J. Soil Groundwater Environ. Vol. 31(2), p. 1~15, 2026
< Review Paper >

https://doi.org/10.7857/JSGE.2026.31.2.01
ISSN 1598-6438 (Print), ISSN 2287-8831 (Online)

HIAMMEZ |2 MEXEE 218 e X|7eEt EX7|snd M-
al Jje gHHE- AoHl Forsmark ARIE SAe=z

=L

HSE'* - WS - YME' - F S - B - 2FM* - o|"EF - BYEY!
=

Al A AT, sk, s, oSt SPedAE e

Hydrogeochemical Site Descriptive Modeling Development Methodology
for Deep Geological Disposal of High-Level Radioactive Waste:
A Review of the Swedish Forsmark Case

Ho-Rim Kim'*, Heewon Jung®, SeHyeok Park', Hanna Choi', Hanna Kim',
Junseop Oh®, Jeong-Hwan Lee’, and Seong-Taek Yun*

'Korea Institute of Geoscience and Mineral Resources, Daejeon 34132, Republic of Korea
2Chungnam National University, Daejeon 34134, Republic of Korea
3Korea University, Seoul 02841, Republic of Korea
“Korea Radioactive Waste Agency, Republic of Korea

ABSTRACT

A hydrogeochemical site descriptive model (SDM) is essential for evaluating the long-term safety of deep geological
repositories for high-level radioactive waste (HLW). This review analyzes the hydrogeochemical SDM methodology
developed by the Swedish Nuclear Fuel and Waste Management Company (SKB) for the Forsmark repository site. The
SDM framework integrates quantitative field-based models with process-oriented conceptual models, evolving iteratively
from feasibility study through initial and complete site investigation stages. The hydrogeochemical workflow comprises
data acquisition and quality management, explorative analysis identifying groundwater types and end-member
compositions (Deep Saline, Glacial, Littorina Sea, and Altered Meteoric Waters), quantitative modeling through M3
mixing calculations and PHREEQC geochemical simulations, and interdisciplinary integration with hydrogeological and
transport models. The Forsmark SDM successfully characterized the stratified groundwater system, confirmed the long-
term stability of reducing and pH-buffering conditions at repository depth, and quantified the role of paleohydrogeological
events in shaping present-day hydrochemistry. Based on these findings, methodological considerations for developing a
hydrogeochemical SDM in Korea are suggested, including updated thermodynamic database, open-source reactive
transport codes, site-specific end-member definition, and global sensitivity analysis for uncertainty quantification.
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WA A F shelct. A AIZ o= AEE 4
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Zole] 284 7Nt e HEA il ARES3AE.
Agsl= Weke 24 O A A (multi-barrier system)Z
Bl A AEY AR S URlske Ae &
= FHNEA, 2008; SKB, 2010; IAEA, 2011).
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HAMY dFe] 83l 9 ol AsS AR Ase] pH,
SRR (Bh), 85 F3HE T, FE0lE B4 F
A|&peta] Z=7dol] o3l AuijEH, o]efgt 21
AFo] A =2 7HedS 2T (Smellie et al.,
2002). WERA A2 BAO] AT EA4S 3
g o2 qgelal, A 7IgRtsel wE ek 71t
&, aFEANE olélsl, A7) B H7iel Zast
RS =5k Ao oA 7] A o] Hot

BA]71e 2 site descriptive model, SDM)S ©]2{ g F-4]
543t 495 AAZOE Fishe T IYIEA,
A4}, sl d44 54, iR, ATt
SdolE 54, A 7l g ok sk 33
53} 7% Edo|th(Andersson, 2003). 1% 48| X788}t
FA)7]e 29 (hydrogeochemical SDM)2 HF 2 z]Z9]
A3l 318} At 2, 71 2 sl #E A
T IS Teshe okEA, A7) At oA
Atell B2 F4 ®Z dlolE(pH, Eh 5)& A&
TH(Smellie et al., 2002; Laaksoharju et al., 2008; Choi et
al., 2022).

29ell AR )78 H2] FAKSvensk Kimbrinslehantering
AB, SKB)= 20¢] o] A3 Forsmark F-AZAE 3
TAF O E 7P QAR FEATEE} SDM Al &
S 75319 Forsmarke 20093 ARS8 HF
A5 FAZ A= on, 20229 FH F2U 2024
337 AA 20259 % ZFol| EoJ3)t). Forsmark
SDM WEE-F (iterative) 22 L, T HH (multiple
lines of evidence) &8, AT Exfolehs Al 714 92&
TS dEA AHIEA, FF ASHE 7R EA3E
TR w7l F83% Al AlE Algith

TEvele 19 REEVE EElE A FA A4
o] 7] DAl lom, AR Aslre] Fre|AsleE
533} WHE tig AAZ =97t A5 e
AlZ o]t (Choi et al., 2022; Park et al., 2024). 53], Choi
et al. 2022y w|=f, ), 299, Af=, Tk 5
2912, A 5 e A Al 3 AT S
NEH o= zfale] I A5 Wk A6l 83 7=
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2.1. SDMe| Fo|e} &

SDME A&7 F2|9} 1 1 el tigh dAl el
9 214 g F31 710 tH Andersson, 2003). SDM
F2 7]& (description) ©| X}, w7H2} 7|518)E] g
A= Adeo] FA]9] 71A] g 2] 7|Rigth= 3
olA] ‘mdl o] JAS 7RKItt. SDM 7RI} 1jES-9]
okt 71stelE] TR 39 3xke o], sl
718kt g el sl AAEE 72 Tl thal o
34, G4, Fe4, FERATSE 548 TR T
<3HHSKB, 2000).

