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Abstract

Clay-rock formations are under investigation in esaV countries as a potential host of
radioactive waste repositories. In order to assksslong-term safety of these concepts,
retention distribution data (Rd) are needed to mesdhe interaction between radionuclides
and natural rock. While Rd values obtained fromchdype experiments with dispersed
material are essential for the development of teiermodels, it is also important to generate
retention data under more realistic conditiongdrticular with compact samples. Specifically,

the literature data on strongly retained radiomediproves to be very scarce. The present study
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focuses on the retention of europium at trace autnagons on clay samples extracted from the
Callovo-Oxfordian (COx) formation in France. Rdweas obtained with compact COx samples
are assessed by a methodology coupling percolatiperiments (in pressurized microcells),
performed using submillimetesized samples in thickness, and Laser Ablation dhidely
Coupled Plasma Mass Spectrometry measurement®d foaind at trace concentrations under
non-transient conditions are high (Rd ¥ L g*) and in agreement with those recorded under
classical batch-type conditions or those deduaad the distribution of naturally-occurring Eu
between the pore water and the clay rock. Theybeadescribed by modeling with existing
sorption databases, considering an adsorption gsooaly on the clay fraction. This was
validated by solid state LA-ICP-MS analyses of ohéhe Eu-spiked COx samples; the added

europium was found exclusively in the COx clay fia.

Keywords. Retention, Clay rock, Europium, (LA)-ICP-MS, Pdatmn.

|. Introduction

The development of nuclear energy requires satgisak for managing radioactive waste. The
worldwide consensus on the best way to protect nuifeaand the environment is to dispose
of this radioactive waste in deep geological refpogs. In France, the Callovo-Oxfordian
claystone formation (COXx) is under investigationaageological barrier to lower the fluxes
from the waste towards the geosphere, the hydros@me biosphere (ANDRA, 2005a; Sellin
and Leupin, 2013). This clay-rich formation, lochia the Meuse/Haute-Marne site (Eastern
France), is characterized by low permeability, mategical homogeneity, high retention
capacities for radionuclides and little variationother physicochemical properties (ANDRA,

2005b; Grambow, 2016).
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To assess the long-term safety of this repositibey it is important to understand, characterize
and quantify the retention and transport propertiesadionuclides in the host clay rock.
Retention processes, such as adsorption on migserices, precipitation as poorly soluble
pure solid phases, co-precipitation in the formated minerals (neo-formation of a solid
solution) or incorporation into solid phases, catag the radionuclides migration (Maes et al.,

2008) for a sufficient time to allow for radioadidecay.

"Safety analyses" generally consider adsorptiorcgsses (typically described by a list of
retention distribution data, or Rd values) leadimgetardation of mass transfer. Scientifically,
for clayey rocks, these Rd values can be understmpdcation exchange and surface
complexation reaction describing the concentratiblabile species in rapid equilibrium with
a surface and a solution as a function of a nurmbenvironmental variables such as pH, pCO
ionic strength, etc. The formation of these laBjpecies can be described by thermodynamic
approaches. The modeling of radionuclide adsorgirocesses in the clay formation requires
numerous input parameters, many of which have Hewarmined under laboratory conditions
with pure clay minerals. Experiments are carrietioibatch-type mode in a state where the
solid is dispersed in large quantities of synthptice water for reasons of either duration or
ease of experimental implementation. The experisarg quite simple, relatively fast (a few
days) and able to be performed under a varietyabif@ontrolled conditions; also, the data can
be used for assessing the dependency of retenticameters on the local mineralogy of the
host rock and its variation, on temperature, orpamameters describing the pore water
chemistry such as pH, pGQOredox, other chemical species as aqueous silicealinity
variations. However, it is essential to ensure tin&t adsorption parameters obtained on
dispersed materials are capable of describing ptisorprocesses on the actual compact

rock/pore water systems.
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A relatively recent review (Miller and Wang, 201&) the subject highlights various aspects
that can lead to differences depending on the efatempactness of the sample (surface-water
reactivity, accessibility of sorption sites, elestiatic considerations, double-layer overlapping,
etc.). For the case of Cs, Van Loon and Glaus (R8f08cally examined the application of
thermodynamic models on highly compacted statesse/lan hydration energies may differ
from those in the dispersed state. This importabjest must therefore be treated for each class
of key radionuclides, which entails developing noelh capable of determining retention

parameters for compact states.

In the ideal case, it would be possible to cartybatch-type retention experiments in a compact
system, i.e. waiting until a non-transient stateemched when the radionuclide concentration
in aqueous solution (in contact with the water-sdted porous system) and the radionuclide
concentration in pore water are equal. Under theseditions, the concentrations of
radionuclides both in pore water and retained andblid surface can be measured, which
serves to calculate the distribution coefficiensa&ing the retention (Rd) value. However,
achieving a non-transient state can take a long tioe to the low permeability of the studied
compact clay materials. This approach appears tedmsble for highly compact states with
poorly or moderately retained radionuclides. A feumber of studies can be found in the
literature for: 1 (Montavon et al., 2014), C¢André et al., 2009; Chen et al., 2014b; Oscarson,
1994: Van Loon et al., 2009), Ni(Montavon et al., 2020), and?5(Van Loon et al., 2005).
Overall, no clear evidence suggests that increasaygcompaction will lead to a fundamentally

different uptake of radionuclides.

For strongly sorbed ions/radionuclides, like trer#tl metal ions, retention data are often
deduced from in-diffusion experiments, where infation is derived from a transient state
(Descostes et al., 2017; Glaus et al.,, 2020; Kasaal., 2016; Wang et al., 2004). The

information on metal retention is reliable providedecies mobility has been adequately
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described since compaction potentially affects bdiffusive mass transfer and retention.
Therefore, it is fundamental to develop for strgnglorbed elements, in parallel with
transport/diffusion experiments, a set of method@s yielding retention data in a non-
transient state (i.e. concentrations of radioneslidoth in pore water and retained on the solid

surface can be measured), in order to assess tiygaction effect on retention processes.

