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Abstract

Overseas examples of the characterization stage of site selection proposed by the International Atomic
Energy Agency were reviewed to highlight the factors necessary for consideration in the deep disposal
of high-level radioactive waste. Studies in Sweden, Finland, the USA, and Canada were considered.
Site investigations in Sweden and Finland commonly covered the fields of geology, hydrogeology,
and hydrogeochemistry using similar field investigation techniques. The USA considered survey
groups and factors under pre- and post-lockdown guidelines, as well as those for desaturated and
saturated surveys. involving geophysical, hydrological, hydrogeological, hydrogeochemical, mecha-
a OPEN ACCESS nical/physical, and thermal-characterization investigations. Canada provided a list of investigative
methods for both preliminary and detailed site assessments including geological, physical, boring,
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hydrological, laboratory testing, and chemical analysis studies. Results of this study should elucidate
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site-selection investigation factors and survey methods applicable to Korea.

Received: 29 November, 2023
Revised: 14 December, 2023
Accepted: 19 December, 2023

Keywords: deep disposal, site selection, investigation factors, investigation methods

(© 2023 The Korean Society of Engineering i s
Geology
@@ | MhisisanOpen Accessarticle 2 A= AFARE TN DA WS AP ] SIS TAEAGIA At A5 AH2S ]
@ o distributed under the terms of _ B ~ B _
the Creative Commons At 3 HAA 74 5 HAS45} BoAl2 oo 2 slelAlelle ARslch AEAR WAle AX A
bution Non-Commercial License (http://creative-
commons.org/licenses/by-nc/4.0/) which permits A, B 0f= U] ZARIZLE thiho g2 B9 A5 O v ZARRIA}e| tfst ZA [H-S

unrestricted non-commercial use, distribution, and
reproduction in any medium, provided the original
work is properly cited.

rtf

4 efstodrt, A9IRTH R o] 54 24} @A Ak A)d, 421204, 42 A)sko} ofo] 24}



- HchA

H

S RAl

28

612

=
=

to =7l A1

S|
=

=]l

=5
[e)

11 hepet. w
SR

1
T

]_;

=
=]

(o)

A

B

o

©

2

AL
3

o
[

o} 2 A7 A
o

el

5

ok

S

AR

oz 7|

ZARIANE ANSHL 0B, 2A}7]Hel
o]

o
hil

s

]

A

T

171 et

Lol A =38t 241 7o)
TLof] AR} Eojrl Aol o

=-

O]

]_
71

o 7149

A
1
—

H

s

SOl s A

T WA
S A
T

s glom,

o
FRAES 25

S
R84

Stal HAME TR ZAL B H7 AV R

[e)

WA, oF
ol
O L

=

Al
ARRIke] o

Tz

I

o ZARIARE A

=
A

=

fod Apze]

ol 7
SfiA

g ol

sixte FAIEAS gA 0 A=) AP

9|

o] glom, 29
of mhE AR

=1
2]
=

SF

[}

AT
g
RANA, ZARIAL, ZA 1

el
s

2P AL Gl Abere] 24 o] 4

ARG, Bl AR, SR

A 7ol E et 2ARRIZL

H

=

13

1
pi

T

O

A2 At

0] 39 w4} 2
Alskan Slek. 2471 o

ERE
87k
ME
4

h

N
zo

A

=]
s T

- uAl

51

of oh

SRR

=]
T

29

A

A

A 24}

his

SF

S
A

313, 3

A2AE 5]

=

o d

, = 2AA

f2] A=t

5]

‘g]__

L=
o

[e)

5, FHE, vl=, 7ot

$

g
7[RtO R ZAF I} T, XA 7| H o] I

=

=

A

A

TR ENT R

o
—

=

1

o

"|_
]_

i
o
hid

o

o

1

ofo}

o

o

gop] 9

/lij

ENHEEENLE

31

ol 7Fg 58] oAAR= FAI AL T

Hl& 7k

5t
A|ZA] o

i

[

71

Tof ZARIA L AP

S

AES

Ie)
I

APAVS

ot

<)

of o

H
H

=z
-

[

1)

5

—

sigoml, 5

B2
LS |

EARQU 9 ZAPHE AT
=]

a

&l

=

o] 88 ZAtRIA oL ZA]

Hel Al

o

[e)

