Hydrogeological Modeling of Radionuclide
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and leper Clay
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Abstract Deep low-permeshility clay Tayers are congidered as possible suitable
environments {or disposal of high-level radicactive waste. In Belgium. the Boom
Clay 1% the reference host Formalion and the feper Clay an aliernulive host Torma-
tion for reseavel and safety and feasibility assessment of deep disposal of nuaclear
waste. In this study, two bydrogeslogical models are built 10 caleulaie the radionu-
clide Muxes thid would migrate from a potential repository through these two clay
formateons, Transpor parameters’ heteromeneity (s incorporated in the mudels us-
ing stochustic sequential simulation of hydraulic conductivity, diffusion coefficient
anel diffusionn accessible porosity, using primary information and several types of
sevondary information, ie. resistivity, gamma ray and prain size. The caleulaied
radionuclide fhuses i the two olay formations are compored. Results show thal in
the feper Clay Jarger differences hetween the fluxes through the lower and the Bper
cligy boundary oooui than e the Boem Clay, larger wital ompus sadivouchde smowits
are valeulated than in the Boom Cly, and o lareer effect of parsmeter heterogeneity
o the caleulsted Buxes is observed, compared w the Boom Clay.,

I Introduction

Sale disposal of nuclear waste is an important envirsnmental challenge, Beveral
countries are mvestigating deep geological disposal as 3 Jong-term solotion for
At high-tevel waste, Tn Belgivm, the Oligocene Boome Clay s the reference
host formation For research purposes and for the safety and feasibility assessment
of the deep disposal of high-level andior long-lived radiosctive wasie, The clay
favers of the Bocene Teper Group (he Kormdjk Formation and Kortemark Mem-
per) are an alernative host fvmation Jor the rescarch and assessment of o deep
dizpusal soluiton for high-Jevel andfor loap-lived radioactive waste in Belgium
(ONDHRAFNIRAS, 2003
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The gim of this study is 0 colealate and compare the radionuchide Auxes thal
wetld migrate from a potential repository throuzh the elays o the surrounding
aquifers. Radionoelide transport through the clays into the surreundmg aguifers is

culoulated by means of & hydemgeotogical mode] of beth elay formations. The mode)
restlls for both potential host formations are snalyzed and compared. Since the pre -
vions sludies of thie Boom Clay (Huysmans and Dassgrguves, 2005 Hovsemans and
Dussargpes, 2005b) showed that spatial variahility of the o SPOTE PAramerers may
have an effect on the calealated radionuelide fuxes, the bydrogealogical muodels
in 1bis siady Incorpovate paramicter heterogencity, Hydrsulic conductivity, diffusion
coetlicient and diffusion sccessible poresily heterogencily was included in the by~
drogeotogical models using geostatistical simulation,

2 Method
2.1 Study Kies

The Muol-Dessel one (provines of Antwerp} is the reference site for research, de-
velopment and demwnsteation studies on the Oligocene Boom Clay, I this zone,
an viederground experimental Bwility (HADES-URFY was built in the Boom Clav at
223 m ddepth. Io this arca, the Boom Clay hos a thickeess of abour 13 m and is ove
lain by 180m of water bearing samd Tormations, The Doel nuclesr vone EprisvinCe
o Anbwerpy is an alternative relerence site for methodol sgical studies regarding the
Focene leper Clay, In this zane, the clay bayers of the leper Groug fthe Korrrijk
Formation and Kortermark Member) are sitnated a1 a depth of gpproximarely 330m
anel have @ thickness of about 100 m.

2.2 D Anclysis

Two deep burcholdes on the MolfDessel site and the Doel npclear rone respctively
provide ihe data for this study, O the Mol Dessel site, 2 570 m deep borehale (M-
L borehole) was drilled. Several transport and peclogicsl puranwters (hydrwulic
comductivity K. diffusion costficient 1, diffosion aooessible paoresiiy Tp and grivia
wu have been intensively measured in the laboratory on cores taken at the Mol.

