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Cover photo

Main figure: Extended Archie’s relation (solid line) describing the
relationship between the diffusion accessible porosity and

the effective diffusion coefficient including experimental data
for several potential Swiss host rocks for a radioactive waste
repository (Opalinus Clay, “Brauner Dogger”, Effingen Member
and Marl of Helveticum).

Other figures: Diffusion set-up used at PSI for measuring diffusion
properties of argillaceous rocks.
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Preface

The main task of the Laboratory for Waste
Management is to carry out an R&D programme to
strengthen the scientific basis for radioactive teas
management.

The Laboratory serves an important national role by
supporting the Swiss Federal Government and Nagra
in their tasks to safely dispose of radioactive tems
from medical, industrial and research applicatiass
well as from nuclear power plants. The activities a

in fundamental repository geochemistry, chemistry
and physics of radionuclides at geological intesfac
and radionuclide transport and retardation in
geological media and man-made repository barriers.
The work performed is a balanced combination of
experimental activities in dedicated laboratories f
handling radioactive elements, field experimentd an
theoretical modelling. The work is directed towards
repository projects and the results find their
application in comprehensive performance assess-
ments carried out by Nagra. In particular, a major
priority for LES over the next decade or so will toe
contribute to the Sachplan Geologische Tiefen-
lagerung (“Sectoral Plan”).

This report summarises the activities and results
achieved in the reporting period. It is organisedaa
overview followed by individual reports on the six
waste management group/sub-programme activities.

We gratefully acknowledge the help of the institute
management and of Nagra in our work.

Laboratory for Waste Management
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1 OVERVIEW

M.H. Bradbury

1.1 Introduction CatClay (finishing date May, 2014), ACTINET 13
(finishing date September, 2012), and “Slow
The progress made in the Laboratory for Waste Processes in Close-to-Equilibrium Conditions for
Management (LES) over the period from January 1, Radionuclides in Water/Solid Systems of Relevance
2011 to December 31, 2011 is summarised in the firs to Nuclear Waste Management”, SKIN (finishing date
part of the report. The activities carried out et December, 2014), and in a joint programme of work
individual groups are described in chapters 2 &nd with the Health and Environmental Physics
are either predominantly “experimental” or Department, (KFKI Atomic Energy Research
predominantly “modelling” in their nature. However, Institute) in connection with the Schweizer
there are strong interactions between groups and Erweiterungsbeitrag DEZA/SECO agreement

between experimentalists and modellers. (finishing date October, 2013).
The main multi- and bi-lateral co-operations with
1.2 General o : " .
external institutions and universities are sumneafiz
in Table 1.1.

Since October 2008 Nagra and their partners have
focused their technical and scientific work on the Table1.1: National and international co-operations.
preparations for Stage 2 of the Sachplan Geologisch _
Tiefenlagerung, SGT (“Sectoral Plan”) in which at |- =0-0perations

least 2 sites each for high-level (HLW) and lowdan | Nagdra _ L

intermediate-level  L/ILW  radioactive ~ waste | M&or financial contribution

repositories will be chosen from the proposed 6| Yarious technical working groups

geological siting regions. An important requirement I\/tlhult|nat|onal

set by the Swiss Nuclear Safety Inspectorate (ENSI) | 7 FP (ACTINET-I3, ReCosy, CatClay, SKIN)

that the information available on all of the siteast OECD/NEA (sorption Il project)

be sufficient to allow safety analyses to be cdroat Mont Terri Project (lifusion Retardation,

which adequately represent the conditions at ttes si | Cément hteraction experiments) _

and take into account the existing uncertainties. | | Grimsel Test Site (@lloid Formation Mgration)
response to this requirement, Nagra produced atrepo| Universities ,

evaluating the information for the Provisional $afe | Bern, Switzerland (mineralogy, petrography, water
Analyses in Stage 2 of the Sectoral Plan. In thel chemistry) _ _

meantime ENSI has examined this report in detall an | Surrey, United Kingdom; EPFL, Switzerland (cement
concluded that the necessary geological knowledgg SyStéms, molecular modelling ) ,
can be obtained with the ongoing and planned UC_ London, United Kingdom (moleqular_ modelling)
investigations by Nagra i.e. it will not be necegsa Mainz, Germany (cement, montmorillonite)

Stage 2 to drill additional boreholes. Strasbourg, France (glass)
, , ] ) Tlbingen, Germany (geosphere transport)
The Lab is fully integrated in the geochemical and| ETHZ, Switzerland (GEMS)

radionuclide transport activities related to Stagef Research Centres

the Sectoral Plan. CEA*, France (near and far field)

The visitor center at the Mont Terri Underground | CIEMAT, Spain (colloids)

Laboratory in St. Ursanne (JU) was inaugurated on EAWAG, Switzerland (cement)

the 8" September 2011. Planning and construction] EMPA*, Switzerland (cement)

lasted nearly 2 years and cost 1.7 MSFr. The IFR, HZDR* Germany (XAS, TRLFS)
exhibition serves as a platform for discussions on| INE, KIT*, Germany (near and far field; TRLFS)
research in the field of radioactive waste manageme | KFKI, AEKI, Hungary (argilleous rocks)

The center is jointly managed by three Swiss| SCK/CEN, Belgium (clays)

organizations: swisstopo, ENSI and Nagra. UFZ*, Germany (reactive transport)
*formal co-operation agreements

The Lab is involved in four projects in thd' EU
Framework Programme: “Redox Phenomena
Controlling Systems”, ReCosy (finishing date March,
2012), “Processes of Cation Diffusion in Clay Rd¢cks
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Current PhD and postdoc projects being carriedrout
LES are listed below:

L. Aimoz (PhD): “Uptake of iodine {l and selenium
(SeQ?) onto pyrite and LDHs.” Started September
2008. (Funding: Virtual Institute (INE) / PSI.)