SDML- 9FH4 W7k (safety assessment, SA)S} AHF &
SHrock engineering, RE) 4 JEARE A|F31=,
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e KIeboll FJEahH, vl o5 A F kA
kel gYoz FiErh

T AT SDME Hez] Hdla) /44 wdle] o]F
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SDM 7feke] i Aske 9kE-A(jterativeness)' 2 ‘5
24 (integration)’ll JTH(Smellie et al., 2002; Andersson,
2003). 22 ©Ist vAE AvpEo] ofel, MEE 57
tlolEl7} AXIF o= FUHe wet A&2 o= g5
MAEE “Aolle FX4(living document)’ 2 IHEET
Z7] o5 HoE7t E01& wiwitt AFEH, oIS} AA
A3k 1] e Bl AFEE Eole =) "ot

TAAHOZ )ALt SDM Al 7HA] 8 TA9]
A WStk (Table 1). V343 A7-(Feasibility Study, FS)
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Table 1. Evolution stages of the hydrogeochemical site descriptive model (Modified from Smellie et al., 2002; Laaksoharju et al., 2008)

Investigation Model

) Input data
stage version p

Major outputs and contributions

Feasibility Study

Geographic location, topographic data, exist- Generalized site descriptive model, predictions of major

(FS) Version 0 ing well records, and empirical knowledge groundwater flow directions, chemical variability, and
from analogous sites paleohydrogeochemical evolution
.. . Surface/near-surface samples (precipita- Regional characterization of the groundwater system,
Initial Site . . . . . ..
Investication Version 1 tion, lakes, and wells), deep borehole data identification of major groundwater types, mixing/reac-
& (1-2 cored boreholes), and hydrological tion-based chemical variability, and basis for CSI plan-
as1) .
data ning
Complete Site ISI data + additional boreholes (10-20), Depth-spemﬁghyfirogeologlcal/.hydrog.eo.chemlcal.char-
.. . L. .77 acterization (distribution, chemistry, mixing, reactions),
Investigation Version 2 long-term monitoring data, fracture min- .
. parameters for long-term safety analysis and perfor-
(CShH eralogy, and rock matrix porewater data
mance assessment
Tt kst FA2] M RAEA 0yS 7SSk, 53] #5858 & A== (confidence)t EEA Y
AT AlF A8 TS S 27 ARS Aledin 27 Wit 7le 2o A es BdS AXsh= 571,
7 ZAK(Initial Site Investigation, ISI) THA A= 1~27) A, =A9 FAH 3o EA, T AFEE w2
o] AFgollA Fug A AR ek vloleE X3 ESAAT Foloirt ohd. B Vsl =24
slo HAH AT SDMEA NS WA 2} dekeR ARt e 4 Qla, v Beh
I AE A ZAHComplete Site Investigation, CSI) T o] iz ol Siehe A7) HIdked AlF e
NME 10~207] F7F AlF=59] HlolE, Z7] Z=UHHY A ”ﬂ7]'ﬂo1°k Sk (Andersson, 2003). ©]# gt 7d 4]
tlold, skd=st, &4 UH%‘ 2 HolHE Eetsto TES SDMOIAM =S Hlol§le] ¢Fo] ollzt ve

AAEA 9 A 2y s BE AT
T A3t SDM(H A 2)S 730K (Smellie et al.,
2002; Laaksoharju et al., 2008; Strom et al., 2008). zr
HAo] EA3 Avks Al2e 2d HA@: 2.1, 22)0F
2202 ulo|ER 0] wdl Aes AT

2.3. S8 iz e} AMEE ™I}
SDM 7fdlolla] Bakalale] A48 Bals a4 g o

—

t}. Andersson(2003)2 E3AAS 1I7HA] 802 &
stdom, o] & SDM¥} A #HEEHE F8 /FES
N34 £ (conceptual uncertainty)?} AL5 E-8HaAd

(data uncertainty)°]t}.

A B3 B4 Oy Azule] sk 74
g gk B ol A HIREW, AE g
o3k ola] =1 A 7+ AFs kg He 2 AJAo
gk Bty BEE IRt Als Bege 2Y
AR gk BEaAdo g, 24 oF, 1Y R,
B 2t (extrapolation)el] &J3l] AYg, skH F W
“5*J(spatial variabilityy2} A7t &3 (temporal variability)
& 7 AAR BHAFe] oA, Am BeuAel
21810] k= A4S Bk

53 Z749 4" (convergence of multiple independent
lines of evidence)’, & “H|o|E]e] 2’2 Hrls|of &2 A
Afgit.

FEA T3R8t SDMelAE AFH FEATsE Ho,
s £ A=A AL AFsiE 3y mdd
(PHREEQC)®] Al| 7FA] =92 Ed®] 744 840 viaje
B34S 747t thEal(Choi et al., 2022), Al H2H Y
AW} A4S RS B8l A Bdle] AEEE o
7} (Smellie et al., 2002). Asps X|SFA7A1d (HRL)
A1) Z3el| 71%3PA, A5 B3 SRk £10~20%,

AE ANF BFEAFL £10%, B4 BIAAE 5%, EFF
Art B3 95% 21F)F7E Wl A £10% F=olth
(Smellie et al., 2002).

3. 2| X|78fst SDM =& Hx}

2=9dl SKBlA F2] A58t SDM9] F5-2 4
3 AxH(workflow)= A ASFECHFig. 1). 2 D]-ﬁ]
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Fig. 1. Flowchart showing the step-wise approach of integration and development involved in the hydrogeochemical evaluation during
the Initial Site Investigation (ISI) stage to produce a hydrogeochemical site descriptive model. Gold-colored boxes indicate the major
stages in the hydrogeochemical evaluation. Modified from Smellie et al. (2002).

Table 2. Sampling and analysis classes defined in the SKB hydrogeochemical program (Based on Smellie et al., 2002)

Class Description Representative analysis items
1 Simple monitoring EC, pH, uranine, and temperature
2 Type classification Major ions (partial) and field parameters
3 Main components (excluding redox) Major ions and stable isotopes (80 and °H)
4 Complete characterization Major/minor ions, environmental isotopes, and redox parameters
5 Complete characterization with specialized analyses  Class 4 + U-Th isotopes, trace elements, dissolved gases, colloids,

and humic/fulvic acids

A

3.1. 12H4: H|o[E{ =& 5%' 2 22

Fe]ATset SDMA 3 HR) 9= 3 glo|E e
AAA 383 94 welold}. SRS,
AH&g}, A 4dst = ‘:]'01"5} oke] AwE sk, o]
Ble] We 8 WANRE Bas vl

tlole] #e) <1z} BE A 212t AFE = SKBY
A5} dlo]efHe]2~Q] SICADA(SIte ChAracterisation
DAtabase)ll 53 #74% Th(Andersson, 2003). SICADAE
A3l 4 Holel, U 1%, AnAl TR, B2
ARG ¥3Fsh, A8 55 (traceabilityys B3] <15l
A A Edo]e} AFHET. 33k Vst AE9
3493} AlZ}8}= Rock Visualisation System(RVS)S- 53
TRt
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T AT Z2 e A7 534 wet s 5
H(Class 1~5)2] Al5AF] L #-2] 52 A 2J3HK Table 2;
Smellie et al., 2002). Class’} =o}24E £ o]
2ol AR ) B HE A} Bge