The objective of this work is to propose a non4iant method adapted to the retention study
of strongly sorbed elements on compact clay rockpdas. It combines the use of pressurized
PEEK (Polyetheretherketone) micro cells, theremjting adsorption phenomena (Aertsens et
al., 2003) and accommodating submillimeter-thickngkes, with a percolation mode to
accelerate transport so as to overcome the distay@ of a long experimental duration by
using diffusion cells (Montavon et al., 2020 ; Chetral., 2014b). After the experiment, the
strongly sorbed element is analyzed quantitatieglythe (inlet) surface and in depth of the
compact sample by means of Laser Ablation Indulsti@@upled Plasma Mass Spectrometry
(LA-ICP-MS). This technique turns out to be essdnn the present context (due to its high
sensitivity and spatial resolution) to determinimgetal ion concentration in metal-spiked
compact samples as well as to assessing its distnmbamong the various mineral phases

present in the clay rock.

The methodology adopted in this study is appliedh® Eu/COx system. Indeed, Eu is
considered to be a chemical homologue of certaialént actinides, such as Am or Cm, present
in radioactive waste (Kautenburger and Beck, 20EQjyopium retention values published in
the literature are high and range frori8*to 1& L kg for trace concentrations, thus reflecting
a strong interaction with COx clay rock (ANDRA, ZB¥) Descostes et al., 2017; Schott et al.,
2012). Retention data obtained in the compact arateompared herein with data measured in
the dispersed state and then discussed in lighdtbf modeling results and a study of naturally-

occurring Eu in COx clay rock.
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1. Materials and methods

A summary of the experiments carried out in thesgné study is given in Table 1.

Two types of experiments were performed as pathisfstudy, namely: batch-type sorption
experiments on crushed COx samples in a dispetaég] and percolation experiments with
compact clay rock. All experiments were conducted & 22 + 2°C in the presence of a
synthetic pore water (SPW) whose simplified comppmsiwas based on geochemical modeling
exercises ofin situ samples (Vinsot et al., 2008; Gaucher et al., 200&'] = 4.6x102 M,
[K*] = 103 M, [Ca*] = 7.4x10° M, [Mg?*] = 6.7x103 M, [SP*] = 2x10* M, [CI] = 4.1x10?

M, [SOs?] = 1.6x10? M, inorganic carbon = 4:8.0° M (in equilibrium with calcite), and pH

= 7.3. Inorganic carbon was controlled by use2(CR; (1%) gas mixture (&2 = 102 atm)
either in a glove box (batch-type experiments) prbioibbling inlet solution (percolation

experiments).

All solutions were prepared with ultra-pure dei@udzwater (18.2 .cm) and with
commercially available chemical products of anaBbitigrade or superior. For the SPW
preparation, analytical grad®9% ACS reagents (NaCl, b&0; 10H0, CaCh 2H.0, MgCh
6H.0O, NaHCQ, KCIl) and SrC4-6HO product from Sigma Aldrich (99.995% trace metals

basis) were used.

A stock solution of EuGI(99.99% trace metals basis, Sigma Aldrich) wasl ts@btain initial
concentrations of Eu between 219° and X107 mol L. Sources ot°%Eu (Eckert & Ziegler)

in 0.5M HCI (with 1Qug/g of carrier) and HTO (Eckert & Ziegler) servedradioactive tracers.

1.1 COx samples
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The COx samples used were obtained from the Measgé-Marne Underground Laboratory
(depth:= 500 m) located in the eastern part of the Pasgbahey originated from boreholes
drilled by Andra (French Radioactive Waste Manag&mAgency). The mineralogical
composition and proportions of the major phase lween extensively described in Gaucher
et al. (2004), ANDRA (2005b) and Lerouge et al.1(0 This composition mainly consists of
phyllosilicates (40-60 wt%, mainly illite and mixéayer illite/smectite, kaolinite and chlorite),
carbonates (15-45 wt%, mainly calcite and dolomitxtosilicates (10-40 wt%, mainly quartz
and feldspars) and minority phases such as sulf@d8svt%, mainly pyrite) and natural organic

matter (0.5-1 wit%).

After drilling, the samples were conditioned intigint aluminum foil filled with nitrogen,

transported to the laboratory and then stored th#il opening in a MCO» (1%) glove box.

For the measurement of natural Eu concentratiotigipore water of COx, seepage water from
the Callovo-Oxfordian clay-rich rock was collectém borehole GIS1002 in Andra’s
Meuse/Haute-Marne underground research laborafbrg.16-m long horizontal borehole was
drilled at a depth of 490 m in the clay-rich layEhe water sample analyzed was collected 10

years after the borehole began to produce watem@&on et al., 2015).

|1.2 Batch-type experiments

Europium retention on COx was investigated by medihstch-type experiments as a function
of Eu concentration at a fixed solid/liquid (S/&}io (0.5 g ). An appropriate amount of COXx
powder (grain size < 200 pm) was dispersed in SRV85-mL Nalgen® Polypropylene
Copolymer (PPCO) centrifugation tubes. After ong dimechanical agitation to equilibrate
the “SPW/COx/atmosphere” system, Eu was addedestispension. The Eu concentration
domain was chosen (by modeling) so as to avoigeegipitation of Eu hydroxide or carbonate
solid phases (see Table 1). Preliminary experimgintsved that a contact time of at least 4

7
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days was necessary to reach sorption equilibrignindicated by constant Eu concentrations
in the aqueous phase, within the uncertaintieg, fasction of the time (data not shown). The
supernatant was recovered using QuB2-surfactant-free cellulose acetate filters for Eu

analysis.