M. Bestel (PhD): “Water dynamics in compacted clay
systems.” Started September 2009. (Funding: SNF.)
LES participation.

B. Dilnesa (PhD): “The fate of iron during the
hydration of cement”. Started February 2008,
(Funding: SNF). LES participation.

F. Hingerl (PhD): “Simulation of geochemical

processes in Enhanced Geothermal Systems (EGS).
Co-operation between LES and the Institut fir
Isotopengeologie und Mineralische Rohstoffe, ETHZ.

Started: October 2008. (Funding: Competence Center fundings for

for Environment and Sustainability.)

D. Soltermann (PhD): “The influence of Fe(ll) omagl
properties, the sorption of Fe(ll) on clays and
competitive sorption investigations: a combined
macroscopic and microscopic study.” Started: August
2010. (Funding: SNF.)

H. Wang (PhD): “A novelMicro Beam Analysis
Alliance (MBA?) strategy for micro-heterogeneous
systems.” Started: September 2009. (Funding: SNF.)
LES participation.

Dr. M. Tyagi (postdoc): “Up-scaling modeling
molecular diffusion coefficients using mesoscopic
transport models. Multi-scale modeling of diffusiion
clays — From molecular simulations to the continuum
scale.” Started: July 2010. (Funding: PSI FoKo FK.)

Dr. B. Thien (postdoc): “Development of new
theoretical approaches to geochemical modelling of
slow, kinetically controlled radionuclide uptake by
(re)crystallizing host minerals.” Started: 1 Feliyua
2011. (Funding: 7 EU Framework Programme, SKIN
project.)

Dr. L. Pegado (postdoc): “Stable phase composition
cementitious systems: C-A-S-H.” Started: November
2010. (Funding: SNF-Sinergia project.)

Dr. P. Schaub (postdoc): “Application and
development of a micro diffraction synchrotron-lzhse
approach for the characterization of complex maleri
in radioactive waste management.” Started:
1 September 2011. (Funding: NES.)

1 PhD and 1 postdoc supervised by Dr. Faux (Physics
Dep., Uni. Surrey, UK) and S. Churakov (LES) within
a joint international project on “Water transpont i
cements: A bottom — up approach based on NMR
relaxation and imaging analysis and numerical

» EXperimental

Laboratory for Waste Management

modelling”. Lead taken by Prof. P. McDonald from
Uni. Surrey, UK.

Candidates for the following three PhD projects,
partially funded by Nagra, are currently being duug

“Porosity and structural changes at clay-cement
interfaces and their relations to transport propert
(This project was accepted as a “PSI Cross proposal
in collaboration with the Neutron Activation and
Imaging Group (NUM).)

“Retardation of low molecular
compounds in clays (ROLOC).”

weight organic

benchmarks for verification and
validation of reactive transport codes.”

It is worthwhile noting that the majority of the
postdocs and PhDs comes from
additional (non Nagra) external sources.

Dr. T. Ishidera, (Guest Scientist) returned to JAEA
Japan, in March 2011.

Dr. N. Diaz (postdoc) and Dr. M. Hayek (postdoc)
completed their projects in March 2011 and
November 2011, respectively. Dr. Hayek has since
taken up a position with AF Consulting, Baden,
Switzerland.

LES took part for the first time in a NES internal
competitive activity for funding from Swissnucled.
joint proposal with the Hot Laboratory entitled:
“Investigations on the chemical speciation of C-14
released from activated steel: Development of the
analytical methods for speciation studies and #te s
up for long-term corrosion experiments” was
submitted and accepted. The funding is initially 20
years for a project which is planned to last fgeérs.

During 2011 members of LES continued to participate
in international technical review groups: (i) “SARG
(SFR extension, Application Review Group)”, SKB,
Sweden (ii) “Expert Panel on Radionuclide Migration
in Plastic Clay”, Ondraf/Niras and SCK-CEN,
Belgium (iii) “Near surface disposal of Category A
waste at Dessel”, Ondraf/Niras, Belgium and (iv)
Expert elicitation group, “the selection of soludyil
and sorption data”, Posiva, Finland.

LES is participating in “Nuclear Environmental

Chemistry” at the ETH Zurich (lectures and exerise
on nuclear waste management) within the MSc
courses “Nuclear Energy Systems” and “Landfilling,
Nuclear Repositories and Contaminated Sites”.
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The Waste Management Program Committee did not — Colloid behaviour in the geosphere: Opalinus Clay,

meet in 2011. Instead, LES underwent a Scientific
Evaluation on 2/3 March 2011 at the request of the
ETHZ Council. (Eventually, such evaluations of all

the larger Labs within PSI will take place.) In &uaboh

to Programme Committee Members, the Evaluation
Committee consisted of Professor S. Clark,
Washington State University (chair) and Professor L
Diamond, University of Bern. The aim was to

evaluate LES in terms of its overall scientific

performance during the past 5 years and its séienti

strategy and plans for the coming 5 years. In

Effingen Member, “Brauner Dogger”, Marl of
Helveticum.

Porewater chemistry calculations for MX-80 bentenit
and Opalinus Clay using the GEMS code were carried
out in which the masses and chemical properties of
the clay minerals in each system were taken into
account. The driving force for this approach wesat th
coupling chemistry and transport models calls for
chemical systems to be defined as realistically as
possible concerning masses and volumes. The results

particular, the committee was asked to assess thefrom this new approach were compared with those

scientific independence of the research carriedbgut
the Lab. The findings of the committee were forgall
communicated to the PSI Director and the ETH
Council in a written report.

using more conventional approaches to estimate
uncertainty ranges in the calculated porewater
chemistries.

SDBs are being produced using the new procedures

The assessment of the Lab’s performance over thedeveloped during Stage 1 of the Sectoral Plan,irand

past 5 years, and the prospects for the next Ssyear
were judged very positively. The committee members
and Profs. Clark and Diamond are thanked for their
participation in the evaluation and the
recommendations contained in their report.