AFF AR T B AFElA 2FAS Aske Al
go] F2& 57l W(Category 1~5)Z H7}ETHTable
3; Laaksoharju et al., 2008). Category 1~32 <F8]X]F
318t wdgo] 97S S35, Category 4= ©4%
Lo AH3lelal, Category 5= FE|XA8H 2ol A
HxAog g 4 glov sjXdl Fo7t dasitt

olefst ¥4 S A A&H ovle BREY FHA;
l Ha(CnE C= =1 Bk Cre 3 whel)
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Table 3. Quality categories for borehole groundwater samples (Based on Laaksoharju et al., 2008; Smellie et al., 2008)

Drilling  Time-series . Charge
Category water data Analytical data balance Remarks
1 <1% Adequate Complete (major ions + environmental isotopes) =+ 5% Reliable redox values; no short circuiting

2 1-5% Adequate

3 5-10% Inadequate

4 ~10% Absent or very
incomplete
Absent or very

5 > 10% .
incomplete

Some major ions or '*O missing

Incomplete (absence of '“C, 1C, less trace elements) + 5%  Similar to Cat. 1 but with analytical gaps
Incomplete (some isotopes, redox data absent) + 10% Instability during sampling possible

Mostly Cl, Br, 0, Mg, HCO;, Na, Ca, and SO, > 10% Exploratory samples; PLU equipment

> 10% Tube samples; open-hole mixing effects

Ao #AHA| ol A8 FHo| FHFHoE B
Category 4~5°|A= Zlolo| u}E % SV} 43S A
H=A BT, o5 T3l Askr Al=Ee] HekAQl
=4 TZ2E et 4 lt) $HH Category 1~39] A1

F4 HolEle o] A&l Hal @R & vsH
37H4 ®lolg A™aA qrishe Hl 5 oltt. o]
HES &8s HA dolee JAgS Huigh
g8ePAXE, VIZkgh Ralge] FAgst tlolHE Qg

4 A2 ga]
EXNS 3 1E]-(Laaksoharju et al., 2008; Yu et
al,, 2023). A5l ok wEh, 7] T 2kA ol ot
/\Lﬂfﬂ% 4 (Eh) =2 gi]. 2= 394 §]_6]-Z_(Fez+ HS-
)2 Akl Fol WA 4= 1o, Forsmark A=
Mg Bk A0 2k S 2 BeE o
w3l So| BT} olo] we} A% 3 A (Drilling
Impact Study, DIS)7} A58 =3t SA] F=3=H, A|F
0 TP FYAESE Askeel AL Fget
Skl Al59] T3S H71slok Sk (Smellie et al., 2002;
Laaksoharju et al., 2008; Yu et al., 2023).

dolg Fdo] R 3 gz v"i*’li(explorative
analysis)S 53l Z[5l5= Al2Hle] 7 EAS mjolsi)
ol B 4. 78 38} JR(CL Mg Na, Ca, SO
A5 Al

15 &8 & zol9

FEEANAA("0, FHYE ZHoEE TAS
=49 34 758 T,

e o] Ao A 3%, 54 2
?‘Z_}Oﬂf\i«] AAQk(Littorina) 34+ A& 52 RIS &= i}
(Laaksoharju et al., 2008).
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[e:

3.2.1. @38 (end-member)7= 74

Forsmark 4] X|3l=9] s}8h4 202
B2t Walr), 117], g)7] 2 s wiE 5 3y
A S| Avtz FAEon
vl 7HA] 8 STy £ vhe-S B HAEH
(Laaksoharju et al., 2008):

1. A% FG<(Deep Saline Water): Laxemar KLX02 A]
FF 1,625 m 7ol IFE AEFEELFE 75 gL)E
7IRko 2 Y EH, Ca-Na-Cl 233 MAcETA
(GMWL)SZHE] A Bloju= 54 0= 1.5 Ma o]
A7 AlRRe 7

2. W3Hg~(Glacial Water): 7}]2}F W317](SF 11,000
)] sl §HFEA, v e 85 aFET 7P

994 f—iﬂ(slgo 21%0, 8 H —158%0)= S o= 3t}

3. FEsY 4 ittorina Sea Water): 2 8,500~5,000
BPe] 1143 OH—[—E/H 2 Mg 2 S0, g §'%0
-47%0s 5E0= t&t‘r.

4. A3 £33 (Altered Meteoric Water): =

rl
o 1o

et B AR kS Byehy Eobd wkg-S
Zol WMidd B2, &S AF A =& HCO; 32
EAoz 3},

o83 TAJES] A §%0-3H TAE, Cl T Zo]

=k ) e 13 7‘]?—3‘ g nFE|AEEE] 715 7%
gttt FRoA ASEHE Asle] $8H 542 749
e Al tigk 71EolH, BA 7% %5}7} A A
S WA B4 BESY AIFE skl o5
S w130l Bakgl A|sek2] siels A4S Laaksoharju
et al., 2008).
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o 5t 2 @A) AldH(Multivariate Mixing and
Mass-balance calculations, M3)2 FA4E E4(PCA)S
83l Ak A5E Y EFe=E Esfsta,
7k AZolMe] & HIES AFHoR LIEdhe T
TH(Laaksoharju et al., 1999; Chae et al., 2006; Kim et al.,
2017). M3= EEIZIERZ AlEY01AS 53 B34 117,
3} 9hgo] Ao Ag B4 71sS AlFsH, 95% 4l
FFEE U £10% <22 B8449S 7RIk Smellie et al.,
2002). &5 2o Aul= 7t Zlo), ZF 78 Y (fracture
domain)°llA] oJE TEG7L o= BHIEE TS =AIE
HolFH, o A3l glet 2449 F313 WHolg A
TZo} Adshk= A AFEI} ot

3.3.2. PHREEQC A 731317 whg- mdgy

PHREEQCE 3}3133, Hhe, o]fgs 2 drdgs
$et I =2 A (Parkhurst and Appelo, 2013), WATEQ4F
A3} dlo[Huo]~E AMEsle] E-9H4 Rhge] B4
gt oz A Laaksoharju et al., 2008). Z-F
HES- A& oA, B8k(flushing) AlXFE} ool wgk
&, TLE]aL FAd grtel] Fash AskekE v
(pH, Eh, 8ll4 Z3A|5 )5 A=ske o] 2849 5
3] M3 &3t A=/} PHREEQC %¥h&- Eol|x Aj@s=A
5 ERIghoZH, 3o 2 Au]X] o= whe-edsla] &
/A, ol wek 4kslghel Wk 5)9] 7]oE EEjd
= THGimeno et al., 2008; Kim et al., 2017).