P borehode, T commplersent the knowladge about the pritnar i ovariahles of iner-
it medsurements of secondary varlables were alse callected. Geophysical fngaing
was perfonmed in the Mol-1 borehole 10 obtain Jogs of gamma ray, resistivily and
nuclear magnetic resonance. The resulning data set for the Boom Clay eonprises
32 hydraulic conductivity values, 41 diffusion coctficient and diffusion sccessible
POTOSILY INCHSUTCINGIES, & gumemi ray Jog, un clectrical resistivity lag, 71 graim size
measurements wwd a porosity log estimated feom the nuclear magnetic resonance
log. On the Doel nuclear zone, @ series of borsholes was drilled near the Dol oo-
claar power saation (an Marcke and Laencn, 2005}, The deepest horehale reaches a




Eadionuclide Transport in Hotemgenenus Low-Penmneshility Media 213
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depth of 638 m. Laboratory experbiments on cores From the Doel borehuoles providad
25 hydraulic comductivity values, 25 diffusion coefficient and dilffusion secessible
groTosity meastrements and 49 grain size measarements of the leper Clay. Geopliys-
wal logging provided logs of gamma ray and resistivity,

Comgparizen of the statistics of the parameters of the Boem Clay aod Teper Clay
{Table 1) shows that the ransport parameters have similar values for both clavs,
Compurison of the correlation coeficients belween the parameters (Table 2 shuws
shad hwdraulic conductivity smd diffusion coellivient are hetter correlated with the
secondary variables in the Boom Clay than in the Toper Clay.

Creosiatistionl estbmasors, e, visioprams and cross-variograms, were ealenlgted
and modeled for all primary and secondary measurements. Yartograms and eross-
wariogramis of variables are modeled as the sam of o nugget model and o spherical
puwlel with g range of 35m for the Boom Clay and 24 o0 for the leper Clay,

Table T Coreelation coeficients betwoen the parameters of the oo Chay and the Teper Clavs
{Huysinans sod Dassargoes, 20061

Bawn Clay leper Clavs
Jagn K, - T 057 Q.85
By Ky - {44 (8]
sy Foy - CFR k5 -1.53
Iy K, - RES TRE {141
log Ko - g size (.35 7%
13- 7 i3 (3, K03
13-GR ~.6:3 -(13%
D-RES (b6 (L33
I3 - grum siee k%3 0,92
1 - il 1.0 {148
1 - RES i3, 24 3,36
f] - orsin sivg {r28 (1413
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The sills are fitted by the opiimization program LOMFITZ (Pardo-Brozpiim and
Plowed 200023,

2.3 Stochastic Sequential Simulation of the Transport Parameters

The Boom Clay and the Teper Clay shows o lateral comtiouity that largely exceeds
the extent of the local seale model, Therefore 71 is swsomed thad the progeriios
of the clays do not vary in the horizonial direction and are- sdimensional verica)l
pealizations of hydraulic conductivity, diffusion sccessible pﬂﬁmh‘ and diffusion
coellicient are genermied. The simulstions are performed using direct sequential
simulation with histogram reprodoction {Oz et al. 20031, Fieures | and 2 show
examples of simulated fields of hydeaolic conductivity, diffusion costlicient
ditfusion accessible paresity in the Boom Clay and the legrer Clay.

2.4 Hydrageolngical Models

A lowal 3D bydroseological model of the Boom Clay and & model of the feper Clay
are constructed. Both models have the some give 20m » [5m » 1072 B )
sl gricd spacing (between 07 myoangd | o, The vortical bomndary combitions fog
growndwister Bow are zero flux boundary conditions since the hvdraulic zradient
is vertical. The horizontal boundary conditions for groapmchwaier How are Diricklc:
conditions. The vertival hydraotic gradient is appeoximately 0.02 in the Boom C Ty
CWemaere aud Marivoet, 19957 ad 0.25 in the Teper Clay (ONDRAF/NIRAS 20 W2y,
The wvertical hydrawlic gradient in the feper ¢ lay is more than teelve thnes larger