The solid/liquid distribution coefficient, Rd (in kg?), and associated errokrry,) were

determined according to the following equations:

Rd=Ss — So=Cea vV 1)

Ceq Ceq m

where G (mol g?), Co (mol L), Ceq (mol LY, V (L) and m (kg) are respectively: the amount
of Eu adsorbed onto the solid, the initial and Bouim aqueous concentrations of Eu, the

volume of the aqueous solution, and the mass of e powder.

the associated error is calculated according t@tjuation:

2 2 2 2
- (L% Erre, ETTceq 2y (Errv/m
ETTRd - \/(m Ceq) % <( Co ) + ( Ceq ) > T Ra” X ( v/m ) (2)

with Errco, Errceqand Erym being the uncertainties linked t@,Ceq and V/m, respectively.

In parallel to the sorption experiments, "blank®revsystematically performed with SPW in
the presence of Eu without COx to quantify theltBtacontent (G); no significant adsorption
of Eu on either the tube surfaces or the filterdaurthe experimental conditions of this study

was observed (<5%).

Each point on the isotherm corresponds to the re$al single test.

I1.3 Percolation experiments

11.3.1 Experimental strategy
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The methodology applied for percolation experimémislves injecting the element of interest
(at a given concentration) under pressure throhghcompact clay medium saturated with
synthetic pore water (in equilibrium with the phapeesent) (see Table 1 for more details).
We recall that the objective is to obtain a noansient state, i.e. that element concentration at
the output of the assembly is equal to the injeatedcentration. Since the solution
concentration is known, a value for Rd can be dated by determining the concentration of
the element in the adsorbent phase, here COxalkasworth mentioning here that the transient
/non- transient state is not related to the notbthe establishment of an equilibrium state
between the soluble and adsorbed fractions ofldmeent. This equilibrium state, which allows
the application of thermodynamic models, is depande the rate of adsorption of the element
onto the material. Such a state of equilibriumtfer adsorption process is assumed with clays,
whether we are working under transient or non-tearionditions.

If we come back to our percolation experiencespa-tnansient state can be obtained for
Cs/COx (Chen et al., 2014b) or Ni/COx (Montavoralet 2020) systems. For the case of Eu,
which is a strongly retained element, this condiijmmore complicated to achieve. By way of
illustration, Fig. 1 shows initial simulations thagre carried out with literature data, i.e. a ealu
of Rd around 1%L kg* (ANDRA, 2005a; Descostes et al., 2017; Schott.eRal12).It can be
seen that the non-transient state is reachedaditart 6 years of experiments, even though the
work is being carried out in advective mode withmillimetersized samples in thickness (Fig.

1).
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Non-transient state at the "interface"
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Fig.1: Simulations of Eu profile evolution in a compactxC&@mple vs. depth for different percolation
volumes (for roughly 6 years of experiment). Flater 0.15 mL day, sample thickness: 0.6 mm;
[EU] injecte8.2x10% M; Rd=7.8x10" L kg. Information for the simulation is available inGla Al.

In order to limit the experimental time (i.e. a femonths), the strategy adopted in our study
sought a non-transient state at the inlet surfaicat least within the first few micrometers. By
measuring Eu concentration at the surface by LAMP ([Eu]jay,cox, in mol per mass of
COx) with a known Eu concentration in the injectloop (Eu]ipjected, in Mol per volume of

SPW) it is then be possible to calculate a Rd value

Rd = [Eulclay.cox 3)

[Eulinjected

The amount of spiked Eu in the COx was system#gicalrrected from the amount of Eu

naturally present.

10
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The retention parameter obtained can subsequeatlysed as a fixed value in an attempt to

reproduce the Eu “percolation depth profiles” usangeactive transport model (see part I1.5).

[1.3.2 COx clay rock samples

Naturally highly compact samples were used (bulksitg of ~2.3 g cri). The sample
preparation methodology was adapted from Montavoml.e(2020, 2014). First, a 1-cm
diameter piece (several centimeters long) was naatwfed through core drilling; next, a lathe
(Caseneuve HB55) was used to obtain a diameter98f 4 0.02 mm. Lastly, the piece was
fastened onto a support and cut into slices (tleskn0.5 - 0.8 £ 0.05 mm) by means of a
precision diamond wire saw (EStiW3032; wire diameter = 0.3 mm). These steps were
performed under air, but the potential superfioidation of the minerals was minimized by
using a nitrogen flow around the rock samples. Nb& a possible partial oxidation of the
sample will not have a direct effect on the retamf Eu: Eu is not a redox sensitive element

and neither is the clay fraction of COx.
The dry bulk densities of the pellets output ranfyech 2.18 to 2.28 g cih

The samples were initially qualitatively characted by Optical Microscopy (Olympus BH2)
and Scanning Electron Microscopy (Tescan Mira 3 YM8EM) in order to select the "right
candidates" (Fig. Al). The aim of this initial cheterization was to discard COx pellets with
cracks or those with crumbled edges and then seldgtthose pellets characterized by a

homogeneous distribution of COx mineral phases fared to average compositions).

11.3.3 Percolation experiment set-up

The percolation experiment set-up is presentedguare 2. The reactors have been designed to
ensure total system tightness and allow for taai@e recovery once the experiment has been

completed. The material used to make the reactatdhee capillary tubes are made of PEEK

11
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in order to avoid or limit Eu adsorption phenom@alera and Eriksen, 2002). An assembly
of three reactors R1, R2 and R3 connected in phralds installed for the purpose of
performing several experiments with just a singlenp. Each part of the percolation cell was
cleaned successively with HNG% (v/v), Milli-Q water and Normapur 96% ethanaftre

drying (in the glove box) and use.

i N,/CO, 1%
Injection valve

! (HPLC Valco C6W) Reactors

i/ R1
Pump (Gilson Sampling
307) reservoir

@ R2

)
N\ Exhaust/purge

. P

0.5t0 0.8 (£0.05) mm-thick slices of intact

Synthetic COx COx‘ (diameter ofd:.99 +0.02 mm)
PEEK ferrule and PTFE tape \
for sealing at 20bars Y
—_—

Synthetic COx pore water + Eu

E@--»

<

pore water

tube PEEK 1/16”

PEEK filters (0.5 ym)

