoors and indoors for adult (i.e. 0.25 and 0.5, respectively) given by the Argonne National
Laboratory, and the same value has been adopted in many studies on radiological safety assessment [6,33].

Fig. 4. Ratio of the radiation doses assessed by GENII Version 2 to those calculated
using a set of simplified equations (Eqs. (6)e(10)) for verification purpose in this study.
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Fig. 5. Assessment results for the six stylized human intrusion scenarios using the assessment framework using GENII Version 2. (A), (B), (C), (D), (E), and (F) represents the
scenarios DW, DR, EW, ER, AG, and AF, respectively.
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As presented in Fig. 5, it turns out that the scenario ER shows the
highest radiation dose than the other five scenarios for all radionu-
clides having unit radioactivity (i.e. 1 Bq/g) at the time when the
repository is closed. It can be attributed to the fact that the radio-
activity concentration in the contaminated surface soil layer is the
highest in the scenario EW and ER. More specifically, the total dilu-
tion factor (DFTot;i) as given in Eq. (1) for the scenarios EW and ER is
calculated to be 0.0806 to 0.09481, while the other scenarios show
the total dilution factors lying between 0.000002 for the scenarios
AG and AF to 0.0579 for the scenarios DW and DR. The scenario EW
has DFTot;i equivalent to those of the scenario ER, but the food
ingestion pathway is not considered at the scenario EW and the
exposure time of the scenario EW is shorter than the scenario ER (i.e.
80 h/y for EW but 6570 h/y for ER). Though the scenario AF takes
additional ingestion pathways (i.e. ingestion of grain and livestock
such as meat, poultry, and milk) into account, the radioactivity
concentration in the contaminated surface soil layer is at most 14.9%
of that for the scenario ER since bulk redistribution of radionuclides
through drilling or excavation is not assumed in the scenario AF.

3.2.2. Contribution of long-lived and shorter-lived radionuclides
Three long-lived radionuclides (e.g. 94Nb, 129I, and 239Pu) show

relatively high radiation dose (i.e. first to sixth among eleven ra-
dionuclides) at the time of dose assessment in this study (i.e. 100
years after closure). Furthermore, the relative ranks of these long-
lived radionuclides move up to first to fourth if the active institu-
tional control period extends to 300 years, since a few highly
radiotoxic shorter-lived radionuclides (e.g. 90Sr and 137Cs) are to be
decayed out. The same trends of higher ranks of long-lived radio-
nuclides (e.g. 94Nb, 99Tc, 129I, and 239Pu) in dose assessment can be
found in past studies on human intrusion similar to the scenario DR
in this study [8,13,38]. Likewise, estimated radiation dose due to the
relatively shorter-lived radionuclides (e.g. 90Sr and 137Cs) tends to
decrease by extending the institutional control period to longer
than 300 years in common, which conforms to the results of past
studies on human intrusion impact assessment [8,13,38].

3.2.3. Significantly varying contribution of 94Nb and 99Tc in
different scenarios

On the other hand, the relative radiological importance of ra-
dionuclides 94Nb and 99Tc is widely varied in scenario by scenario.
94Nb shows very high radiation doses in drilling and excavation
scenarios by being ranked as the first in the scenarios DW, EW, and
ER, and ranked as the second in the scenario DR. However, the rank
of calculated radiation dose for 94Nb moves down to the fifth at the
time of dose assessment in the scenario AG and AF, which can be
also ascribed to the assumption of this study that bulk redistribu-
tion of radionuclides through drilling or excavation is excluded in
those scenarios. 94Nb has the second highest external dose coeffi-
cient among the eleven radionuclides considered and the contri-
bution of external exposure pathway is dominant. About 99.9% of
total dose for 94Nb in the scenarios DW, DR, EW, and ER is from
external direct radiation, and the contribution of external direct
radiation to the total exposure decreases down to 79.8 and 47.7% for
the scenarios AG and AF, respectively. The decreased contribution
of external radiation in the scenarios AG and AF is covered by
increased portion of internal exposure due to ingestion of plants
which accumulate radionuclides present in the radioactive waste
through root uptake irrespective of the radionuclides concentration
in the contaminated surface soil layer [21]. The contribution of
another external radiation-dominant radionuclide (i.e. 60Co) turns
out to be insignificant at the time of dose assessment due to its
short half-life (5.271 y).