Simulatsd oy hydrauiis Simulated diffusion Simulated diffusion
earduciivily (ns) coefficient [ma] actesdible porosity [-]
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Fig. T Simudated h'u draulic Li}I'IL]!.h.H‘llﬂ' fnrfx), diffusion coeficisnt {m ds ¥ ond dilFusion accessihle
parisity (-1 of the Bomm Clay 11 the Mol-1 borshole (Huvsians and Dassares, 7008
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Stmuisted log hydraiic Slmuinted diffusion Simulaied diffeskon
condutiivity {mis) coefficiant [n'fs] accessible porosity [-]
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Fig. 2 Simulated bydeaolic comlusiiviey (rfe), diflusion coeflicien (/)
pornsity -5 ol the Jeper Clay in the Doel bore

than in the Boom Clay and oriented in the apposite direction. Aldthough it s likely
that these gradients vary over the long iime periods considersd, they are assuned o
be constant in this study,

Transport by advection, dispersion, molecular Jiffusion and sadioastive decay
is caleulated for 3 radionuctides: ™Se, ™1 and " Te. The houndary conditions far
tratsport al the upper and kower boundaries are zero concentration boundary condi-
teans {Mallants et al., 1999 since the hydrantic conductivity contrast between the
Clay and the aguifer is so Lurge that solutes reaching the boundaries are assamed 1o
bz flushes] aweay by advection in the aguifer. Tn both madels, the same sobree et is
mserted: an applicd flux source or an applied concentration source depending on the
effeet of the sobubility lirit (Matlangs ot al., 19997, The initial transport condition ix
& 2erd comcentration condition.

The 2 focal 3D hydrogeological models are run with FRACIDVS, & simalator
tor three-dimensional grourdwater flow and solate transpt in poroas, discretely-
fructored porows o dud-porosity  formutions (Therrien  and Sudicky, 1994;
Therrien ot al., 20037, The models are ron for 10 different spndon combinations of
simalations of hydraolic conductivity, diffusion coefficient and diffusion accessible
PROTOSILY.

3 Resulis

Figure 3 shows the computed totdd radionuclide Duxes thraugh the fiwer and up-
per clay boundaries of the Beom Clay and the leper Clay for 10 different el by
probably simulations. The wotal amwunt of radionuctides leaving the clay M (Bg)
was caleulated as flux integrated over time for cach simmulation and s also indicated
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Fig, 3 Competed ol radioneelide fuces (Bafveart versus Gime (year) through the lower and
upper clay boundaries of the Boom Clay wod thee Teper Clay for Y different realboations of ramdom
fetds of he ransgct pardimetors (Hoysmans and Dassargies, J506)
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on Fig, 3. For the Boom Clay, the difference between the total radioneclide aimoant
leaving through the lower angd upper clay boundary s between 6% [;’-"‘IL} and 2345
(7Sa), For the beper Clay, the wtal radionuclide suneunt lewving through the wp-
per clay boundary i between 2.6 ('Te) and 4.8 (™S iimes larger than the total
radionuclide amount leaving through the lower clay boundary. Comparison of the
il radionuelide amounts keaving the Boom Chay and the Teper Clay also shows
that approximately twice as mueh radionuclides feave the leper Clay compared o
the Boom Chay.

A comparison s made between the radinnuelide smounts leaving the eluvs cal-
culated with heterogeneous simulitions and homogeneous models with  homoge-
aeous ydeaulic conductiviey, diffusion coefficient aud diffuzion soeessible poTasily
ciqual w the arithmelie averages of the measurements. Arithmetic aver ages nstead of
cilective parameters were chosen to compare the heterageneous models of this stady
with earlier homogencous models made by other szeacies that used the arithmetic
wverage. Por the Boom Clay, there is a masimum difference of 27% betwoen the
radtionuelide amounts calealated by the homoncnedus and heterogeneous moxdels,
For the leper Clay. there is 0 maximum difference of 59% between the radionoclide
wrianls calewlsted by the homopensous and heterogeneous maodels, These viloes
show that incorporating parameter heterogeneity has a larger effoct du the eper Clay
thai i the Boom Chay.