Fig. 2: The percolation experiment set-up

Once the samples had been inserted into the telftas¢en two PEEK filters), they were first
hydrated and equilibrated with SPW. Sample hydnapioceeded in stages, initially at low
pressure (1 bar) for 3 days before pressure wakiglig increased to 20 bar so as to determine
the permeability and verify the applicability of @g's Law (Fig. A2). Average flows were 158
+10, 132 + 7 and 101 + 9 mg'dor R1, R2 and R3, respectively. In order to maimthe pH
and carbonate concentration of the SPW constamtighwout the duration of the experiment, a
bubbling with a N/CO;, (1%) gas mixture was carried out for at least 15 twice a week. In

the meantime, pH was measured from time to tinteenrsampling reservoir to ensure that the

12
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system remained in equilibrium. SPW with Eu at 8@9*10® mol L'! was injected into the
percolation cell at a constant pressure of 20 Inaorder to avoid Eu adsorption on the pump
head, the solution was injected via a 7.85 mL inpacloop (made of PEEK) (Fig. 2). In other
words, the Eu-free SPW solution in the vessel m Ei“pushes” the Eu-doped SPW solution
(present in the loop) into the compacted COx pelNete that the loops were changed in time
to ensure a constant supply in Eu concentratidchenCOXx. The outlet solution was analyzed

regularly to both control the possible presencEwfnd measure pH values and alkalinity.

Europium solution percolation through samples RAaRd R3 was stopped after 174, 365 and
694 days, respectively. The collected solution n@a were of 25, 49 and 58 mL for R1, R2
and R3, respectively. Compact COx samples exttduten R1 and R2 reactors were recovered
and cut in half using a sterilized scalpel (washrednalaR Normapur® 96% vol. ethanol
(VWR BDH Prolabo) and 5% (v/v) Teflon distilled ni¢ acid and then rinsed with Milli-Q
water).

The Eu “percolation depth profiles” were obtaingdamalyzing the side of the pellet in depth

(from the surface in contact with the input solatim the end of the pellet from which the
solution was recovered).

Each half-sample piece was fastened onto a thirographic plate with a double-sided
adhesive disc for the Eu microanalysis of sampitasa and depth profile by means of Laser
Ablation Inductively Coupled Plasma Mass SpectropneFor R1 and R2 samples, Eu
concentrations were measured in relation to thesmB€O0x ablated. For R3, the analysis was
concentrated on the clay fraction of the COx.

Results were compared with the distribution of Eturally present.

Table 1: Summary of the experimental conditionsfiect during this study

13
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Type of Type of Contact .
Sample sample | experiment Focus time (days) Figure(s)
EST45989 Eu concentration at the 174 5, 6, Al-
(R1) sutacegand as a function of 2,5
EST 45989 . depth- [EUi]wjectedz (24 - 5, 6, Al-
Spiked by 8 1 365
(R2) Compact aercolation 2.7?><10 mol L 2,5
EST 45989 Eu in clay fraction at the 5 Al-2
surface. [Eu}jected= 694 ' ’
(R3) o A6
9.1x10% mol Lt
Spiked in the Rd measurement: [EqF
9 6 -1
EST51779 | Crushed | dispersed | %1010 mol L 4 3
state (experiments with the
radioactive tracer)
EST51779 | Compact Naturally- | Eu distribution in COx i 3,4,Al,
occurring Eu| mineral phases A3

" concentrations measured at the end of the expetjrtiee initial concentration injected was
(8.8 + 0.9%x108 mol Lt

I1.4 Analytical techniques

The SPW composition was measured by ionic chromapdy (Dionex ICS1000). A pH
electrode (Inlab), freshly calibrated with standaktbuffers (pH 4, 7 and 10, Fisher), was used
to measure pH values. The alkalinity was determifgd colorimetric analysis using
Bromocresol Green-Methyl Red Indicator Powder Rillas color indicator and a Digital
Titrator (Hach method 8203) with a digital titratoartridges containing 0.16 N of.8Qs.
Analyses of radioactive E4>Eu) in solution (8 mL) were performed by liquid stiiation
counting with a Packard TriCarb 3170 TR in addimgUitima Gold LLT® (Perkin Elmer)

scintillation cocktail (12 mL).

Direct analyses of Eu concentration in COx samplese conducted by LA-ICP-MS on thin
samples polished under dry conditions in ordervoichany contamination or loss of trace
element with reagents. Analyses of both naturafgse Eu concentration) and compact spiked
COx R1 and R2 (depth profile and surface Eu comagah) samples were measured by LA-
HR-ICP-MS at the SUBATECH Laboratory. Analyses of @®ncentration in the clay fraction
of the compact Eu-spiked COx sample from the RItozawere performed by LA-Q

(quadrupole)-ICP-MS at the BRGM (French Geologiatvey) facility.

14
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In order to identify the phases at the origin ofrétention (Eu-COx sample from R3, natural
COx sample), mineral phases (pyrite, calcite aagl friactions) were first characterized using
an Olympus BH2 optical microscope (Fig. A3) andnthecalized by diamond strapping to

assist with the analyses.

Note that the ability of the LA-ICP-MS techniqueaocurately quantify the amount of Eu was
assessed with the natural sample by comparisontivittamount measured in solution after

sample acid digestion (Fig. A6).