In contrast, 99Tc shows the highest radiation dose in the sce-
narios DR, AG, and AF, and the second highest dose in the scenario

ER among the eleven radionuclides. 99Tc has the highest values of
soil-to-plant transfer factors (see Eq. (9)) for leafy vegetable and
fruit, which affects the amount of radionuclides accumulated in
edible parts of plants and redistribution of radionuclides from
waste to the surface soil layer through plant biotic transport [21].
Accordingly, 99Tc shows the very high radiation dose in the above
scenarios where plant ingestion pathways are taken into consid-
eration. The high values of soil-to-plant transfer factors for 99Tc can
be also found in past studies conducted by Argonne National Lab-
oratory and the IAEA [33,38,39]. In addition, the higher radiological
importance of 99Tc in plant ingestion pathways and lower impor-
tance in the scenarios where plant ingestion pathways are not
considered are also compatible with past studies: (1) on-site resi-
dence (soil) and road construction scenarios in IAEA’s trench case,
(2) smallholding and house development (construction) scenarios
in LLWR’s case, and (3) drilling and post-drilling scenarios in
KORAD’s case [8,13,38].

3.2.4. Negligible contribution of 3H and 14C in scenarios AG and AF
Radiation doses for 3H and 14C calculated by the assessment

framework using GENII Version 2 are not plotted in the scenarios
AG and AF in Fig. 5, since GENII Version 2 assumes 3H and 14C are in
a specific activity equilibrium with contaminated air or water and
no defined root uptake pathway directly from soil [21]. The negli-
gible contribution of 3H in scenarios AG and AF conforms to the
USNRC’s position in modeling for 3H in land contamination saying
“When soil is contaminated with residual tritium and no tritium
from air and water is continually added to the soil, the contami-
nation would be expected to rapidly escape from the soil or plants
that had taken up this tritium.” [40]. The negligible contribution of
14C can be interpreted by the following position of the Swedish
Radiation Safety Authority: “C uptake by the root system is signif-
icantly lower than the stomatal atmospheric update and is there-
fore often considered to be of less importance, even for releases to
groundwater from underground repositories.” [41].

3.3. Comparison of calculation results from GENII Version 2 with
1.485

As already addressed in Section 1 (Introduction), the Korean
operator, KORAD, of Gyeongju LILW repository has assessed a set of
human intrusion scenarios in the safety analysis report and a few
published papers using GENII Version 1.485 combined with
modified new dose coefficients for intake of radionuclides based
upon ICRP Publication 72 [13,34]. Therefore, the KORAD’s post-
drilling scenario is re-calculated using GENII Version 2 and GENII
Version 1.485 for the eight radionuclides assumed by KORAD
without modification of any dose coefficients, and then the results
are compared in Table 4.

As shown in Table 4, it turns out that the results from GENII
Version 2 cannot be reproduced with GENII Version 1.485 irre-
spective of the modification of the default intake dose coefficients.
However, the ratio of the results from GENII Version 2 to Version
1.485withmodification (i.e. 6.65± 12.74) becomes smaller than the
ratio of the results from GENII Version 2 to Version 1.485 without
modification (i.e. 8.83 ± 14.33). This implies that GENII Version
1.485 with modified intake dose coefficients gives rise to the esti-
mated radiation dose slightly closer to the results from GENII
Version 2 than GENII Version 1.485 without modification does. If
the same analysis is done for the calculation results except for 14C,
the ratio is much more improved from 3.96 ± 4.31 (ratio of results
from GENII Version 2 to Version 1.485 without modification) to
2.17 ± 1.45 (ratio of results from GENII Version 2 to Version 1.485
with modification). The remaining gaps between the results from
GENII Version 2 and Version 1.485 with modified intake dose
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coefficients can be ascribed to the detailed differences in the
models of two versions of computer codes.