4 PHscussion

Eh:: uppﬂr eliy b(mmiary fmd iarg 3 mm,[ mxt.puL ]‘uldlm!]ll;k ide ctm-r}-ufnta re {‘:u}asu.—‘
ltgad than in the Boom Clay. Differences Betwean the .1?[2‘;,1:4,&5 through the lower
andd the wpper olay boundaries can only be anributed to trimsport by adveetion
since in o pure diffusion model with 4 source in the middle of the clay the sutp
ftuxes through the lower and the upper clay bowndar v owoukd be identical, These
resubts show that the effect of upward advective Tramsport i the leper Clay s
much larger than the effect of dewnward advective transport in the Boom Clay,
Since all flow and transport parameters have similar values in both formations.,
this difference i resulis is probably due o the difference in hydraubic gradi-
ent. The gradient in the Teper Clay is more than twelve times ar arger than in the
Boom Clay amd oriened in the opposite dicection, This sesolls in o lrser con-
tribution of transport by advecdon in the Teper Clay than in the Boom © fay,
larger differences between the fluxes through the lower and the upper olay hmund
ary amd larger total outpur sadionuctide amoumis i the feper Chiy than in the
Boom Clay.

The larger effect of parameter heteropenei iy 1 the Ieper Clay compired 1o
the Boom Clay can also not be completely explained by differences in PUCAmeter
variability. All ransport parsimeters have mean valoes and varianees in the same og-
der of magnitocde, as demonsirated by the statistics in ‘Table 1, Detailed axaminat eyl
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of the effect of heterogencity in the Teper Clay shows that the heterogeneity of
hydraolic condoctivity has a larger offect than the heterogenelty of the diffu-
sion parameters i this clay, The barger cifect of purumeter helerogeneity in the
teper Clay s thevefore mainly a larger efiect of hydraulic conductivity herero-
geneily in the leper Clay Lc}mpdwﬂ tr the Boom Clay. Since the hydravlic con-
ductivity varianion s not sigoificuetdy larger m the Teper Clay compared o the
Boom Clay, the higher effect of & heterogeneity is probably also caused by the
larger gradient. Sioce the pradiem is Jarger, tranport by advection is g more fm-
portant process in the leper Clay. Therefore, the resulis are more sensitive o £
hoterogeneily,

5 Conclusions

In this study, the radionuclide fluxes that would migrate from a potential noclesr

saste vepositony tuough the Boom Clay and the Teper Clay were modelad and com-
pared. Two hvdrogeological maodels were built to caleulate the radionuelide Auxes
through these two clay formations, Transport parameler heteropensily was incor-
prorated in the models using geostatistical co-simolations of hydeulic conductivity,
diffusion coefficient and diffusion necessible porosity. The calenlated radionuelide
Ml i the two elay formations were compared with the nesults rom homogeneous
moidels und with the results of the other clay formation.

A first conichusion of this snedy is that differences of up o 5955 of the caloulated
output radicnuchde amounts between j'lﬁtEfi},gfﬂl‘tﬂ‘il’U'S and homogencous models sre
observed. This study thus demonsirates that parameter heterogeneify can have an
important effect oo e results and s:h-f.utiii be ineorporated in ranspon stodies in
e peaneability media,

Conmparisin of the tesilis of the Boor Clay aod the Beper Clay show that in the
teper Clay {1} larger differences between the fluxes through the lower and the upper
cliy boundary vecar, (27 larger wld outpe radicoselide anioonts are caleulated and
(4w larger effect of parameter beterogeneity on the ealenlated fluxes is observed,
compared to the Beom Clay. These results are explained by the larger and inversely
sietted hydreanlic gradient in the Teper Clay that vesults i 1 lavger importance of
transport by advection in this clay. Since both the rmdionuclides fluses and the effect
of heterogensivy on these Buxes wre largely alfected by the direction and magnitede
of the hydraulic gradient and since the gradient in nuclesr waste disposal stodies
1% subject to lurge uncertainty due to the large time periods considered, this study
iflustrates the bmportance of using & range of possible bydraulic gradients as imgpug
foor salety studies.
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