I1.4.1 LA-HR-ICP-MS

Micro-analyses of Eu in the natural COx or Eu-sdikeOx (R1 and R2) samples were
undertaken using a Nd-YAG UP213 laser system (NewaMResearch) coupled with the
Element XR single collector high resolution ICP-NlEhermo Scientific). The HR-ICP-MS
was synchronized to the laser ablation device terarl trigger mode. The laser system was
equipped with a standard ablation cell (V=30 mlumi&d on a motorized xyz stage with sub-
micron resolution for sample movement. The ablaederial was removed from the sample
chamber by helium carrier gas, then mixed with argas and directly introduced into the hot
plasma of the HR-ICP-MS instrument. Operating cbods have been detailed elsewhere
(Hassan Loni et al., 2019). The Eu concentratioas eetermined by external calibration using
two standard reference materials, i.e. the NIST$/hetic glass with [Eu] (mg Ky = 447 +

10 (k=2) and the matrix-matched NIST 679 brick akith [Eu] (mg kg*) = 1.9 + 0.2 (k=2)
prepared in a compacted disc-shaped pellet. Thetifjoation procedure was carried out
according to two distinct approaches, namely: dkestandardization with a major element of
known concentration used as internal standarditzand00% oxide normalization in applying
the total matrix (58 elements) as an internal stashd@Lin et al., 2016; Liu et al., 2008; Selih
and Van Elteren, 2011; Van Elteren et al., 2009).
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The Eu depth profiles of R1 and R2 COx samples waedyzed in either line scan or single-
spot ablation modes according to the 100% oxidev{wbrmalization strategy. The laser was
operated at a pulse repetition rate of 10 Hz, aitloutput energy of 50% 0.5 mJ) and beam
diameter of 6um (line scan) or 5Qm (single spot). A total analysis time of 3 min wiasined
for the line ablation mode (2 min for the singlesmode), including 2.25 min (or 1 min) and

1.7 min (or 1 min) for laser ablation sample and giank measurements, respectively.

Micro-analyses of Eu in polished thin sections afunal COx mineral phases were performed
by both external calibration and internal standzaation €°Si or2’Al for clay fraction,*Ca for
calcite anc®’Fe for pyrite). The laser settings were as follosgput energy = 50%-=(0.5 mJ),
frequency = 10 Hz, and beam diameter =y Each optimal laser analysis lasted 2 min,
encompassing 30 s to 60 s of laser sample abl@tepending on the beam length, with beam
diameter = 55 um) and 60 s of background measuremba laser beam length was adapted

to the size of the mineral phase being analyzed.

All time-resolved raw data were exported in ASQIIFIN2 format and processed offline by
in-house subroutines written in VBA language forchisoft Excel 201®". The average gas
blank signal intensities for all elements were glted and then subtracted from the signal
intensities measured during the standard and saabfdéon step. A signal drift correction was
applied with a linear interpolation over time byngsnormalized>Eu signal intensities from
the bracketing standard reference materials. Adigoia rejection test of outliers was applied
to all normalized sample Eu signal intensities. Hueconcentration of each analysis were

calculated from the following equations:

+1,SMP

. i i
Csyp(norm) = 100 X — Nx_ X —STD 4
SMP( ) [i;\’ISZTDX(NX—Nl)+i;\’IslTDX(Nz—NX)] Z{lzl(;lSMp(unnorm) ( )
(N2—-N71)
. : fi
with: Cgyp(unnorm) = —¥—
Istp/CstD
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355  where Iswp, Tsto and Cstp are the signal intensity (in cps) for each of $henple-containing
356 elemental oxides i (1 to n), the signal intensitg ahe elemental oxide concentration i (in %
357  (w/w)) of elemental oxide i in NIST 610, respectiveN1, N> and N denote the analysis

358  numbers in the sequence.
359
360 11.4.2 LA-ICP-Q-MS

361  The microanalysis of Eu in the clay fraction of #ppked COx sample (R3) was performed by
362 a UV Laser-Ablation micro sampler CETACExcite (193 nm) coupled with a
363 ThermoScientifi® X series Il quadrupole plasma mass spectrometenrding to the laser
364  configuration set forth by (Monnier et al., 2018he analytical protocol involved combinations
365  of 27Al, 2°Si, “Ca and">Eu analyses. Ablation spots B in diameter were introduced at an
366  8-Hz frequency with an energy®® J ci?. The analysis time for each spot was 60 s, inolydi
367 20 s of background measurement with the laserraff40 s of analysis time with the laser on.
368 The Eu concentration was calibrated against thereat standard NIST 612, the internal

369  standard of the Si value for clay minerals andGhevalue for carbonates.

370 Il.5Reactivetransport and sorption models

371 All calculations were carried out using the Phreeq@e (Version 3.3) (Parkhurst and Appelo,
372 2013) using the Davies Equation (Davies, 1964 ctmant for the ionic strength correction of

373  solutes.

374  Reactions occurring in the aqueous phase as wsditagation states with respect to solid phases
375 were calculated using the thermodynamic databasenidChimie vOb (Giffaut et al., 2014)

376  (Grivé et al., 2015; https://www.thermochimie-tdint) (Table A2).
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377  To model Eu adsorption, two assumptions were inicted: 1) the clay fraction governs Eu
378 retention in assuming that illite and interstraifiS were the reactive phases with IS-combined
379 illite (50% in weight) and smectite (50% in weigptpperties (Chen et al., 2014a; Grangeon et
380 al., 2015; Tournassat et al., 2008); and 2) thetiady (Davis et al., 1998) approach is valid,
381  whereby the models developed for the clay modesghdlite and montmorillonite (smectite)
382  can be directly applied to the COx material withoahsidering additional reactive phases or
383 modifying interaction parameters in the complex tmalineral assemblage including mixed
384 layer illite-smectite (IS). The 2-site protolysispn-electrostatic surface complexation and
385 cation exchange model (2 SPNE SC/CE) (BradburyBaed/ens, 2011) was implemented for
386 the COx clay rock. According to the 2 SPNE SC/CEdetpthe surface complexation
387 phenomenon is controlled by both weak (i.e. highmily, limited affinity) and strong (low
388  quantity, high affinity) sites. No competitive eftevas considered between Eu and other trace
389 metals at the adsorption sites (Bradbury and Bagy#011; Marques Fernandes et al., 2015).
390 Unless otherwise indicated, calculations were peréal for COx with the lower and upper clay
391  content limits. This approach introduces the gitageror sources, while other uncertainties
392  associated with model parameters were not considé&eble A3). Considering in the clay-rich
393  zone the variation in clay (40-60 wt%), the vagatin illite and I/S, and a percentage of 55%
394  of smectite in I/S (Chen et al., 2014a; Gauchel.e2004), range of 20-44% and 9-18% for

395 illite and montmorillonite respectively were usedfe calculations.