Through analysis of detailed models in GENII Version 2 and
Version 1.485, the following factors have been identified to give rise
to different calculation results. First, built-in external dose co-
efficients for non-gamma emitting radionuclides such as 3H, 59Ni,
and 63Ni in GENII Version 1.485 are set to be none zero, while GENII
Version 2 assumes that external dose coefficients for the radionu-
clides are negligible. Second, the model for contaminated surface
soil layer in GENII Version 2, which assumes that all radionuclides
present in 0e0.15 m depth of surface soil exist at the soil surface, is
more conservative than GENII Version 1.485, which assumes ra-
dionuclides are present in 0e0.15 m depth of surface soil homo-
geneously. That is, it can be said that GENII Version 2 is more
conservative in calculation of external radiation dose.

For instance, the highest ratio of the doses for 14C from GENII
Version 2 to Version 1.485 (i.e. 42.91 or 38.01 as shown in Table 4)
can be partly explained by the above reasoning. It is analyzed that
91e98% of the total dose for 14C is contributed by external exposure
pathway in the post-drilling scenario. The ratio of the external
doses for 14C from GENII Version 2 to Version 1.485 without
modification is calculated to be about 26.9 by the following
equation:

DExt;C14;V2

DExt;C14;V1
¼ Css;C14,rs,Dss,DCFExt;C14;V2

Css;C14,rs,DCFExt;C14;V1

¼
0:15m,

�
4:01� 10�13 Sv=y

Bq=m2

�
�
2:23� 10�15 Sv=y

Bq=m3

� ¼ 26:9 (11)

where, DExt;C14;V2 and DExt;C14;V1 are the external doses for 14C from
GENII Version 2 and Version 1.485 (Sv=y), respectively, Css;C14 is the
14C activity concentration in surface soil (Bq=g), Dss is the depth of
surface soil (m), DCFExt;C14;V2 and DCFExt;C14;V1 are the ground
external doses coefficients for 14C fromGENII Version 2 and Version
1.485 (Sv=y per Bq=m2 and Sv=y per Bq=m3), respectively. Therefore,
it can be said that most of the difference in total doses for 14C in
Table 4 results from difference in external dose models in GENII
Version 2 and Version 1.485.

Remaining additional differences in the calculated radiation
doses from two versions of codes may be attributed to minute
differences in sub-models of the codes such as biotic transport,
resuspension factor, deposition velocity, and so on [15,21].

3.4. Deterministic sensitivity analysis

In order to identify dominant parameters affecting the calcu-
lated radiation dose for the stylized scenarios and quantify their
relative priorities, eight parameters are selected as candidate pa-
rameters for sensitivity analysis by referring to past studies [13,42].
The parameters selected for the sensitivity analysis are drill diam-
eter (D in Eq. (4)), excavation depth (Hj for excavation in Eq. (5)),
exposure time (TI þ TO in Eqs. (7) and (8)), mass loading factor (M in
Eq. (8)), indoor shielding factor (SI in Eq. (7)), food ingestion rate
(see Table 3), soil ingestion rate (IS in Eq. (10)), and breathing rate
(BR in Eq. (8)). Representative five radionuclides such as 59Ni, 60Co,
94Nb, 99Tc, and 239Pu are selected for the sensitivity analysis. 59Ni is
a radionuclide for which ingestion pathway is dominant and 60Co is
selected due to the highest external dose coefficient among the
eleven radionuclides. 94Nb and 99Tc are two of the most affecting
radionuclides showing the highest radiation dose per unit activity
for the six stylized human intrusion scenarios (see Fig. 5). Finally,
239Pu is selected for the sensitivity analysis because its inhalation
dose coefficient is the highest among the other radionuclides in this
study.