T

==

ol
7} g ZARIAHE ARIA AT,

9

oz
296, wete, n)= Ffucko] Al

12} 7] 7(International Atomic Energy Agency, IAEA)O]A| A

I

=
=

[e]

i |

o
i

i 4

7IHE ZAF

2\ z2A10] S w2 2AR1] A

1=]

T

S =4l

S

29

J

1=}
LS |

=]

H
=

H

B
utolsiglom, ful | AL Bl /A

s, 2=

5]

=

=

=

=

o]

218417

o] A el

5

=
=

Kl

Y [e]
e 2

rn

el 8 A= ol A2

sl



DEQAUALHT |2 22 FALYS LISt ZARIZF B ZAP 0]l Chigt M 24 - 613

Tl SlelAtel B el pE 24

Age

UES] AV = AR 19728

2 DA §5 5L IO A7E 57

THSKB, 2001).

[e)
A=

gL i) 1At 55| RD&D programme 920114 F-2] 4785 918t
3 F247 AAE pste] QU ZAL BFA AE, FAIZAL FAAAA A 2] 5435}
HoIATHSKB, 1992). ARNC] FA| 2L T2 TR A, 214, ohgtel, 2214, 4217

=40z yslo] glon], BRI PASHRE 752 915 QAo FA 140 AW

=it
e
E

2AIAS} 27 ZAPIEE ARk AR shick

A0 2 52 Exo] gk 7] 244 552

Ja
El_]:j
)
ofl
N

T
=
)
N

r

1

-
¢

2,
Lot

_EH e
e
)
i
¥0 off > o

o

Ol

S
e

X,

I
oL il
we,
o)

J

o,
i
ok
A|n
_O'L
k

2t 2 T AR Aol HishA= ol Tables 1~63 2Fo] A=t

Table 1. Investigation method for each factors of geology program in Sweden (SKB, 2001)

Factor Method
Topography
- Topography Mapping, aerial/ground geophysical survey
Soil cover

- Thickness of soil cover
- Soil distribution

- Soil description

- Soil type

- Bottom sediment

- Neotectonic indicators

Soil mapping, aerial photo interpretation, investigation of bottom sediments,
sampling

Geological/topographical observation in soil

Bedrock: rock types

Occurring rock types

- Rock type distribution (spatial and percentage)
- Xenoliths

- Dikes

- Contacts

- Age

- Ore potential

Rock type description

- Mineralogical composition

- Grain size

- Mineral orientation

- Microfractures

- Density

- Porosity

- Susceptibility, gamma radiation etc
- Mineralogical alteration/weathering

Airborne geophysics (magnetic, eletromagnetic, radiometric methods)

Geological mapping, dating, ground geophysical surveys

(gravimetry, magnetic, eletromagnetic, resistivity), seismic surveys, GPR

Microscope analysis

Petrophysical analysis, borehole logging

Bedrock: structures

Plastic structures

- Folding (geometry)
- Foliation

- Lineation

- Veining

Geological mapping
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Table 1. Continued
Factor Method
Shear zones
- Age Dating
- Extent, Properties Geological mapping

Brittle structures (fracture zones)

- Location

- Orientation

- Length

- Width

- Movements (size, direction)

- Age

- Properties (number of fracture sets, spacing,
block size, fracture character, fracture filling
materials, weathering/alteration)

Geological mapping, core mapping, Borehole radar, borehole geophysical
logging (calliper, radiometric, electrical, magnetic methods, sonic), BIPS,
investigation of drill cutting, dating

Table 2. Investigation methods used in the rock mechanical program of Sweden (SKB, 2001)

Factor

Method

Fracture zones
- Geometry

See geological model

Mechanical properties of fractures in different rock masses

- Deformation properties in normal direction

- Deformation properties in shear direction

- Shear strength JRC, JCS, ¢, (base friction),
@ (post failure friction)

Uniaxial and trixial compression tests
Direct shear test
JRC and ¢4, tilt test, JCS: Schmidt hammer, ¢ ,: direct shear tests

Mechanical properties of intact rock in different rock masses

- Young’s modulus of elasticity
- Poisson’s ratio (v)

- Strength (0 ¢, my, s etc)

- Tensile strength

- Indentation index

Uniaxial and triaxial compression tests

Brazilian test
Normal loading test

Mechanical properties of different rock masses

- Young’s modulus of elasticity
- Poisson’s ratio (v)

- Strength

- Rock classification (RMR, Q)
- S and P wave velocity

Uniaxial and triaxial compression tests

Drill-core logging
Uniaxial compression test, sonic logging

Density and thermal properties

- Density
- Coefficient of thermal expansion

Lab test (drill core)