396 For the percolation experiments, the 1D coupledrba/transport model (reactive code)
397 implemented in phreeqC was used. For the modeligg, $he two filters in PEEK, with a

398  porosity of 9.4 vol%, were taken into account, glevith the length of capillary tubes at both
399 the cellinlet and outlet. Dead volumes were edtahay simulating HTO injection through the
400 samples (Fig. A5). Note that results indicate thseace of dilution in the HTO solution injected

401  through the capillary loop.
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The relative magnitudes of advection and disperarercharacterized by the Peclet number, as

defined by:
Pe=vL/(Dp +4v) (5)

where L is the sample length (m)the pore water velocity (M9, Dp the pore diffusion
coefficient (nf s'%), andA the dispersivity (m). Dp %v represents the dispersion coefficient.
The Dp value was set at 1.5%0° s* (Altmann et al., 2014). Peclet numbers were egtitha
in the range of 2 - 4 for compact COx samples, timaécating the predominance of the

advection mode over the diffusion mode.

The column hydrodynamic characteristics required foodeling (porosity, samples
dimension,....), as well as the data used for desgriBu adsorption, can be found in Tables

Al-AS.

1. Results
[11.1 Batch-type experimentsin the COx disper sed state

Figure 3 presents the sorption isotherm of Eu or @0well as those published for the Eu/COx
system by Descostes et al. (2017) under similaditions. The pH and alkalinity values of the
supernatant were: 7.3 + 0.1 and 2.64 + 0.14 mkgdspectively. Europium sorption is constant
at the lowest concentration, with Rd values aro{®8 + 0.5x10* L kg. These values are of
the same order of magnitude as those given fotaigxkperimental conditions by both Garcia-
Gutiérrez et al. (2009) (> 3x80*L kg!) and ANDRA (2005b)+ 5x10* L kg?) yet lower than

that obtained by Descostes et al. (2057)X10° L kg™).
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Rd values then decrease to approx.L1kg* at the highest concentration studie®10’ mol
L for aqueous Eu concentration). Under these camdifiour data are consistent with those of

Descostes et al. (2017).

The simulation results are represented by the $iokd for the lower and upper clay fraction
limits. Under the experimental conditions of thisdy, Eu speciation in solution is dominated
by carbonate complexes. Carbonate ions also appedre important in describing the
adsorption of Eu; at the lowest Eu concentratiadsprption is controlled by the formation of
two carbonate surface complexes with strong s#@&((CQ) and SOEUOHC®, Table A2).

In this range, the model overestimates our reterdaia by about one order of magnitude. For
the highest concentrations studied, i.e. the zdmrevthe percolation experiments were carried
out, the simulation and experimental results arasistent. Under these conditions, the

contribution of weak sites to retention becomesifitant 15%).

Given this study's objective, no further work hagib carried out in search of an explanation

for this discrepancies observed at the lowest Eic@atrations.
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439  Fig. 3: Eu adsorption onto a COx sample in the pree of SPW and modeling resuls. Batch-type
440  experiments; (O) Percolation experiments in the gach state (R1, R2 and R3)A| Data from
441  Descostes et al. (2017). Solid lines depict sinmiatperformed for the lower and upper clay fractio
442  limits. The dashed line represents the contributibthe two carbonate surface complexes (SOEg(CO
443  and SOEUOHC®) to the overall retention for the mean COx clagctron. Simulation details are given
444  in Tables A2 and AS.

445

446  111.2 Naturally-occurring Eu

447  The two analytical approaches (the direct analysighe solid vs. the analysis of the solution,
448  after digestion) yield similar values, i.e. an Euncentration of 0.9 + 0.2 pglgAs expected,
449  Eu is present at trace levels in the clay formatiorthe best of our knowledge, this is the first

450 reported value for Eu.

451  The various constituent mineral phases (i.e. aajlcite, pyrite) were analyzed by means of
452  LA-HR-ICP-MS in order to assess the distributiomafturally-occurring Eu in the COx. These

453  mineral phases were chosen for their recognizddyaln trap metals though various retention

21



454

455

456

457

458

459
460
461
462

463
464

465

466

467

468

469

470

471

472

473

474

processes (Descostes et al., 2017); results anddptb in Figure 4. The mass balance
calculations performed from the direct analysesi@arout on individual phases did appear to
be consistent, given the uncertainties presenh thig total quantity of Eu in the sample. The

main mineral phases with more affinity to Eu haweréfore been identified.

2.0
1.8 4
1.6 1
~ 1.4 1
1.2 -
(@)]
3 1.0 -

~

T
E 0.8 7 | T
. . l

0.4

0.2 1 < DL
0.0

Total Clay Calcite Pyrite Total
indirect

Fig. 4: Distribution of naturally-occurring Europin studied by LA-HR-ICP-MS (the number of
analyses are 10, 5 and 3 for clay, calcite andtgyniespectively). "Total indirect" correspondsthe

Eu content in the COx determined by summing theoBaentrations measured in the individual phases
(normalized to their % in COXx). (DL = Detection Litjn

Europium is mainly present in the clay fraction2( 0.5 pg per g of clay fraction) and
contributes to about 70% of the inventory (0.9 |eg @ of COx) if the average clay content
found in the COx~ 50 wt%) is taken into account. For calcite45 wt%), the average Eu
concentration obtained (0.33 £ 0.15 pg per g afitglis less than that determined in the clay
phase. The contribution of calcite to average Enceantration in the COx has been estimated

at roughly 10%. No Eu was detected in the pyritasgh(i.e. < DL = 0.001 pg®y These results

indicate that the clay fraction is the main "res@rfor Eu in the COXx.

In assuming that the clay fraction controls adsorpt(i.e. the starting hypothesis of the
adsorption model), it is then possible to revermRtbvalues as long as the concentration of Eu
in the pore water remains known. A value of (3.0.4x10%! mol L was experimentally

measured by means of HR-ICP-MS for the GIS1002Hmbee With these concentrations in
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water and clay fraction, a range of Rd values @adtimated from around 640 2.10 L kg

! (hatched area in Figure 3).