Sensitivity ratio (SR) or elasticity is defined as the ratio of the
change inmodel output per unit change in an input variable as [43]:

SR ¼

�
Y2�Y1
Y1

�
�
X2�X1
X1

� (12)

where, Y1 is the baseline value of the output variable using baseline
values of input variables, Y2 is the value of the output variable after
changing the value of one input variable, X1 is the baseline point
estimate for an input variable, X2 is the value of the input variable
after changing X1.

Both local SR forD¼þ5% of the default point estimate and range
SR for D ¼ þ50% of the default point estimate or physically
maximum value are calculated. The drill diameter shows the
maximum local SR of 2.034 while the other parameters show local
SRs 0.193 to 1.033. It turns out that the results of local and range SR
calculations are almost the same, except for the drilling diameter of
which the range SR shows about 1.11e1.71 times higher than the
local SR. Therefore, the local SR is calculated for each parameter
with regard to each radionuclide in each applicable scenario. Fig. 6
shows the calculated local SRs for four parameters (i.e. drill diam-
eter, excavation depth, exposure time, and food ingestion rate)

Table 4
Comparison of calculation results from GENII Version 1.485 with and without modified dose coefficients, and the new assessment framework using GENII Version 2 for the
post-drilling scenario which is similar to one of the stylized scenario DR in this study.

Radionuclide Total dose (mSv/y) Ratio

Version 1.485 (A) Version 1.485a (B) Version 2 (C) (C/A) (C/B)

3H 8.66 � 10�16 N/Ab 3.69 � 10�15 4.26 N/A
14C 7.73 � 10�7 8.73 � 10�7 3.32 � 10�5 42.91 38.01
59Ni 1.05 � 10�4 1.23 � 10�4 1.60 � 10�4 1.52 1.30
60Co 1.29 � 10�16 N/Ab 3.90 � 10�16 3.03 N/A
63Ni 2.34 � 10�4 2.24 � 10�3 3.04 � 10�3 12.97 1.35
90Sr 7.88 � 10�5 7.20 � 10�5 4.61 � 10�5 0.58 0.64
94Nb 6.95 � 10�4 7.93 � 10�4 2.67 � 10�3 3.85 3.37
99Tc 4.51 � 10�3 4.99 � 10�3 1.99 � 10�2 4.41 3.99
129I 2.29 � 10�6 N/Ab 9.86 � 10�7 0.43 N/A
137Cs 4.76 � 10�4 5.22 � 10�4 1.95 � 10�3 4.09 3.73
239Pu 4.47 � 10�4 1.90E � 10�4 1.57 � 10�4 0.35 0.83
Total 6.55 � 10�3 8.93E � 10�3 2.79 � 10�2 4.27 3.13

a Calculation results from GENII Version 1.485 with modified set of dose coefficients for inhalation and ingestion reported by KORAD [13].
b N/A: Not Available. The values for 3H, 60Co, and 129I in Column (B) are not available, since the numerical values of radiation doses for the three radionuclides are not

provided in the corresponding reference [14].
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which have exceeded the unity (i.e. “1”) at least once in the
sensitivity analysis of this study.

Regarding drill diameter shown in Fig. 6 (A), the highest local SR
can be attributed to the fact that the volume of redistributed
radioactive waste (VW ;j for drilling in Eq. (4)) is proportional to the
square of the drill diameter (D). KORAD has also reported similar
sensitivity analysis results which conclude that parameters affecting
the volume of redistributed radioactive waste show the highest
sensitivity in the range of 0.99e1.01 [13]. On the other hand, radio-
nuclides 99Tc and 59Ni for which accumulation of radionuclides in

plants by root uptake is dominant show relatively low local SRs in
the scenario DR. This can be explained by the fact that the total ra-
diation dose for ingestion pathway-dominant radionuclides like 99Tc
and 59Ni is not so significantly affected by the drill diameter which
directly influences the volume of redistributed radioactive waste.
Likewise, increased local SRs for ingestion-dominant radionuclides
(99Tc and 59Ni) in the scenario ER compared to DR as shown in Fig. 6
(A) and (B) can be interpreted by the fact that contribution of
external exposure from redistributed radioactive waste increases in
the scenario ER than in the scenario DR.