T dlo

¢

3.3.3. ConnectFlow 3D A3} -5 2 20|15 wdy

ConnectFlow= 32 X5l 32 4 f-2lols 2dg
FA=2A, FYAE ZdoA AL -5 (flow field)ell
7kt A|skre] olF A=, AR/ AIZL, E3 HEs
FARSH}(Follin, 2008). ©|& 53l 815H4 oSo] &4
S5 IX[lEAE Heslal, FElATER dlole e}
FEAAH HolH9] g5 Heks eyt

Al 2d 7re] #1F AAE U2 2ok M3 A —
PHREEQC ¥#H (&g =dlo] Axpr} vhg =dloA A&
E=A] <2l), PHREEQC ZA¥} — ConnectFlow 753}
8k o|S0] 24 35 YRSR=A] &R1), ConnectFlow
At — @4 dlolg vl (FHF oSo] AA S 75t

Sh=A] 2.

34.40H: 2 HE A SE

SRR WA Bl Astet A4 @ lolElE
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34.1. AR AR BF

TRl Bdojxe A -shE] wdl gl 7R
wdlo] 7jalehy zlHaE Ve oY AsE 283
o} 7} SRE 2ok WellAe] dlole 7o} tlio], 2| dsk
o] iRk wdle] 7|stelE ZelHaE AlF
szo], sH| 7 oS A& o E lee S
E 38} (Andersson, 2003).

34.2. Higt 24 #=)

ot 24l (altemative model)2] A3/3-2 2l Ffdla} 21w
eio] bt e 7l 3 SR EokRIAst, ok
sh, g7 A, iR, iRl 8oty 54, A
EfANell A% ook Belo] Zekezgte] FH F7Kvariant
explosion)’ TAIE o1& 4= Qlomg FxH o7 Aok
ZTHAndersson, 2003). 2299l D212 9k 7= (Swedish
Nuclear Power Inspectorate, SKI)®] SITE-94 QF:Ad 7} =
ZAE(SKI, 199614 Hxo], tiQt A4 £ X X](supporting)
SAE ARSI 9RE 7eke Fae] Aol

4. ForsmarkO|AQ] <=2|X|F7&}&t
SDM =2 M1}

Forsmark H-A]= 2245 Uppsala Osthammar 2] %J|
A8, 1.89~1.85 Gaoll FAE HAASIUT7 Ak
AAAE 7t o 2 -4 FtH(Laaksoharju et al., 2008).
SDM-Site Forsmarke 2002 35E =3¢ FX2A) AHE
FRe TEE AF TN, Level 1T HIM(R0847)9)
5H9] Level I B34 (R-08-84, R-08-85, R-08-86, R-08-
87, R-08-105)2 T-4€Th,

4.1. X|5l5= A|ARlo| B4 Pxo 7 BE

Forsmark 2|2} =2]2|78}s}4 Al F2.9 ZgAR
A (ZFMA2, ZEMF1 )] ©J8] sk ik 79 (footwall;
FFMO1, FFM02)2} “g1t 91t 59 (hanging wall; FFMO03)
o7 FEETKFig. 2; Laaksoharju et al., 2008; Follin,
2008). o] T FEATEEE §A9 I WolE
Avsle i Zgd=ol).

4.1.1. 3 ¢ S (FFMO01)
SHE E AL e o] Hwrt Wl F42do]
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Fig. 2. Conceptual model of geological conditions, hydraulic conditions, and groundwater type distribution at Forsmark.
NW-SE cross-section showing the distribution of groundwater types in the footwall (FFMO01 and FFM02) and hanging wall

(FFMO03) bedrock segments. Modified from Smellie et al. (2008).

wrol=d wjd b AR Ak =gk 2 gl o
A#e] A7 HERHY e 545 HAh FFMO1S
200 m oJ3PIME AE B8 FEo Ayt dvkbow
w1 F4g0] Az o7 7R, 53] 400 m ©ls) 4]
oAM= A TFE 3F o] FA AlgEo] B4 A
Z(percolation threshold)®ll 7FPZEHFollin, 2008). ©]& &
7 Zo](eF 470 mpelxle] Ak Al &8s ofnlshH,
olefgh 8t 548 ATl o2 AR Qe a1
EE A8l (Ca-Na-CIR Y+ HEEE A%E F5351300h

4.1.2. 73 gt FE(FFM03)

2 ok e EAH o7 AL WFe] e 1E
RIEs} o 438 7RIk v @7)oh 224 &
Qo] ARl el = HBUE wt B oF 600~700 m
AEZHA] =g wh, Sk ghdtellafs Aol oF 250~300 m
7R Rl ©€17] o sl EFFeRRE 7
2= AT Laaksoharju et al., 2008).

4.13. AR U533 9%

FFMO02T 50~200 m Zo]e] &2 ot tl-Fo 2 A,
T 2 AL TEe] =2 HIEE EAoF 3t} o]
A S 555 ko 2] ZAR Fre S
TEE FA8L, o 2 g5 2] IR ks
B 0 2 AKITHFollin, 2008). 234+ ShtoxfE o]z|gh

oko.
pu

Pk o] ek gtk

S,

4.1.4. A28} 78 (geochemical zoning)

Forsmark SDM9] @Al ubA 2 she x)d 20

& T84 54 Apolrt Ak s18h4 2449 331
XS 2R o= Alofgth = Aoltt. 3t s+ (marine)
SRR 239t QEfE HIsiA AslE Alole] HEkst
BAE AR T2 o3 d4HH, ol A" Fx7}
gt 72 AR Alofdks BoFUtH(Laaksoharju
et al., 2008).