[11.3 Percolation experiments

For all samples, the linearity obtained betweew flate and pressure gradient serves to validate
the applicability of Darcy's Law under our experitted conditions. The measured permeability
values varied between XB0'® and 4.210" m s! (Fig. A2); these values are in good
agreement with data for compact rock found in ttezdture (ANDRA, 2005b; Vinsot et al.,
2008). The COx/SPW equilibrium was checked througiioe experiment; more specifically,
the alkalinity and pH measured on aliquots at #ector outlet showed values equivalent to
those obtained for SPW, i.e. between 2.1 and 24 Iofeand 7.2-7.4, respectively. The Eu
concentration at the outlet of all reactors remaiwery low and stable over time, with average

values below %101 mol L.

[11.3.1 Europium quantification at the surface gileed samples (R1 and R2)

The analyses of Eu concentrations carried out ersthiface at the inlet side of samples are
given in Figure 5. The ablation depth by the ldssam was estimated at about 10 um. The
average Eu concentration at the surface of spiketpkes equals 47 + 19 and 95 + 32 [ig ¢

for R1 and R2, respectively (n = 9). Europium appéa be homogeneously distributed on the
inlet faces even though the uncertainties assatiaith the derived concentrations are quite

high.
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Fig. 5: Europium concentration at the surface of-$pniked COx samples for bulk material
(R1 and R2) and clay fraction (R3). L stands far #éiblation line number (average concentration over
around 0.65 mm length).

During dismantling, a few drops of the aqueous tsmiuin the immediate vicinity of the inlet
surface were collected, under pressure, in ordendgasure the Eu concentration as close as
possible to the sample surface. This analysis stavdecrease by a factor of about 3 with

respect to the concentration of injected solutRB410® mol Lt initially), i.e. between 2410

8 and 2.%10® mol L. This decrease in concentration is not easily arptl. Experiments

24



506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

conducted with HTO do not indicate any significatilution resulting from the solution
injection protocol (Fig. A5); moreover, the expeeimal set-up was designed to limit Eu

adsorption on the surface of the materials used.

Regardless of the reason (e.g. possible slightrptisno of Eu on the PEEK material of the
capillary loop), the measured concentrations ie@génto the COx sample constitute the data
required to revert to the Rd values. Considerireg thnon-transient state was reached at the
surface where pore water concentration corresptmdagected concentration, Rd values of
11,500 + 5,000 L kg and 26,300 + 9,500 L Kgwere obtained for R1 and R2, respectively.
Although a factor of close to two lies between Waéues, they do agree, within the limits of
uncertainty, with the predicted range of Rd valwa#hin which the adsorption data recorded

in the dispersed state all lie (open symbols in B)g

[11.3.2 Eu localization at the surface of the splisample R3

Since no significant compaction effect was obseraed given that the sorption model
satisfactorily predicts the experimental retentiata, Eu was expected to be adsorbed by the
clay fraction. This outcome was assessed directlthe R3 sample. Note that for this reactor,
unlike reactors 1 and 2, the Eu concentration nredsat the reactor inlet (9.1+0.7 3ol L~

1y corresponded to the Eu concentration injecteal timé loop.

The areas rich in clay were previously identifigddptical microscopy. Several laser ablation
lines were carried out (see Fig. 5 for resultseNbat the analysis of the major elements indeed
confirms that the clay fraction has been approglyaiargeted (Fig. A6). As expected, the Eu
concentration measured in the clay matrix of thesgiled COx sample ([Etdy,r3 is clearly
higher than that for the natural COx ([Ba]coy, i-e. 311 + 62 pggvs. 1.2 + 0.5 pgg In
taking into account the percentage of clay in tRxQPay,coy, as well as the concentration of
Eu injected into the compact system ([Eetled, the molecular weight of Eu (MAJ) and the
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fact that a non-transient state has been reachbd &dnterface”, an Rd value can be calculated

according to the following:

_ -3 ([Eu]clay,R3_[Eu]clay,COx)Pclay,COx
Rd =10 MMEu[Eu]injected (6)

The Rd value obtained (11,200 + 5,700 ['kglso appears to be consistent with the retention
data previously determined for reactors R1 and R@ with the values measured in the
dispersed state. These results are entirely censistith the hypothesis that clay fraction

governs Eu adsorption.

[11.3.3 Europium concentration along the spiked Cfaxnples

In a final step, the Eu concentration was assesleed) the samples as a function of depth for
both the R1 and R2 reactors. The "percolation dppifiles" obtained are shown in Figure 6;
let's note that although the profiles resemble anether, the data are rather scattered. As
expected, Eu reaches its highest concentratiorsnatite first few micrometers (< 50m) of

the sample, even though migration was detected apmlepth of approx. 2Q0n. From a depth

of 200um and beyond, the geochemical background of EuOw @ in fact being analyzed,

i.e. approx. 0.9ig g*.

The percolation profiles were then simulated byptiog the chemistry model applicable for
the Eu concentrations investigated (solid linesFig. 3, see Tables A2 and A3 for the
parameters) with an advective transport model {sd#e Al for detailed information). No
adjustment was attempted, as this multi-parametadel lacking constraints does not output
precise parameters. The simulation results (swletlin the figureqre in good agreement with

experience, provided the trends are well reproduced
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Fig. 6: Europium concentration along the COx samipleR1 (25 mL of percolated Eu-spiked SPW)
and R2 (49 mL of percolated Eu-spiked SPW). Thewsseries represent different laser ablation spot
lines. The lines reflect simulations made with te&ctransport model. The gray symbols correspond
to the surface analysis- (L0 um).

V. Discussion

With regard to the key question raised in this wahnlanks to the proposed methodology, Rd
values could be proposed to describe Eu adsorptimompact COx samples. The objective of
this work has been to determine these values onanansient state, where the thermodynamic
model can be directly applied without consideriing ttransport part. This condition is

anticipated at the sample surface after a certaitact time, when the pore water concentration

corresponds to that of the injected solution (ddstane in Fig. 1).