Fig. 6. Calculated local sensitivity ratio of parameter (A) drill diameter, (B) excavation depth, (C) exposure time, and (D) food ingestion rate, for each radionuclide and for each
applicable scenario.
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It is noted that the local SR of exposure time for 59Ni is almost
negligible as presented in Fig. 6 (C). Since the parameter exposure
time may affect both external and inhalation exposure pathways
rather than ingestion pathway, it does not affect the radiation dose
from ingestion exposure-dominant radionuclides such as 59Ni
significantly. In addition, the sensitivity of food ingestion rate for
external exposure-dominant radionuclides such as 60Co and 94Nb is
relatively low as shown in Fig. 6 (D), which can be attributed to the
low correlation of food ingestion rate with total radiation dose for
60Co and 94Nb.

3.5. Probabilistic analysis

In order to study on the probabilistic variations of the calculated
radiation dose for the stylized human intrusion scenarios, a series
of probabilistic dose analysis has been conducted using the sensi-
tivity module in GENII Version 2 which adopts Latin Hypercube
Sampling (LHS) and algorithms for random-number generation
[21]. The probabilistic analysis is done for the same five radionu-
clides and the same four major parameters which have been
studied in the deterministic sensitivity analysis in Section 3.4.

Table 5 summarizes the range of values of parameters and dis-
tribution types of major input parameters selected for probabilistic
analysis along with references. The distribution and statistical pa-
rameters for exposure time is taken from the USEPA’s Exposure
Factors Handbook [44]. The ingestion rate of various foodstuff for
Korean people is referred to from a guidance on the offsite dose
calculation and relevant dietary survey results [36,37,44]. On the
other hand, the range of drill diameter and excavation depth is
assumed to be varied within ±50% of the default single value listed
in Table 3 and a uniform distribution is assumed for the parameters,
since appropriate statistics for the two parameters are not available.

The result of probabilistic analysis for each radionuclide
together with varying parameters in each scenario is depicted in
Fig. 7.

The ratio of maximum tominimumdoses for radionuclides 60Co,
94Nb, and 239Pu is relatively high (i.e. 40.0 for 239Pu to 333.3 for
94Nb) in the scenarios DWand EW,while the ratio decreases (i.e. 2.8
for 60Co to 8.8 for 94Nb) in the scenarios DR and ER, respectively.
This can be attributed to the high variability of external- or
inhalation-dominant radionuclides in the scenarios DW and EW,
since the parameter of exposure time is varied in the scenarios.
Because the exposure time is not variable but only the ingestion
rate is varied in the scenarios DR and ER, the varying parameter
ingestion rate may not significantly affect the radiation dose from
external- or inhalation-dominant radionuclides. On the other hand,
the ratio of maximum to minimum doses for ingestion-dominant

radionuclides such as 59Ni and 99Tc is high in the scenarios DR
and ER rather than in the scenarios DW and EW, which can be
explained by the same logic as above.

Radiation dose from 59Ni and 99Tc calculated for the scenarios
DR and ER using default values in Table 3 is presented in lateral
dotted line in Fig. 7, which lies at a very high percentile (i.e. > 95
percentile) among the distribution of calculated radiation dose.
This can be ascribed to the fact that the food ingestion rate for the
critical group as shown in Table 3 is applied to the calculation for
conservatism. External-dominant (60Co and 94Nb) and inhalation-

Table 5
Values and distribution types of major input parameters selected for probabilistic analysis.