1.3 Sachplan Geologische Tiefenlager, SGT
(“Sectoral Plan”)

For Stage 2 of the Sectoral Plan a whole series of

provisional safety analyses are foreseen for thoé ro
types under consideration. Detailed, host-rock ifipec
information and data bases will be required. Thb La
has already completed, or is in the process of
completing, scientific reports in support of théeta
analyses. Some of the most important topics treiated
these reports are listed below:

Documentation of the Nagra/PSI TDB update
20009.

State-of-the-art report on diffusion in argillaceou
rocks.

Sorption (incl. diffusion) in a cementitious near
field.

Solubility limits in a cementitious near field.
Sorption (incl. diffusion) in bentonite.

Solubility in a SFHLW near
(bentonite).

limits field
Sorption (incl. diffusion) in the geosphere: OPA,

Effingen Member, “Brauner Dogger” and Marl of
Helveticum.

Review of the chemistry of safety-relevant
nuclides (L/ILW repository).

order to check the values derived. An extensive
sorption programme on the various potential hoskt ro
types was started in 2011. A report on the
experiments, and the results of the comparisons, wi
be completed in the latter half of 2012. In additian
assessment on the influence of competitive sorption
effects on the magnitude of sorption values in the
SDBs is in preparation and will be completed in
spring 2012.

Two major reports on the chemical evolution of the
cementitious L/ILW near field (caverns, surrounding
host rock, backfilled access tunnels), and the atem
evolution of the HLW near field (tunnels, bentonite
backfill, surrounding host rock) were completed in
2011.

Additional diffusion measurements on Effingen
Member, Marl of Helveticum and “Brauner Dogger”
confirmed the validity of the extended Archie’s
relation and provided increased confidence in #s u
in safety analysis for estimating diffusion coda#ius.

An assessment was made of the interaction of waste
materials with cement and the sorption reduction

effects resulting from the presence of complexing

ligands such as isosaccarinic acid.

As in the past few years, the majority of the affan
LES in 2011 were directed towards work related to
the Sectoral Plan. This trend is expected to castin
the medium term.
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1.4 Foundations of repository chemistry predicted using simple aqueous solid-solution nmsdel
and kinetic processes need to be considered. $n thi

Extensive speciation calculations were carriedasut  context, three kinetic models of trace element kgpta

part of the development work for SDBs for the in minerals were compared in preparation for

potential host rocks Opalinus Clay, “Brauner inclusion into the geochemical code GEMS.

Dogger”, Effingen Member, Marl of Helveticum, and

cementitious systems. In the latter case, speniatio Spectroscopic studies and atomistic simulations of

calculations were made for cement porewaters with (hydr)oxide surfaces have corroborated the use of

various salinities (ionic strength up to 1.3 mol*kin multi-dentate surface species in aquatic surface
order to asses the potential influence of highnggli complexation models. The work on thermodynamic
ground waters on the sorption in cementitious sorption modelling and the development of theoagtic
systems. conversions of intrinsic adsorption constants betwe

different site densities, ‘denticities’, and conication
Thermodynamic data were compiled for Ag, Co, Cd, scales has continued.
Pb, Sbh, Hf, Sm, Ho, Pa, Mo, Be and Bi, which are no
currently contained in the PSI/Nagra Chemical 1.5 Repository near field
Thermodynamic Database. A literature survey on
Polonium-210 yielded only sparce data which were
nevertheless sufficient to indicate that Po(IV)the
most stable redox state in aqueous solutions aatd th
Th is the closest chemical analogue.

1.5.1 Clay systems

The influence of competitive sorption on radiondeli
uptake in the near- and far-fields of a radioactive
waste repository have, as yet, not been properly
assessed. Experimental work has been carried out on
montmorillonite and illite to characterise the efteof
competitive sorption. The understanding gained will
be used to bound its influence on the sorptioneslu

in SDBs.

After 12 years leaching at 4D, micro-XRF maps
showed that the cerium in the MW simulated nuclear
waste glass remained as Ce(1V) in the unaltereskgla
but was present as Ce(lllat corroded grain
boundaries associated with secondary Mg-clay formed
as the main glass alteration product. The reduaifon
Ce(IV) was probably mediated by Fe(0) from thelstee
reaction vessel. These results, in conjunction \ith
comparison between the Eh—pH diagrams for Ce and
Pu, revealed that the reduction of Pu(lV) to Pu(lll
would require considerably stronger reducing
conditions than Ce(IV) to Ce(lll) and thereforenias
concluded that Ce is not a good chemical analogue f
Pu.

In connection with the above, and because “iron” is
present everywhere in the repository system, aystud
centred on a PhD project, is investigating the tsomp

of Fe(ll) on montmorillonites from various sources
under controlled redox conditions.

The nature of the surface complexes of Am(lll) on
montmorillonite, formed in the absence and presence
of inorganic carbon, were investigated further. P-
. : .. EXAFS measurements performed off’Am(llI)
The potential uptake of long-lived anionic loaded self ingfil I trmed. th
radionuclides such as®, °Se, and *Tc b oaded sefl-supporting Tilim samples confirmed the
“positively charged” minerals such as AFm or AFt previous  interpretation  from  batch  sorption
hases in a cement-based repository is an im or,[amexperiments and modeling that ternary Am-carbonate
P : rep y P complexes are formed at the surface of
issue. Radiotracer experiments, powder X-ray montmorillonite
diffraction, and extended X-ray absorption fine '
structure spectroscopy were used to obtain a
molecular-level understanding of the uptake
mechanisms of iodide by such cement minerals. The
results indicate the formation of a stable solilditson
between AFmM-4 and AFmM-SQ@ and explain the
preferential uptake of iodide at trace-level by AFm
SO, and the lack of uptake by AFm-Cand AFm-
CO; which do not form solid solutions with AFm-I