The contact time required to reach this non-trariséate at the COx pellet entry surface has
not been evaluated experimentally, as this stepldvibave required excessive experimental
work given the difficulty of setting up these exipgents. In this context, the simulation results
prove to be quite important. As revealed by thetllgpofile simulation results (Fig. 6), the

level of agreement between experiment and calomais satisfactory, especially when
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considering that no parameters have been adjustetbre detailed examination indicates that
the extrapolation of simulation curves out to theface explored by laser ablation coincides
with the measured Eu concentration values. Rdeailthese measured values are the origin of
the experimental Rd values, which themselves anerately reproduced by the chemical model
(Fig. 3). It can thus be concluded that simulationsfirm that the experimental time was
sufficient to achieve the desired non-transiertessia the interface for R1 and R2, as proposed
in our strategy. Since the percolated volume isi@reater for R3, the conditions are therefore

logically applicable to this reactor as well.

Europium adsorption onto COx was shown to be str¢Rd > 13 L kg?!) at trace
concentrations. Similar behavior would be expettedhe trivalent actinides Am and Cm, as
well for Pu under highly reducing conditions. Femmore, the three Rd values obtained for the
compact spiked COx samples are consistent, witlérekperimental uncertainties, with those
deduced from conventional batch experiments caoigdn dispersed state (black symbols in
Fig. 3). Similar results had already been obtafieedompact COx with iodine (I) (Montavon
et al., 2014), cesium (Cs) (Chen et al., 2014b) mnoklel (Ni) (Montavon et al., 2020), thus
suggesting that this trend seeanpriori applicable to the retention of metal ions by C@ayc
rock. The result also appears to be consistent thighrecent results of Glaus et al. (2020),
derived from diffusion experiments vs. pH for an/d&umpacted illite system. They
demonstrated that adsorption models are validdéscdbing the equilibrium distribution of Eu
between agueous solution and clay phase in the acteb state, provided an electrical double

layer is considered to describe the behavior ofila@pecies in the diffuse layer.

A combination of the various methods also leadsotaclude that the clay fraction effectively
governs Eu adsorption. This finding has been imtlyeconfirmed by modeling the data; in
using a bottom-up approach along with the assumphkiat the clay fraction is responsible for

element adsorption on COx (Table A2), it was pdedibbexplain experimental adsorption data
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596 in the conditions chosen for the percolation experits, during which both strong and weak
597 sites contribute to Eu adsorption. This finding vedso validated by direct analysis on the
598 compact Eu-spiked sample (R3); the additional Eudesived quantitatively, within
599 uncertainties, in the clay fraction. This resultinsagreement with qualitative data already
600 published by Menut et al. (2006) on Eu-spiked C@mpgles obtained from a diffusion

601 experiment and Laser-Induced Breakdown Spectros@dpys) measurements.

602  The importance of the clay fraction in Eu retentadso corroborates the results of the study
603  conducted with naturally-occurring Eu. The claycfran represents the main reservoir, with
604 some 70% of the inventory of naturally-occurringfund at trace concentrations in the COx
605 (= 0.9 mg kg). Using this value and the natural pore water eatration of Eu, Rd values
606 ranging from 6.16to 2.1C0 L kg! are determined. The domain in Rd values is coersistith

607  predictive simulations yet lies beyond the valueteptially extrapolated from adsorption data
608 recorded at the trace scale (in dispersed staie )Rt values over such a range are assumed to
609 be constanty 3.5x10* L kg'). However, adsorption is not the only processitgatb metal
610 retention and one shall recall that the total contéd Eu in the clay rock is larger than the
611  fraction bound to the clay phases. On the othed hamly a fraction of the retained Eu is labile
612 and has to be taken into account for the evaluatidine Rd to be compared with the laboratory
613  retention experiments. Other processes leadingmelabile species, such as incorporation of
614 metals into matrices, are likely to occur, in partar for the long times characteristic of
615 sedimentary rocks (e.g. COx) (McKinley and Alexandg93). This outcome was recently
616  shown for the Ni/COx system (Montavon et al., 202@)ereby only: 13% of the Ni found in
617 the rock appeared to be labile/adsorbed (and offly @f Ni found in the clay fraction). The
618  proposedn siturange of Rd values:(6.10* to 2.16 L kgl) therefore represents an upper limit,

619  which cannot be simply compared to Rd values meadsur the laboratory over short time
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periods.On the other hand, the deviation between predidcimh experiment for equilibrium

Eu concentrations below 108 mol L still needs to be elucidated.

V. Conclusion

Thanks to our methodology, and the use of LA-ICP;N@as possible to derive Rd values for
Eu on compact COx samples under non-transient tongdj i.e. without considering the
transport process. Within the uncertainties prest@se values are of the same order of
magnitude as those derived in the dispersed siatbd aqueous concentration range explored
for both states (~3.18107 mol/L). From a mechanistic point of view, retemtican be
described by the reversible adsorption of Eu onstiréace of clays (illite and illite/smectite)
based on existing adsorption models (for equilitriiu concentrations abowel0® mol L?)
through carbonate surface complexes with stromeg sithis finding was also shown directly by
mapping on the compact spiked sample (R3); thetiaddl Eu is found quantitatively, again
within uncertainties, in the clay fraction. The magde of the clay fraction in Eu retention is
also observed for naturally-occurring Eu, with abo@% of the inventory found in the latter.
However, only a portion of this natural Eu in tHaycfraction seems to be present in labile
(reversible) form, thus suggesting the existencetber retention mechanisms capable of
leading to metal entrapment. Further studies wdndldheeded to assess the impact of this
irreversible entrapment of Eu and of other trivakdaments in minerals for the long-term safety
of radioactive waste disposal sites. Yet even wheaoring this additional margin of safety, our
data clearly demonstrate the strong retentioniwdlent elements on clay rock, which makes

them very little mobile in the COx formation.
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