Parameter Scenario Type of distribution Minimum (Mean)a Maximum (Standard deviation) b Basis

Drill diameter (m) DW Uniform 0.15 0.45 Assumed
DR 0.15 0.45

Excavation depth (m) EW 0.25 0.75
ER 0.25 0.75

Exposure time (h/d) DW Normal (8.08) (2.885) [33,37]
EW (8.08) (2.885)

Food ingestion rate Leaf Vegetable (kg/d) DR, ER AG, AF (0.04743) (0.01757)
Root Vegetable (kg/d) (0.03665) (0.01358)
Fruit (kg/d) (0.02482) (0.00919)
Grain (kg/d) AF (0.07056) (0.02614)
Meat (kg/d) (0.00987) (0.00571)
Poultry (kg/d) (0.00656) (0.00380)
Milk (L/d) (0.02192) (0.00948)

a Values in bracket represent the mean of normal distribution.
b Values in bracket represent the standard deviation of normal distribution.

Fig. 7. Results of probabilistic analysis for each scenario. (A), (B), (C), (D), (E), and (F)
represents the scenario DW, DR, EW, ER, AG, and AF, respectively.
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dominant (239Pu) radionuclides do not show the same phenomena
with 59Ni and 99Tc, since conservatively adopted ingestion rate may
not affect the total radiation dose significantly where the external
or inhalation dose dominates. It can be also noted that lateral
dotted lines for all radionuclides in the scenarios AG and AF are
located at a very high percentile in the resulted dose distribution.
Since only biotic transport rather than the bulk redistribution of
radionuclides is considered in the scenarios AG and AF, the
contribution of external or inhalation pathway to the total dose is
very small even for the radionuclides such as 60Co, 94Nb, and 239Pu.
Accordingly, the highly positioned lateral dotted lines for all ra-
dionuclides in the scenarios AG and AF can be attributed to the
conservatively assumed ingestion rate for the critical group.

4. Conclusion

A reference framework to assess inadvertent human intrusion
scenarios for a near-surface disposal facility using GENII Version 2
is firstly established in this study, and its applicability is shown for
the six comprehensive stylized scenarios demonstrated to envelop
most of example past cases in this study such as: DW, DR, EW, ER,
AG, and AF. The reference assessment framework is verified by
comparison with the calculation results from a set of simplified
equations separately derived for the ER scenario which turns out to
be more dominant than other five stylized scenarios.

Gaps between results from the reference assessment framework
and GENII Version 1.485 is inherently avoidable, however, it is
shown that the gaps can be partly reduced to an extent by replacing
obsolete intake dose coefficients built in GENII Version 1.485 with
those from ICRP Publication 60 and thereafter, which has been
practiced in safetyassessmentof LILWrepositories inKorea. Besides,
the reference assessment framework generally gives rise to higher
external radiation dose compared to GENII Version 1.485, which is
attributed to the conservatism of GENII Version 2 model assuming
all radionuclides in surface soil layer exist solely on the soil surface.

Through deterministic sensitivity analysis of the stylized sce-
narios for a near-surface repository in which design features of the
planned Korean LILW repository are assumed, the following four
parameters turn out to be the most dominant (i.e. SR > 1.0): drilling
diameter, excavation depth, exposure time, and food ingestion rate.
Furthermore, a series of radionuclide-specific implications have
been obtained such as low sensitivity of ingestion-dominant ra-
dionuclides (e.g. 59Ni and 99Tc) to the redistributed waste volume in
DR and ER scenarios which can be ascribed to the high soil-to-plant
transfer factor of the radionuclides. Probabilistic analysis for the
same stylized scenarios with simultaneous variation of multiple
parameters shows that calculated radiation doses would lie within
3-order of magnitude at most, while relative variability of the ra-
diation dose for dominant radionuclides has been interpreted (e.g.
relatively high uncertainty in the results of external- or inhalation-
dominant radionuclides in DW and EW scenarios due to the vari-
able exposure time to affect doses from direct radiation and
inhalation).

It is expected that the established reference framework to assess
inadvertent human intrusion scenarios can be applied to conduct a
safety assessment, coherent with contemporary radiation protec-
tion principles, for a specific near-surface repository together with
the stylized scenarios derived in this study by reflecting available
site-specific conditions.
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