4.2. Mslgkel =74 2 pH 2k
22e] A7) A SR ksl 213 pH ¢
& 7FE T83 AEEH ok 7)ol

4.2.1. 34 439 A

Forsmark 29| A% 7328 Autd oz 9] $170]
A olet. Axe] 3 Jel= 24 (hematite, Fe,O5)}
22 AA A AslEo) o3) AlojE|o] PgHoE {4
=i glom, ey ATE 53 o)t e 279 A
2=4J0] 1%t Laaksoharju et al., 2008). =123 (chlorite)}
A (pyrite) 22 TE T FEE] Aee 9% &
£& AT, IA 2ksld fAle HEIL o5 Y

e IR 2a A A2o] 9 aigke.

&
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4.2.2. pH &3 A4

pH 95 282 HE (20 m oW)elHe it F3o}
AESHE O, FrPoE, 18]al A% 100 m o[ elME
TE Wl WallX(calcite)?] 832 dE) A Wl
W7 AR = HafjAlo] AR 8al|=]A] &2 e FEst
&% 58S 2Ju|stth(Laaksoharju et al., 2008; Gimeno
et al., 2008). o|Hg+ X|&}e}7 5 A|2Hle pHE} Ak}
3 23 BFeA A71E S Algste] dEr)E
Ao A R AR 38 S Ak
AE FgITHFig. 3).

43. 0|88, E20|=E ¥ BE 71~

s &% PAE TR it 52 Al &8t
a3 YIS P, T AslER #(H,0/0,, NOy/
N,, §*/S0,%, Fe*'/Fe*y& o]83}e] it A8l Wlollx] A
T3FsbA WS-8 =713 Hallbeck and Pedersen, 2008). -2
PAE 250 2= d 29 vlE2]oH(dron Reducing Bacteria,
IRB), 314 3191 Blel|2]ok(Sulfate Reducing Bacteria, SRB),
ek AT 5ol ERlENeH, o5y &S 5 A3}
k4 2o} AHEAE BRIt o E 591, Forsmark -4
o= BBHE(ST) T A% 600 m o)FIN FTtshs
], ol 3 AxollA St el vhEg|or} s

= S SAE e}

S53S A1 S Hallbeck and Pedersen, 2008).

43.1. F20|=

F2ol== 1 nmollA 1 um L9 dA=, H7EHA|
oot AekrollA HAMY AES S F e AAF
7§ Geke- 3Tt Forsmark A|ske] W 20|12 F
5r= 584 pg/l=, TR 24 ol SPE (=912~ 10~30 pe/L,
T} 300 gLy FAKSE olH, T2 GFE, T4,
4, 3 33HE= A4 H ) (Laaksoharju et al., 2008). %2
oleo A3H fehae F ok FEY oF 10%el &
oo, fehre] T 7% vAVSS 85 o] |
3] =

432. 87>
Az wa} N,, He, CHy, H, 357} 271315, &2
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it 02y - o4 - 48

5 AR 8 7R Ve
E@EL)T A7 AR A @, TR AHEe
HehS dif HAESH 7)ds TR, 54 A3
(KFMO1D9] 445 m A% )elxe AAESH 7199 $30]
HEAE] QI Hallbeck and Pedersen, 2008).

4.4. 322} 52| X[7&tet(paleo-hydrogeochemistry)

=9 (porewater) 17 Forsmark §-32|2] &7
FeRTEEE X3t JALE ERleke H A RS
A& Waber et al., 2009).

4.4.1. 3P gl o] IS5

A SHRE o F9] I 3]4]E Na-Ca-HCO;
FradolA] E943 CaNa-Cl FEOE A& WslE Holw,
vk Mg?' F= (A8t sllg AR FAE AAe) Weks
ol Hlsf B} FAL §%0 B FH g 7% e
Ay Hol, Zefo|2EA o 2ud7|o] HF3
Z4=(old meteoric water) 7|92 AT} &
354 (hydraulic activity)?} =& wjd sxto g J=4vk
ol REH 548 vehH, siE FA7F 2249
ZTo]|2EA| Bt el oE HIgA] dude-S AR
TH(Waber et al., 2009).

4.4.2. 734 o 799 IS5

78Rk ik 9] IS 3]4% Ca-Na-HCO; % Na-
Ca-HCO; #&°] Al=dl we} EqtlehAl moiehH, &L
Mg FEE Ho At sl=0] Y& ArJehH, o=
Aekre] FA% Wyt mjdz wEA FilEo] dY
= JEE JERATH(Waber et al., 2009).

l

to n r

4.43. I3 A3 HIBY

It TRty ZJala Alele] HIE Adel7 24k 650 m
Zo|7HA] T o], 9FA wjde] F=<7} It (ancient)®]
AE ek bt 8E V1SSl e AXKE
T} Cl B *He Ath5Aol| 71Zsl 3572 AlFARRTo]
A 1.5 MaZ FF L2 (Waber et al., 2009; Laaksoharju
et al., 2008), 3P ¢HF o] F=557F FAIRE A Et
Aol WslelA]| efstthe dae s A=A Ak

s70) 714 e SRdels Fo 2t B,

4.5 SiHso| X|5kEHY 0|5 U &
FehES WAMIE 7R P el sk Ay
o)t Laaksoharju et al., 2008; Kalinowski, 2008; Choi et



IFY] A7 1E ASAHES 913 e A FEksE Ex 7 erd A4 2 o WPHE: 299l Forsmark AHEIS 4102 9

rlo

al., 2023). Forsmark®] d4- X|sl5= A|FoA WHAHE =
SehE T At sl RS XERlal FERK w5
=& 715 (brackish) A3} JATAIE Hol7]
o2 BHIE.

e AgeE olF wWAUSH A-EsI,
FEHTS Akl AR HEIL ofdet FERE
(>30 mg/Ly’} TE3F ofsl 9 7golA] Bk ¢
(VD) el = 2sl=]o] §& JeE olsE7] i
349 %] 2ATHLaaksoharju et al., 2008). 3HH, F5=410]
Tl vhe B4 oz HEEl = xHo] § |
T5E & U 83 YAE HefEglen, ol ks
°]57d°] pH, Eh, TR ol ofsf HH o= Ao
S ofmgitt, ¢k, SehE B AlE 24 58
olso] At 1005+ @ F<t AR, o] Sl
5L A9 nRASHE Hslel s s o]
o 2 Aol 7IJE s sixdsin)

-

=

o ¥ 0 R

i
rlo

3

5. E} & 20f ZEnto| oiA|

el T8 SDME SRA0E gEske wHlo] o]
2, A4 wel, el w, §40)% e, AHA &
Wste] 7198 45 S Fal B ST 2%}

Type. Fresh (<200 mg/L Cl)
Depth: 0-150 m (FFMO2/FFMO3)

(Fig. 4). SDM9] 77} 8HA| HokR| 23}, ¢hledst &z &
g, FeRAst, ATt 8oty 54, AEA) 11
T H7R= SDM 5] S = e]ch(Andersson, 2003).