A concept has been previously described that atiowe
up-scaling of local pore scale diffusion coeffidgen
for a given pore space model. In order to make this
concept generally applicable to different clay typen
operational algorithm has been developed which
allows the generation of clay pore structural maps
based on a knowledge of the mineralogical
components and macroscopic properties such as
porosity, mean grain size, and grain and pore size

Irreversible trace element uptake in minerals is a .~ !
distributions.

potentially important retention mechanism in waste
repository geochemical systems. It cannot be
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concentrations in the groundwater, sorption studies

mechanisms in compacted clay systems some verywith the dose determining isotopes of,dI and

interesting diffusion experiments have been carried
out with a salt gradient across a compacted
montmorillonite sample. After equilibration with
0.1 M NacClQ on one side, and 0.5 M NaCl©n the
other side, of the diffusion celf’Na" was added to
both reservoirs to give equal activities in the two

Se(lV) on HCP, and other cement minerals, under
saline conditions were carried out. (Note that HCP
exposed to highly saline groundwater is subject to
mineral transformations.) The measurements show
that**Cl and'®! are taken up selectively by just a few

minerals, in particular Friedel's salt (AFm.LIn the

compartments. The result was that the concentration case of*°Cl and calcium monosulfoaluminate (AFm-

of Na" in the 0.5 M NaClQ compartment gradually
increased, while that in the 0.1 M NaGl@ecreased,
which is opposite to what would be intuitively

SQ) in the case of3. "*Se is taken up by all phases,
and even binds strongly to most of them. The negati
influence of increasing Clconcentrations on**3

expected. An explanation has been proposed based oruptake by fresh and degraded HCP is significant,

the main diffusion path way being the interlayescsp
where the “driving force” is the sorbed
“Na’(“sorption enhanced diffusion”). Experiments
and modelling are continuing.

The long term effects of the interaction of neatefi
components with one another and with the host rock,
have become, and will remain, an important actiwity
LES. Modelling the interactions in systems such as
cement/clay host rock, cement/sand-bentonite bickfi
cement/bentonite backfill, etc. requires sophistida

while the effect on**Cl and °Se binding is much
weaker.

The Np(IV,V,VI]) uptake by HCP and C-S-H phases
under oxidizing, anoxic and reducing conditions was
investigated. The experiments were carried outgusin
the short-lived®*Np isotope (, = 2.355 days), Na-
dithionite as a reducing agent in the case of Np(IV
and Na-hypochlorite as an oxidizing agent in theeca
of Np(VIl). No redox buffer was used in the
experiments with Np(V). The sorption of Np(IV,V)

reactive transport codes and thermodynamic modelswas generally very high (16- 10 L kg?) in the pH

with a consistent setup for concretes, bentonite,
Opalinus Clay and other potential host rocks. Gak a
radionuclide transport are two important processes
which can be significantly influenced by the
“clogging” of pore spaces resulting from dissolatib
precipitation effects arising from the contact bew
two chemically dissimilar assemblages e.g. bergonit
and cement. An important piece of information
missing is the relation between changes in diffusio
permeability as a function of porosity as the ciagg
reactions proceed. In order to try to fill this gapour
knowledge a new research project will be started in
2012 involving a co-operation between the Transport
Mechanisms Group, the Diffusion Processes Group
and the University of Bern. In addition, the worklw

be supported by two PhD projects.

1.5.2 Cement

In the sulfate-resisting Portland cement CEM | 92.5
HTS, Lafarge, France (currently used for the
conditioning of radioactive waste in Switzerland),
calcium silicate hydrate (C-S-H) phases in hardened

range 10 to 13. The sorption of Np(VI) was equally
high in the pH range 10-11 and decreased therdafter
~5x 1¢ L kg*at pH ~ 12.5. The observations suggest
that variations in the C:S ratio have little effect the
uptake processes and that the aqueous speciatam is
more important. Also, an incorporation mechanism is
considered to control the uptake of Np(V,VI) by
C-S-H phases in a manner similar to that identifoeed
Np(IV).

1C, possibly in the form of small organic molecules
generated during steel corrosion, is a potentigbma
contributor to the dose released from the L/ILW
repository. A programme of work has begun focused
on 1) the determination of the chemical naturehef t
“C containing organic compounds released during
steel corrosion under reducing conditions, andr?) a
evaluation of the long-term chemical stability bése
compounds under the alkaline conditions of a
cementitious near field. In 2011 a high perforneanc
ion exclusion chromatography — mass spectrometer
system was installed, which allows oxygenated low
molecular weight (LMW) organic compounds to be

cement paste (HCP) are considered to control the identified. Analytical protocols for the detectiaf

immobilisation of metal cations, while the AFm
(Al,0s-F&0s-mono) and AFt  (AIOs-FeOs-tri)
phases control anion binding.

Since the planned L/ILW repository could be located
in a geological formation with significant CI

LMW carboxylic acid and aldehydes (€ 5) using
mass spectrometry and conductivity detection
methods are also currently being developed and
assessed. Gas tight autoclave cells have been
evaluated and purchased for the long-term chemical
stability studies.
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The LES-hosted sub-project, “Thermodynamic
equilibrium in  C(-A)-S-H  from  molecular
simulations”, within the three year program SNF-
funded Sinergia project, is aimed at investigating
influence of aluminium substitution in C-S-H phases
on alkali and alkaline ion sorption using ab initio
calculations, classical atomistic molecular dynamic
(MD) simulations, and Grand-Canonical Monte Carlo
(GCMC) simulations of ion sorption.

1.6 Repository far field

Diffusion measurements with HT&CI" and®*’Na’ on
the potential host rocks Marl of Helveticum, “Braun
Dogger” and Effingen Member were used to
confirm/check the validity of the extended Archie’s
relation over a wide range of porosities for esting
effective diffusion coefficients to be used
performance assessment studies. Yi@¥ diffusion
measurements on samples of Effingen Member
showed that the anion accessible porosity was 50% o
the total porosity, and not 25% as estimated from
previous water activity measurements. Additional

in

measurements on new samples of Effingen Member magnitude

confirmed the result. The porosity value is a caiti
parameter in the derivation of porewater
compositions.