Boundary conditions and supporting data

- In-situ stresses, magnitude and directions
- Observed deformation and seismic activity

Over-coring, hydraulic fracturing
Mapping, seismic observations
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Table 3. Investigation methods used in the hydrogeological program of Sweden (SKB, 2001)

Factor

Method

Deterministically modeled fracture zones

- Geometry

- Deterministic or statistical distribution of transmissivity or
hydraulic conductivity

- Storage coefficient

See geological model
Pumping test during drilling, hydraulic injection tests,
hydraulic interference tests

Stochastically modeled fracture zones, fractures and rock mass

- Geometry (rock volumes with similar hydraulic properties)

- Spatial distribution of fracture zones and fracture

- Statistical distribution of hydraulic conductivity

- Statistical distributions of specific storage, storage coefficient

See geological model
Hydraulic injection tests, hydraulic interference tests

Soil layers

- Geometry (soil volumes with similar hydraulic properties)
- Hydraulic conductivity

- Specific storage

Hydrogeological mapping
Pumping test in soil layer

Hydraulic properties of groundwater
- Density, viscosity, compressibility
- Salinity
- Temperature

Geophysical methods
(temperature, fluid resistivity, single-point resistance, caliper)

Boundary conditions and supporting data

- Meteorological and hydrological data

- Recharge/discharge areas

- Pressure and head

- GW flow through borehole

- Regional boundary conditions, historical and future evolution

Documented methods (Lindell et al., 2000)

Analysis of existing hydrological, meterological data,
topography, long-term monitoring

Large-scale tracer tests

From climate model, topography

Table 4. Investigation methods used in the hydrogeochemical program of Sweden (SKB, 2001)

Factor Method
Variables
- pH, Eh Potentiometry
Main components
- TDS, Na, K, Ca, Mg, HCOs, SOy, Cl, Si ICP-AES
Ion chromatography
Trace elements
- Fe, Mn, U, Th, Ra, Al, Li, Cs, Sr, Ba, HS, I, Br, F, NOs, NO», Spectrophotometry
NH., HPO,, REE, CU, ZR, Rb ICP-MS and/or INAA
Dissolved gases
-N,, Hy, CO,, CH,, Ar, He, CyHy;, O, Gas chromatography
Stable isotopes
-H, B0, BC, s, ¥SR/ASR, *He, ‘He, ''B, ¥'Cl MS (mass spectroscopy), alpha/gamma spectrometry
Radioactive isotopes

_ T, 14C, 234U/238U, 36C1, Rn, 226Ra

Chemical separation, alpha/gamma spectrometry
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Table 4. Continued

Factor

Method

Other

- DOC, Humic and Fulvic acids, Colloids, Bacteria

UV oxidation, IR, TR-90-29
EDXRF (with filters), counting

Fracture-filling minerals

- Main and trace elements, Isotopes

ICP-AES, ICP-MS, INAA
MS, alpha/gamma spectrometry

Table 5. Investigation methods used in the thermal-properties program of Sweden (SKB, 2001)

Factor Method
Thermal properties of the rock
- Thermal conductivity Laboratory method (TPS)
- Heat capacity
Temperatures

- Temperature (rock, groundwater)
- Thermal boundary conditions/gradient

Thermal response test
Temperature logging

Table 6. Investigation methods used in the transport properties program of Sweden (SKB, 2001)

Factor

Method

Properties on deposition hole scale

- Groundwater chemistry See chemistry data

- Groundwater flow Groundwater flow measurement
- Fracture aperture, geometry Mapping, hydrogeological model
Properties of flow paths

- Flow paths From hydrological model

- Transport resistance along flow path

- Dispersivity Tracer test/hydrological

- Flow porosity model, lab test
Properties of rock

- Sorption coefficients Batch sorption test

- Matrix diffusivity Diffusion test

- Matrix porosity

- Max. penetration depth

- Groundwater chemistry See chemistry data

Transport properties of soil layers/recipients

- Water flux Hydrological receptor model
- Flow porosity Soil type model, batch test

- Sorption coefficients

- Biological activity

Supporting data

- Breakthrough curves Tracer test

- Chemical analysis of fracture filling materials and wall rock
- Groundwater chemistry, colloids, gas etc

Core logging, analysis
See chemistry data
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Table 7. Investigation methods used in the geological and geophysical program of Finland (McEwen and Aikas, 2000)