5.1. X|& =ZEitol oA

TR} Bdoie Ad RdERE AFEE A
oot otk ge] 33k TIskete ZEdelaE 7
dE Amng S8t A s18HA 2ol A4
T2l W} oj9A GEREAE sXshs u] Y5 olH,
TEFY AU AT o vl 3] AAle AR
OE e BXE Alojehs 7o A= A3t
(Laaksoharju et al., 2008; Geier et al., 2012).

gk A mdlollM Algshe b Btk B9 A
o 3ol 24 AR ATt Rl E-9b A
28-S fAslke Hl o AT gtk 53] A F3h
W] 8o, debde A3} 59 vES- viAUSS 7
o7 wdlgsh= o Fashy, b wide] ol wek &
2} =T 9 58S A8k pHe 415k K9] (Eh)
Z71E d5she dl E-8ETHGimeno et al., 2008).

5.2. F2|X|1E 2dlajo| oiA|
TR mdylo] dAl= FERTEE SDMelA 71

Type: Brackish Marine (2000-6000 mg/L CI)
Depth: 150-300 m (FFMO1/FFMOZ)
50600 m (FFMO3)

Qrigin: Meteonic recharge

g, ion ge,
possible dissolution of calcite;
redox and microbial reactions

Type: Moed Brackish (200-2000 mg/L CI)
Depth: 100-150 m (FFMO2)

Omigin: Miocture: of metecric and Littorina/Baltic

Origin: Littoring + Last Deglaciation + Saline
Reactions. Water/rock interaction, ion
0-150 m (FFMO3) axchange, possible pracipitation

of calcite; redox and microbial reactions

Redox: Oxidising-reducing Sea water Redax: Mostly reducing
WNW KFM01D KFM02A KFMO3A ESE
om
-—= = =
i
‘-:‘x.."---‘- "-"--'.-_
-— “-F—\_‘" P— =
Fo -
-500 -
- -
? ~k |
e
- A I
? I
-1000 I‘\
Footwall
- ENEGOA | ENE62A B4\ B23
o 1
] Fevon Type: Saline (10 00020 000 mgiL CI1) Type: Brackish Non-manne (4000-10 000 mgiL CI) || Note: Transition compositions occur between the
Footwall Depth: ~900 to at least 1000 m (FFM01/03) Depth: 300600 m (FFMO1) Brackish Marine and Bracksh Non-marnne
Origin: Saling + Old Glacial/Last Deglaciation + 600900 m (FFMO3) groundwater types over varying depth
Bl ez deeper highly saline component Ongen: Oicd Meteonc + Old GlacialLast Deglaciation intervals; this may reflect natural or
ion R g , hon ge, mixing
[ T Hanging wall microbial reactions possible precipitation of calcite;
Redox: Reducing redox and microbial reactions
Redox:
Bl Sampled borehole section -
= = = QOpen single fractures Recharge fiow (s dominantly near-surface and horizontal
Groundwater flow in the gently-dipping deformation zones s partly upwards (weak component) and subhonzontal
N ajor zones i ) into the cross-section towards the NE. Infiuence is greatest to600 m depth, weak 10800 m depth, and non-axistent at greater depths.

Fig. 3. WNW-ESE 2D cross-section through the central part of the candidate area showing the groundwater types and their properties
(salinity, origin, major reactions, and redox conditions). The footwall (FFMO01 and FFM02) and hanging wall (FFM03) bedrock segments
are indicated, separated by gently-dipping deformation zones. Modified from Laaksoharju et al., (2008).
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10 CEURE EDRET LRI

DA wAel . dAE] A eae vt

52.1. 57893 49 7R 2 54 £

2] A=A 99 (Hydraulic Conductor Domains, HCD),
214 9t Y (Hydraulic Rock Domains, HRD), 48]
% E%F 99 (Hydraulic Soil Domains, HSD)S] T8 <=
AT} Bdlof|A Fsl 8t 2A9] I HIlE
ek o] Aol 7t YA Jolgt B3
YAEE FX= Al A7 AR &3 #8S Al
3te, HFAo 2 st F1H4 wWolE AAstt
(Follin, 2008). SKB ARlollA, 15443 il At
37F 600 m Zol7AA] FEF vbA, AT ot
FHelM= 300 moll 131 A =814 BAdo] slehH
2 B vAle AR FEFS BoFT

522, ABE 75 U3 &5 9 154 viuis

SR mdoM AFEe A 7% Wy
&= SRl mdoA slelEe] o)F AR} uks
AZe AASRE 4] wlZRHS=e]Ch(Follin, 2008; SKB,
2010). 53}, A ol Axke YAt 54 A=
54 Aol WEH 71 dR1] ol ARE Ak,
SR o Axel: Sk B el 719
FHSR= d 523 RS AlF3)

5.23. it vid=e] 4t wiyas 2 FE5 54

TR BdoA AlFskes At vl St wiziA
T FeATsEr RddlA F=4e} g Rk 719
sjo1d W Bge waPehs o Bawc 55, A%
4 hE 3@ FEMOplA #E= 35459} s
Aae gre] shebd TR Al Aake sl S
=23 GAH] IS AR, ol AR Hdle]
“A)E Z7(stagnant conditions)” 7HdS S T

83+ SOtk (Waber et al., 2009).