The diffusion profiles of°Co(ll) in OPA showed two
regions. The reactive transport code MCOTAC was
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An experimental programme is in progress whose aim
IS to provide support for the SDBs produced for the
Provisional Safety Analyses in Stage 2 of the Satto
Plan. Sorption isotherms of selected radionuclides
Cs(l), Ni(Il), Co(ll), Eu(lll), Th(IV) and U(VI) ae
being measured on samples of the host rocks under
consideration. The measurements on the Effingen
Member have been completed. The measurements on
“Brauner Dogger” and Marl of Helveticum are on
going. Data sets already exist for MX-80 bentonite.
As mentioned in section 1.3, the idea is to make a
comparison between the predicted values contamed i
the SDBs and the corresponding measured values with
the aim of increasing the confidence in the somtio
values in the SDBs.

The predictive capabilities of the two site protagy

non electrostatic surface complexation and cation
exchange model have been examined in a blind test
exercise against sorption isotherms for Eu(II)(1Vi

and U(Vl) measured on MX-80 bentonite and
Opalinus Clay following the so called “bottom up”
approach. The measurements cover over 4 orders of
of aqueous metal equilibrium
concentrations and the agreement between modelled
and experimental data is good to very good, with th
calculated values lying, in most cases, within the
experimental error bars.

A fairly large modelling effort was devoted to the

used to model several possible physical and chémica current and planned diffusion experiments at Mont
processes which could explain the observed Co Terri. Scoping calculations were performed for the
concentration profiles e.g. competitive sorption DR-A experiment which started in November 2011.
between Co and the intrinsically present Fe(ll), HTO, ®°Sr, ®°Co, Cs, Eu, I, and Br tracers have been
surface complexation kinetics and a mismatch added in an artificial pore water in a packered off
between the clay pore water and the diffusion cell section of the borehole. At some later stage it is

reservoir water with respect to concentration grats
for Fe and pH. None of these variations could érpla
the observed Co profiles. The modelling exercise di

planned to exchange the tracered pore water with a
somewhat different artificial pore water, again
tracered, to create a chemical disturbance. THayabi

however indicate that the 40 days usually used to of geochemical models to simulate the measured

equilibrate the sample with the reservoir conceiatmna

changes will be tested. To support the planning of

was not long enough. Finally, a 2-D model setup possible long-term diffusion experiment (DR-B), a
assuming a heterogeneous distribution of sorption series of scoping calculations was carried outgusin
sites within the clay sample could be made to agree conservative tracer and a time span of 20 yearsaFo
with the measured two stage Co concentration grofil borehole axis crossing the clay bedding plane at an
but such an assumption would have to be justified angle of roughly 45 degrees, the full geometrical
experimentally. Alternatively, since two sorption complexity in 3D was taken into account in the
mechanisms contribute to the uptake of Co on OPA, calculations.
i.e. ion exchange and surface complexation, two
different pathways could be involved in the diffesi The benchmarking of codes in use in LES is an on
transport, one involving diffusion in the extermpalre going process. Recently, clogging (i.e. the strong
space and the other involving ‘sorption-enhanced reduction of porosity) has received special attenin
diffusion’ in the interlayer space (see section).7The transport modelling of cement-bentonite interfaces.
modelling work is on going. Numerous claims that reactive transport codes can
solve the reaction transport problem with feedback
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porosity need to be validated against analytical Also, the LES in-house code, MCOTAC, and
solutions. Over the last two years a postdoc, COMSOL Multiphysics, were benchmarked using the
Mohamed Hayek, has derived analytical solutions for case of Cs through-diffusion in an Opalinus Clay
multi-component transport coupled to a single sample, taking into account the non-linear sorptibn
precipitation/dissolution reaction in one, two dhcke Cs. Results from both codes for through-diffusion
dimensions. One of the proposed analytical solstion times, as well as Cs concentration values, agresid w
has been used to compare numerical solutions for a wide range of initial Cs concentrations {10
obtained from two conceptually different reactive 10’ mol/l) assumed to be constant at one boundary of
transport codes: a commercial finite element code the sample, even though COMSOL and MCOTAC
COMSOL-Multiphysics and open access finite use different spatial discretisation schemes, wiffe
elements code OpenGeoSys. The numerical resultsstrategies for solving the diffusion equation and
obtained agreed well with the analytical solutidéois different implementations of the non-linear sorptio

Guest Scientist, Post Doc
Technician
PhD student

spatial and temporal evolution of concentrationd an isotherm.
porosities.
Table 1.2: LES Organigram, December 2011
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2 GEOCHEMICAL MODELLING

W. Hummel, U. Berner, E. Curti, D. Kulik, T.

2.1 Overview

A large part of the geochemical modelling group’s
work in 2011 was related to the Swiss Sectoral Plan
(Sachplan for deep geological disposal. This work
comprised of model calculations and extensive
literature reviews which contributed to two Nagra
Technical Reports on the geochemical evolution of
the near-field of planned geological repositories f
spent fuel/high-level waste and intermediate-level
waste. Further topics related to the Swiss Sectoral
Plan explicitly mentioned here are:

 Thermodynamic data evaluation and speciation
calculations related to the development of
solubility and sorption databases.

e The LES definition of the Opalinus Clay pore
water.

e Bentonite pore water calculations.

e« Ce(ll/IV) mobilization and co-precipitation
during aqueous corrosion of simulated nuclear
waste glass.

Progress in the field of trace element behavious wa
made in the framework of a PhD and a postdoc projec
(L. Aimoz and B. Thien).

e Astructural study on iodide uptake by AFm
phases indicates the formation of a stable solid
solution between AFmyland AFmM-SQ. The
latter phase could act as a potential sinkfbin
the cement-based engineered barrier of a nuclear
waste repository.