Factor Method
Geological mapping and sampling
- Topography Geological mapping
- Bedrock types
- Bedrock structures

- Fracture zones
- Fold axial traces
- Lineation
- Deformation features
(extent, length, width, strike, dip, continuity)

Geophysics
- Topography Aerial photographs, airborne (magnetic, natural radiation),
- Bedrock types ground (VLF magnetic, resistivity), GPR survey

- Bedrock structures

- Thickness of unconsolidated deposits

- Geological formation Seismic refraction/reflection survey
- Distribution of seismic velocities

- Electrical conductivity of bedrock

- Location of fracture zones GPR, AMT resistivity survey

- Location of lithological contact Gravity survey

Deep borehole measurements

- Electrical conductivity of drilling fluid Fluid logging

- Temperature

- Location and position of fracture zones

- Fracture orientation Borehole radar

- Lithology Borehole TV measurements, vertical seismic profile
- Bedrock structure

- Degree of weathering

- In situ rock stress Hydraulic fracturing, over-coring
Wireline logging

- Bedrock resistivity Electrical resistivity log

- Density Gamma-gamma log

- Porosity Neutron log

- Electrical potential SP log

- Lithology Caliper log
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Table 7. Continued

Factor

Method

Testing and sampling

- Petrophysical properties
(strength, Young’s modulus, Poisson’s ratio, density etc)

- Mineral composition

- Fracture filling minerals

- Age of fracture filling minerals

- Transport properties

- Thermal properties
(thermal conductivity, specific capacity, thermal diffusivity,
coefficient of thermal expansion)

Uniaxial compression test, point-load test, four-point bending test

XRF, NAA, AAS methods

XRD

Age dating

Studies of solubility, diffusion, sorption
Study of thermal properties

Table 8. Investigation methods used in the hydrogeological program of Finland (McEwen and Aikas, 2000)

Factor

Method

Hydrological investigations
- Temperature

- Resistivity

- Precipitation

- Snow depth

- Water equivalent of snow
- Discharge

Wild rain gauge

Multi-level piezometers

Current meter, weir measurement

Hydraulic testing

- Hydraulic conductivity

- Transmissivity of fracture zones

- Natural groundwater pressure

- Groundwater table

- Distribution of hydraulic head

- Groundwater movement in bedrock
- Location of hydraulic connections

Trace test

Constant head injection test, pumping test, lugeon test
Multi-level piezometers

Installation of multi-packer system

Wireline logging

- Groundwater flow
- Hydraulic gradient

Difference flow log, flowmeter log, temperature log
Multi-level piezo-meters, multi-packer system

Table 9. Investigation methods used in the hydrogeochemical program of Finland (McEwen and Aikas, 2000)

Factor

Method

Groundwater chemistry

Physicochemical variables

- pH, Eh

- Density

- Alkalinity/acidity

- Uranine (tracer of drilling water)

- Salinity

- Anions (HCO3, CO;, Cl, Br, F, I, SOy, S%, PO4, NO3, NO,,
Niots Prots Brots Stot)

- Cations (Na, Ca, Mg, K, Al, Fe,,, Fe**, Mn, SiO,, NH,)

Water sampling (brooks and springs, water lines, domes-tic wells),
and using PAVE, field measurements

Groundwater monitoring

X-ray fluorescence (XRF), neutron activation analysis (NAA),
atomic absorption spectroscopy (AAS)
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Table 9. Continued

Factor Method
- Trace elements (Sr, Cs, Li, Ba, Rb, Zr)
- Isotopes (D, 3H, 80, **Rn, C, "*C, Z*U/”PU and Usor) Isotope analysis
- Redox condition Field measurements
Organics
-DOC, TOC Water sampling in boreholes
- TDS

- Colloids and microbes

o=
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Table 10. Methods of geophysical investigation used in the site-characterization phase

Factor Method
Regional
Recharge/discharge area, stream flow, geological discontinuities Satellite imagery
Fault offset, stratigraphy, lithological contact, size and shape of subsurface volcanoes Aeromagnetic and gravity
Lithological contacts, fractures Seismic refraction
Site specific
Fracture density Seismic tomography
Lithological contacts, fractures Magnetotelluric and seismic refraction
Borehole log
Density, groundwater flow Electrical resistance tomography
Moisture content, fracture location Ground penetrating radar
Porosity Neutron logging

Saturation Cross-hole radar tomography




620 - ZE - QALY - BTHA - YAE - Yol YR

rot
2
fo
b
ox
g.I:'