5.24. 774 21 2 At 9= AdEL

TR mdox HAE AA 23039 a5 AdEH
(paleohydrogeological) A|UE] 2= F-2|X]|73}8} Tl A
Asi4 A8} AL slHshe o) BAol. dlg Sol
SKBS] 735, PPt W) olFe] Azt §7), Ak s
A%, W AP B Qe AR oA 2 20 W
BT sl 5 242 A 4 adol,
g 7 s g=ue] 7]gke] Ek(Follin et al., 2008;
Laaksoharju et al., 2008).
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2h

- QA - o 4F - 54

Ho

5.3. 20|15 2| i

T2 A58}t SDM#F 82 o]-55A(solute transport
properties) E@e] QA= b4 Hrte] HE TANNA
53] Fasht.

53.1. RS 4 L AR EFF =d
TR Teler mdoq thAz £33 2 AR Ak
M3)S 538 =29 GRS 38ky 249 &%

H &2 8dolE BdolA 7] 2313 A 218 27

M
o,
offl
>
id
=
o,
R

(G8hE, BE, FYFIAL Fr= 84

A HEY FAZ} JAS 5YS

A5 FEH §4 B IS BPHo BT 5
t

AA BHSKB, 2010; Kim et al., 2017).

53.2. 313H3 A|Q QA € WhE &% A

ATt mdox AL sleks ¥ 532 54
A8l 9 v 8ols EdldA 35H4 7
Q1A (retardation factor)E ZAAsl= ©| AE-HrL}. o]
A H7A] AAARI wiv R S8t TS
sighel Z7i0] Wl wE 83l= wisle) F=ol= 4
7FsARE 4ols Bdlo] Fa3% oY As=E AFEtt
(SKB, 2010).

rorrore &

oL

5.4. X|Z&td DEno| o4
A3 SDME A d Al S8 A A|3Est
Sl

1=
=
Z(surface environment) BT FQ3F AAE 7FXIh

54.1. 35 A3 33Ky £

T A3t oA =EF
20~200 m)®] 3152 54 HEe AEEE EdolA
BREFEE Frkshe d AREH. 58], A7 87 ol%
°F 900, HPE} AFE we sheby v AR
W3} S AxoX Y 4 wstel AejA ek
B7¥eke Hl Aol A (tritium) s FAT
A 5L A Aekre] AlF ARES AR, A%
37 Bdox AR g deAe-e] AT HEE
A= o] E-8-Fth(Laaksoharju et al., 2008).

E
=

542 ARGAES 4528 L Q%
= o]l (fresh-

Fe|ATEler BdoA dSH He-as
saline water interface)2] $|X|¢} o5 AL A|x3TH

=
Sdlof| X At AejAle] 9E = W3lE Brlske

o r

of



AES] AR IE ATAES A% AT FA e R A B W E: S99 Forsmark ARITE 422 11

83 JRE AFITt SKB A, At g g
A= FA Hre] T e ARIPAN B

et al., 2008).

54.3. AA HAM §F 2 vF 940 Wi T

FeATEE}E mdox HrHE Sk, g, ke T
A AW T SEEY TR B¥E A 24
oA Z}<A w7 “F(natural background concentration)s
ARk F83k 7)ol "k IR AalrollA] daEE
2 ke w59 7ol tig FERTEEE A
(Kalinowski, 2008y ¢ A& AldollA WEd 4~ 3=
WAME dEe] SRS W7 v AR i =k
Hlal 242 7FseHAl gt

5.4.4. AT 8 L 318y =4

FE|AFele mdoM =&E HAa, 9, & 5 T8
FEAFY Azl Ul =} 2slE e A3
oA ARG} =2H(biogeochemical cycling)S
Fdygshs o 88Tk ARl BREE B 219
rislel e B nAE Eea YT =3
HXe JES Frkshke W 8% 11 Akge] Hrh
A FrEs 53 JFATY AR A FF 17
Arhda AejA Tzl AHARI IS vIHER, S
A73le B oS Aie A% i) AH|EH
7t AR 9 252 EEHTHSKB, 2010).

6. TU MES flet YHEN ndAt

A AESE SKBe] 8] A58} SDM W& 2000

Ao Zhkel] e AAIZA, A3 2 Al EA9]
7= o8] fraEsitt. ey AFsle Bulg w5 9
g} gloJefmo] 2] W, QEAA FX|HHE 3179
S, 1Al g A|-@EE] g B4 1ed o,
=] A8 JHelM = WPHEZ 734lo] ks ojof gkt

T E AF Askre] FE|AFsleHE S/d3ste}
g JP A7 FH =] STk Ryu et al.(2012)2
St A E AT A8 A (KAERI Underground
Research Tunnel, KURT)®] A% Al5F A58 tldoz
PHREEQC #7388} RdH-S F=3slo] &4 e2hg
HAUS AP F3), el 884, ol wghs
Ao 7 Ba519om, Kim et al(2023)2 KURTeNA
FRE A AFRFT 7HE A1E, G A,
FAA A1 5o T MES AAE bk Aok Yu et
al. (20212 ¥ A el Z23F 750 m AR AlF
FollA] olFTA HH| AlEE o] 83 AN Elsiet AL
WHES et g3 A5 Ak 2AL 79| 71E

A& AAEATE A2 Kim et al. (2025 2482 kS

[e=]
=
3

AEshe A Aemad, Bes, A 50 A5
A3 FATH} B GRE S0 Hlaslel,

sk Aslr 2109 wA1A AAE Botd F e 7=
AEE AlFSHA. olEst ] HPATFE2 oFF] SKBY
A|AA SDM WHEF vlashd 7 AT <ol HET
Jot, e FIH SDM TS A% 71x AR}
WEA APS Alsska ok

6.1. P28 H|o|E{H|o|A2| BEHs}

SKB®] F2]A7:3}8} SDMellX] PHREEQC 7|9+ 2|7
)5} mHlgfo] AR WATEQ4F d]o|EjH|o]2~(Parkhurst
and Appelo, 2013y= F=8 o]} ARk FEol| T3l FH

Table 4. Major thermodynamic databases applicable to PHREEQC-based geochemical modeling for radioactive waste disposal

Database Developer

Key features

Activity model  Ionic strength range

WATEQ4F  USGS EQC

Major ions, common minerals; included with PHRE-

Internationally peer-reviewed actinide data (U, Np,

WATEQ/Davies < ~0.5 mol/kg

NEA-TDB OECD/NEA Pu, Am, Tc, Se, Ni, and Zr) Ton-association Standard conditions
.. ANDRA/NWS/ Extension of NEA-TDB for nuclear waste disposal; .