« Kinetic models of trace element uptake in host
minerals were compared.

Furthermore, advances in thermodynamic sorption
modelling have been achieved with the development
of theoretical conversions of intrinsic adsorption

constants between different site densities, déiesci

ThoenB. Thien (postdoc), L. Aimoz (PhD)

2.2 Work related to the Sectoral Plan

2.2.1 Thermodynamic
calculations

data and speciation

In support of the development of sorption datab&ses
be used in Stage 2 of the Sectoral Plan, numerous
speciation calculations covering all safety-relévan
radionuclides were performed for Opalinus Clay,
“Brown Dogger”, Effingen Member, and Helvetic
Marl porewaters.

In addition, speciation calculations were made for
various cement porewaters with normal and high
salinities (ionic strength of 1.3 mol Ky as part of the
assessment of the sorption properties of cemeunitio
materials in contact with the high salinity variaoft
the Effingen Member porewater.

Since several of the safety-relevant radionucliales

not contained in the PSI/Nagra Chemical
Thermodynamic Database, thermodynamic data were
compiled (but not reviewed) for Ag, Co, Cd, Pb, Sb,
Hf, Sm, Ho, Pa, Mo, Be, and Bi. Data files were
prepared for use with PHREEQC and GEMS.

Polonium-210 is a radionuclide whose thermo-
dynamic behaviour was thought to be unknown
because of a total lack of data in thermodynamic
databases. A literature review revealed sparseatata
the solubility and hydrolysis of Po but which,
unfortunately, were too inconsistent to derive
equilibrium constants. However, the data were
sufficient to conclude that Po(lV) is the most &ab
redox state in aqueous solutions and that Th woeld
the closest chemical analogue concerning solubility
and sorption behaviour.

2.2.2 LES definition of the Opalinus Clay pore
water

The Opalinus Clay pore water for use in the ongoing
Sectoral Plan has been defined byo®r (2009) in

and concentration scales. Proposals are made how tgccordance with, and from a conceptual point ofwvie

define the conventional standard site density for
multi-dentate surface species.

compatible with, earlier models fromaSRA (2002)
and FEARSON (2002). In principle, the water
composition relies on saturation of calcite, dol@ni
quartz, celestite, siderite and pyrite in 160 mikgo

of NaCl at log(pCQ,) = -2.2 and at [SS]/[CI] =
0.155. In this water, a key parameter in definihg t
pH (7.20) and the carbonate system is the arbitrari
set partial pressure of GQpCQO,). Note that this
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arbitrarily set pC@is consistent with the phase rule. The unexpected result is an increase in pH when
MADER (2009) varied log(pCQ,) from -1.8 to -2.8 adding the acid “C@. The detailed analysis reveals
and calculated pH values ranging from 7.00 to a61 that significant amounts (~40 %) of montmorillonite
constant ionic strength. convert to kaolinite, quartz, dolomite, sideritdite

and additional pore solution (from water chemically
combined with montmorillonite). Due to the absence
of a second sodium carrying phase, the chargeeof th
Na" released from the smectite needs to be
compensated by significantly increased concentiatio
of CO,> and S@. This in turn forces some oxidation
of pyrite to provide the necessary sulphate, and
reduces the Eh by about 40 mV. The ionic strength
increases from 0.23 to 0.30 mol/kg® and the anion
accessible porosity increases by 40 % at consbéait t
porosity. The cation exchange capacity decreases
from 101 to 58 mmol/kg,. Note that all reactions
proceed in reversed order when removing,Q®
The resulting pore water, based on the same gartin obtain logo(pCQ,) = -2.8.

conditions (ionic strength and $QCI" ratio) is nearly
identical with the M\DER (2009) water (see EHRNER

& Kosakowskl, 2011 for details). In the LES set up

it is no longer allowed to freely set p&OThe
extended phase assembly constrains the arbitrary
chemical parameters to [Chnd the SG/CI ratio.
The former free key parameter p£i® now defined

by the extended phase assembly, which again is
consistent with the phase rule.

Coupling chemistry and transport models calls for
chemical systems as realistic as possible conagrnin
masses and volumes. Therefore, an alternative
Opalinus Clay pore water model was set up including
in addition, the masses and chemical propertighef
minerals illite, kaolinite and montmorillonite (and
barite), which all together make up more than
50 %"/, of the measured Opalinus Clay phase
assembly. Different from the model of AWER
(2009), an ideal solid solution model consisting of
seven montmorillonite end-members was used to
represent cation exchange.

Based on this sensitivity analysis, the key impuréa

of the solid phase selection on the pore water
composition is evident. It is also recognized ttiet
partial pressure of CQOis most likely not a freely
“settable” parameter in these complex systemsjshut
determined by the solid phase assembly, providad th
the system behaves according to the assumptions of
thermodynamic equilibrium. However, the above
phase assembly cannot yet be considered as thHe fina
In this system [C] was varied in the range conclusion. It is not a priori understandable wimal

60 mmol/kgio (minimum content in Opalinus Clay amounts of added GO(0.3 %) should induce the
pore water) to 580 mmol/kgo (high saline Mt. modelled substantial rearrangement in the phase
Russelin variant; MDER, 2009) and as a second assembly. It is suspected that a complementary
dimension the S@/CI ratio from 0.017 (celestite  sodium-controlling phase would be essential in orde
becomes unstable) to 1.04 (limited by gypsum to increase the modelled system robustness against
precipitation). The thus modelled Opalinus Clay changes in the chemical input parameters. This will
systems revealed a remarkable robustness, apart fro certainly be a topic for further developments.