Table 11. Methods of hydrological and hydrogeological investigation used in the site-characterization phase

Factor Method
Hydrology
Rainfall, evapotranspiration, run-on, run-off, infiltration, groundwater recharge, temperature, Climate data analysis
humidity
Field test
Bulk permeability, porosity, anisotropy Air injection test
Permeability, fracture network, hydraulic conductivity Trace injection test
Laboratory test
Fracture (aperture, density) Core logging
Matrix porosity, permeability Porosity measurements
Matrix permeabiltiy, hydraulic conductivity Permeability measurements
Moisture content, moisture retention relations Moisture content measurements

Table 12. Methods of hydrological and hydrogeological investigation used in the site-characterization phase

Factor Method
Groundwater conditions
Oxidation-reduction potential, pH, temperature, pressure Field measurements
Chemical analysis
Al, Ca, Mg, K, Na, SiO,, HCOs, CO;, Cl, NO;, SO4, TDS Major elements
6D, 6180, §13C Stable isotopes
¥Sr/%Sr, 2*UARU Radiogenic isotopes
Mineral composition, alteration minerals, secondary minerals, absorption, **’Ar/*°Ar age Rock geochemistry
CO,, BC, *C, CH,, Ar, N, Gas geochemistry

Table 13. Methods of physical, mechanical and thermal investigation used in the site-characterization phase

Factor Method
Field test
In situ stresses Hydraulic fracturing
Temperature (by depth) Temperature measurements
Laboratory test
Compressive/tensile/shear strength, Young’s modulus, Poisson’s ratio, RQD, cohesion, friction ~ Mechanical properties
Grain density, bulk porosity, saturation, permeability Physical properties
Thermal conductivity, thermal capacity, coefficient of thermal expansion Thermal properties

FHLCL
Zuete] 2eH] @75 SH O ARRSHARS] A1, 5 W AL 75 Tl 19789 vt s 7=
2] 2 T73H(Canadian Nuclear Fuel Waste Management Program)= 7Hotc}, e T2 1582 st} QdtE-4-
z].©
=3

F5AH Atomic Energy of Canada Limited)ollA] 75 =385} 0 =2 |5} 500-1,000 mo| E3E 5= A4 AL %]
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Table 14. Methods used for site screening

Factor

Method

Geology
Major fault and fracture orientation

Major rocks types, petrology, mineralogy, mineral fabric, pluton intrusion (age, rate of
cooling, erosion rate), size and shape of pluton

Distribution, orientation, relative ages of faults and fracture zones, fracture density

Lineament analysis

Geological mapping and sampling

Structure

Geophysical survey
Lineaments/faults distribution, topography, sedimentary layers, lithological distribution

Lineament, lithologic variation, thickness of overburden deposit, faults, fracture zones

Shape, depth, pluton contacts, geological structure, lithologic variation, boundary,
major fracture zones

Remote-sensing techniques
Airborne geophysical survey
(EM, magnetic, radiometric)

Surface geophysical survey (gravity,
electrical, GPR, seismic reflection)

Borehole surveys

Lithology, rock types, fractures location, fracture fills, mineral alteration
Fracture depth, location, lithological boundary, low-angle fracture location
Fracture location, continuity, geometry, lithological variation

Fracture location, direction

In situ stress (magnitude, direction), effective stress, remnant stress

Thermal conductivity, temperature

Drill core analysis
Geophysical logs
Seismic tomography
Televiewer
Hydraulic fracturing

Thermal response test

Hydrology

Recharge/discharge area, basin, drainage, surface-water patterns

Satellite image analysis

Laboratory test
Density, porosity, hydraulic conductivity, permeability
Stress, strength, elasticity, deformation

Thermal expansion, thermal conductivity, thermal diffusivity

Physical properties
Mechanical properties

Thermal properties

Chemical analysis
pH, Eh, EC

Cation (Na, Ca, Mg, K, Sr, Si, B), Anion (HCOs, SOy, Cl, Br, F, NO;, I),
Trace elements (Li, Fe, Mn, V, Al)

ZH, 3H, 13C, 14C, 180’ 34804, 36C1, 1291’ 8751‘/8651’, 234U/238U, ZZZRa’ 226Ra
HZ: He’ O2a N2, COZ, CH4’ Ar’ H2S

Field measurements and monitoring

Ion analysis

Isotopes

Dissolved gases
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