ThermoChimie g AF PHREEQC format available SIT Moderate-high

PSI/Nagra PSI/Nagra Actinide and radionuclide data with SIT parameters SIT Moderate—high
(Switzerland)

THEREDA HZDR Cornp?ehenswe Pitzer parameters for deep disposal Pitzer Up to ~6 mol/ke
(Germany) conditions

. USGS (PHREEQC . o .. . . Up to ~3 molkg
pitzer.dat built-in) Major ions in high-salinity solutions Pitzer (NaCl)
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12 45 - 319 - A - AP - PR - OFH - o WS-

st @98t A5E AFSFA|RE, JE U] = (actinide)
Aol EA ) (speciation) A&7} Ao, FFw
Alg= BA°] Davies/WATEQ 820l 7|uksle] o]
Z& = (ionic strength) €F 0.5 mol/kg |5l AT A=E 4=
ATk AL k. webA ol e BA mdly) st
dlo|Efu|o] 2] Mele SDM 5 Z7]9 gylsljop &
g4 Apglolt,
A PAME71E A okl &8 7hss 8 &
8} glojEfHl|o]~E Table 401 F2|5HiTt.
=] SDM 7Hd Alelle FA] AJ59] o] A= HeE
Abdel metelar, ool Agst e x RS Mk o
=] [e]
-

7]Z WATEQ-} MINTEQA 7|8} Hlo]EjHjo]~g Sk-a}
LH(Choi et al., 2008), A4 357+ EASF= 735~ SIT(Specific
Ton Interaction Theory) B=i= Pitzer R 2 2] Zgto] HQ
shH, o] 7% StEjvel= EXF e ol gt AEe] W
Aol HAw]ojof it

6.2. 3X1 7S A U3 8Fo|s 2HEQ FH2

SKB7} AF8-3F ConnectFlow= Discrete Fracture Network
(DFN, o]t #<&€ JIE{=)3} Equivalent Continuous
Porous Medium (ECPM, 57} <14 TF&-2 wjiA]) 7+ 42A
4y 7155 2 8 Z=o]XTHFollin, 2008), Eko]A
2 M8} F1= H2Ae] Alofe] ot FHE thdsE 4
Rdyg It WA EVIE AR ATl A5 285
2Jol(Table 5), = SDM 7ol Alo] A& 7FsAS
AES 97} o

PFLOTRANZ |5 oA F-(DOE) 4}l Sandia =
AT AAAE hHAd HIE 2 A9 = (Geologic
Disposal Safety Assessment, GDSA)OA] 3]4] A]EH o] A
dzlez elE ot W¥E v 88ols F=olth
2784 719k ] k] wiAlelA 3 d rRe] Rske
3}l 213lE BALSE A& o] 9lo™, Los Alamos = HA

eE

Ho

TaollA] e DN 2491321 dfaWorks(Hyman et
al., 2015)9} &3l o3t g WESHZ U -5 2
BAolES A3 BARE k. dihWorkse 28E2] B
FE5E402 AYE TE UEHT] sl ECPM 719k
FEAL LGS A nk ope}, ) i v 7o)
BEAES AR R asks HES A AlEsith
OpenGeoSys(OGS)= tha-d & )| wjAe|M ] -4~
-8} 38 THMC) 23 #gS BARRE f3has 7Rk
QENS FEZIA, FA HHE AT A 4 g9
OpenWorkFlow oA A A& oHZE &85
AT} Park et al. (202414 ] atedst 2 IEA
SDM ZH=ollAl 0GSE 7=t vt Qlof, el A3}
SDMNE 5Y F=5 &8 45 A 53 24
gol A R FFE 4= ok

£3] PFLOTRAN, dfnWorks, OpenGeoSys & LZ4A 2
F=o] &8-2 Ao AEAY FEAES FHskaL, IA
AT UES ALY FES Fxlsk= el Aok ot
ConnectFlow?] DFN-ECPM 53 d2AU= AA <}
e 715 7 ool gk 2= Wl Byt
ARyE dart o, ol FF Hr9 Ve HEVL
2% FAolt} A, tHAE ¥4 -8 o5 (multi-
component reactive transport) 2% 2] -9~ PFLOTRANS]
W 715 9= TOUGHREACT(Xu et al, 2012),
CrunchFlow(Steefel et al., 2015) 5°] & 7}s3sht, 2
7 7]uIgke] DEN 7Iuk wagste] 238 Al A
o] glo] FF == 7 Ml Hrbk Basich,

6.3. 3= X[ &td S49| Hid

gho] A F@eH-S SKB AHS #|'=2Fl o} /A
(Fennoscandian Shield)?} 7%= 548 7IA =&, SDM
WHES AR e A 8ETs B 28] dasit

AR, IEe] S #=git]ol 3RS Mzt

Bejol7](1.8 Ga o) st} 2] S Fzhr]-

Table 5. Comparison of major numerical modeling codes applicable to hydrogeochemical SDM development

Code Developer License

DFN support

Reactive transport Nuclear waste applications

ConnectFlow Jacobs (UK) Commercial

PFLOTRAN DOE/Sandia (US) Open source

dfnWorks LANL (US) Open source .
meshing

OpenGeoSys Helmholtz UFZ Open source

(Germany)

DFN-ECPM upscaling

Via dfnWorks coupling

Native DFN generation and

FEM-based fracture elements

SKB Forsmark/Laxemar

External coupling SDM
Built-in

(multicomponent) GDSA framework (US)
Crystalline rock DFN
studies

OpenWorkFlow (German

site selection)

Via PFLOTRAN

iPhreeqc coupling
available
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IFS AV E ARS8 FelAlTSe BRI e R d 2 9 PE PREE: 299 Forsmark ARIE S40E 13

oF7)(F 200~65 Ma) TAAN7E $ASICE HAle) 915 2}
ol w8 54, BESA oY, I5F AFARE Sl
Ao|5 e & glomz whAESre] Agolo} yElR|
A AU oA o5 whgdsliof gt

A, Foot = 7%l gt AR A dEe
A3} A HAUET FEALRE"00, 1) S0l
A4 &S PRI Forsmarke] SdE AA (A
A, W, ALt s, WA 8 slie2gitio}

00
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