the changing starting conditions. Amounts of phases

and the cation exchange capacity did not vary. The 2.2.3 Bentonite pore water calculations

l001o(pCQ,) varied in the very narrow range -2.3-

-2.31, pH in the range 7.63-6.91 and ionic strength In the framework of activities in Stage 2 of the
between 74 and 690 mmolfkg. Both, [C&"] and Sectoral Plan, pore water compositions in equilitori
[Mg*] varied in the range 1-50 mmol/kg. with compacted bentonite under repository cond#ion
have been derived using a novel approach in which
montmorillonite is treated as a multicomponentdoli
solution phase that may undergo dissolution/
precipitation reactions, as described in the preced
section. For comparative purposes additional
calculations have been performed by applying the
model used in a previous safety assessment
(“Opalinus Clay Project”, OCP), however using more
realistic assumptions and thermodynamic data.
Specifically, it was assumed that the reacting @pal
Clay pore water penetrates into the anion accessibl
porosity (5 % of the total volume) only after the
montmorillonite interlayer becomes saturated via
vapour adsorption. In addition, attempts have been

How are differing pC® values obtained, which are
comparable to the ranges explored iADER (2009),

in this (obviously robust) chemical system when
l0g1o(pCQ,) cannot be set as a parameter in the model
calculation? Variations in pGOare obtained with
modified system mass balances. CO,) = -1.8
was modelled when “adding” 175.5 mmol of £©
1000 cni (2535 g) of the Opalinus Clay reference
system, and vice versa lpCO,) = -2.8 when
“removing” 142.5 mmol of C@ The resulting pH
range is now 7.82-7.29.
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made to model uncharged pore water in conjunction 2.2.4 Ce(lll/IV) mobilization and co-precipitation

with a diffuse double layer, using the model of
BORKOVEC& WESTALL (1983).

The conventional (OCP) model differs from the novel
approach in as much as it treats montmorillonite as

pure exchanger phase with a fixed number of surface

sites without accounting for precipitation / disgan
reactions. Moreover, in the OCP model equilibrium
between the aqueous solution-bentonite system and
fixed CQ, partial pressure (1'% — 10?2 bar, from the
original OPA porewater) is assumed, leading to
significantly lower pHs (7.0 — 7.4 vs. 7.75).

Calculated redox potentials also differ slightly
(-0.178 V to -0.150 V vs. -0.198 V) by virtue of a
different choice of Eh-buffering phases. The
elemental compositions of the two types of water ar
nevertheless similar, and differences in concaptiat

of major species do not exceed one order of
magnitude.

(@)

during aqueous corrosion of simulated
nuclear waste glass

The microscopic distribution and oxidation stateCef
in the MW (Magnox Waste) simulated nuclear waste
glass were studied using micro-XRF mapping
techniques and micro-XANES after 12 years leaching
at 90°C in initially pure water (@TI et al., 2011).

%he micro-XRF maps revealed that Ce, initially

present as oxidized species {Gén the pristine glass,
was partly reduced and re-immobilized ad' @aring

the aqueous corrosion process, preferentially angr
boundaries or in the interstitial spaces between th
glass particles (Fig. 2.1a). The "Cabundance was
found to spatially correlate with the distributiarf
secondary Mg-clay formed as the main glass
alteration product during the aqueous corrosion.
Micro-XANES spectra collected at locations
representative of both altered and non-alteredsglas
domains confirmed the findings obtained by the xedo
mapping (Fig. 2.1b).
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Fig. 2.1: (a) Redox map showing ®and Cé& prevalent regions in altered MW glass. (b) MicroN&S spectra
of locations shown in map (A4pmpared to those of reference compounds (csf'5(S€)s, cox=Ce'0,, emx =
equimolar mixture of the two latter compounds). Bpectrum of non-altered MW glass (thick brokem)liis
superposed to the XANES of spot I.
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Because redox-sensitive elements in the pristine MW experiments, varying amounts of potassium salts
glass (Fe, Cr, Se) occur almost exclusively asipad (KCI, K,CO; or K,SO,) were added to a 1-month
species, reduction of €ewas probably mediated by  equilibrated suspension of AFm-land further

an external source of reductants, such as Fe(&) fro equilibrated for at least 48 hours.

the steel reaction vessel.

In order to characterize the synthetic samples, XRD
measurements were performed on an X'Pert Pro
Phillips diffractometer using a CueKsource and a
scan rate of 0.02°/s. In addition, EXAFS studiethat
iodine K-edge were carried out to determine the
coordination environment of iodine in each sample.
The structure models required for fitting the EXAFS
spectra were obtained using ab-initio simulatioms i
collaboration with the Transport Mechanisms Group.
EXAFS measurements were performed in
transmission at the Dutch-Belgian beamline of the
European Synchrotron Radiation Facilities (ESRF,
Grenoble, France), using a He cryostat at 15K to
improve data quality.

These results, in conjunction with an Eh—pH stghili
diagram of the C&Y-0O-H-C'-P-S'-Na—Cl
system, indicate that the glass was leached at
relatively low oxidation potentials (Eh < 0.2 V).
However, the comparison with an equivalent Eh—pH
diagram for Pu revealed that the reduction of Foi
PU" would require considerably stronger reducing
conditions (Eh < - 0.3 V). It is, therefore, coraial
that Ce is not a good chemical analogue of Pwiie s
of its wide use as a surrogate in simulated radivac
waste.

2.3 Trace element behaviour

2.3.1 Solid solutions: Structural study of iodide
uptake by AFm phases The AFm-} phase undergoes a phase transition at low
temperatures. This transition was observed by X-ray
“Positively-charged” cement minerals may potenyiall ~ diffraction measured at 100K at the Swiss-Norwegian
reduce the mobility of long-lived anionic beamline of the ESRF. Small displacements of the
radionuclides such a$%, Se, and™Tc in the near-  position of the110 and 006 diffraction lines were
field of a cement-based repository. In the cont#xt  observed (Fig. 2.2). This indicates that this phase
an ongoing PhD project (L. Aimoz), radiotracer transition induces only minor modifications of the
experiments, powder X-ray diffraction (XRD), and high temperature lattice. Therefore, the modifimasdi
extended X-ray absorption fine structure (EXAFS) to the inter atomic distances induced at low
spectroscopy were used to obtain a molecular-level temperature by the phase change are assumed to be
understanding of the uptake mechanisms of iodigle (I within the uncertainties of the EXAFS technique.
by cement minerals bearing positively-charged sheet
or channels (AFm or AFt phases, respectively). Ca-All LDHInR3: (003) (006) (110
Y Y

First, the uptake of trace levels of iodide (4%1M) 298K
by the most common “positively-charged” cement |."=2=0
minerals was quantified by performing SoOrption | mearement
experiments usind®. For the phases hydrotalcite, 1 55 55 s 0
ettringite, AFm-C}, AFm-CQ; and AFm-SQ, the
AFmM-SQ, phase was found to be the only one to take
up iodide. Thanks to the selection of a high sabd—  Fig. 2.2: Comparison of diffraction lines from the HT

liquid ratio (~10 kgkgd), an R value for iodide  and LT Ca-Al,l LDH polymorph measured &
sorption onto AFm-SQof 2.6 + 0.3 x 18 m’® kg* 0.5020 A) between 2° and 21°.

could be measured.

inP1: (007) (002) (120)

A bi-anionic single AFm phase only formed between
With the aim of understanding this preferential AFm-1, and AFm-SQ In both co-precipitation and
uptake, synthesis experiments were carried out to sypstitution experiments AFm-Cland AFm-}
incorporate iodide together with chloride, carbenat segregated. Similarly, AFm-l and AFm-CQ

sulphate in AFm samples. Co-precipitation and segregated in the substitution experiments (FR). 2.
substitution experiments were performed in a glove

box to avoid carbonation. In the co-precipitation
experiments, stoichiometric amounts of;ACand
calcium salt (using different molar ratios of €ahd
CaCh, or CaCQ, or CaSQ@ were mixed and
equilibrated over a period of 1 mon#or substitution
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Fig. 2.3: X-ray diffraction patterns of AFm samples
containing Cl or CO* or SQ? together with an
initial | content of 50% prepared by co-precipitati
(cop) or by substitution (subs). Pure AFgdnd
AFmM-SQ are plotted for comparison. Impurities of
hydrogarnet (hyg) and ettringite (ett) are circled.

These re-crystallization processes emphasized the
greater stability of AFm-Gland AFm-CQ compared

to AFm-bL. In addition, | K-edge EXAFS spectra fits
of these mixtures resulted in two I-O backscatterin
pairs at R~3.6 A and R~3.8 A (Fig. 2.4), similar to
pure AFm-b. These findings indicate that iodine in
these mixtures of two phases has a similar
coordination environment to that in pure AFm-|
Therefore, the presence of co-forming AFm-&hd
AFmM-CGO; did not disturb the structure of AFm-I
even at short distances around iodine atoms.

@ T T O T T T ] (@ T T
WWW’V\/\/\AM subs-I-Cl AQMIWM V\/\/\N\/\M"‘

% cop-I-Cl EP\’ S:i
\/\/V/M/\,‘/W\J subs-1-CO, ﬁ@kdvb@mw '\/\/\/\/\/\/\N\J\v
\/\/\/’\/\/’\/\/\/\M cop-I-CO, —O’qbvde‘vw ‘\/\/VW\/\/\/\—A
W subs-1-50, %wmw; n_\/\/\/\/\/\/’\/\,\,\:
- ———— -
3 6 9 12 2 4 6 3.6 9 12

k(A1) R+AR (A) k(A
Fig. 24:. Experimental EXAFS spectra and

corresponding fit models at the | K-edge of AFm
samples containing Cor CO;” or SQ* together with
an initial | content of 50% prepared by co-
precipitation (cop) or by substitution (subs). (&}
weighted: (b) FT (modulus, imaginary part) (c)ET
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In contrast, singld0l lines corresponding to single
AFm phases are observed in the co-precipitae®;
and |-SQ and in the substituted I-Osamples
(Fig. 2.3). For co-precipitated 1-GO a regular
stacking of interlayer spaces alternately filledhwi
and (OH-COy”) is anticipated, giving rise to a
supercell of g, = 17.03 A (Fig. 2.3). This stacking
results in a local disorder of iodine compared tioep
AFm-l,, as was previously observed for Zn-Al,l
layered double hydroxides. Indeed, limited struatur
information was observed at large AR (Fig. 2.4). A
single I-O pair alone could be fitted at R~3.6 Attie
FT-.

@ substitution
’ coprecipitation

8.95
@ end-member

*
o
S

interlayer distance (A
@®
o3
w

il
®
S

Fig. 2.5: Evolution of the unit cell parameter ¢ based
on the position of the 006 line against the | cahia
the AFm-}-SQ, samples prepared by co-precipitation
or by substitution, respectively.

For I-SQ, samples, the interlayer distance decreased
linearly with the iodide content, indicating mixiruj
iodide and sulphate within the same interlayers
(Fig. 2.5). The splitting of the first shell fourma the

FT of the EXAFS spectra between two maxima at
R+AR = 2.9 A and 3.4 A shows that iodine has a
different coordination environment than in pure AFm
l,. Results from the fit show that the first shelDI-
distance in I-S@samples (~3.5 A) is smaller than in
any other of the investigated samples (~3.6 A). A
different atomic configuration of oxygen atoms
around iodine in the absence or in the presence of
SO is in good agreement with a short-range mixing
of I and S@ within the same interlayers. Indeed, the
coordination environment around iodine atoms
includes oxygen atoms from hydroxide groups, from
water molecules coordinated with Ca, and from space
filing water molecules linked to the presence of
sulphate (Fig. 2.6).
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between growth rate and diffusivity. For elements
which do not fit in the mineral structure, i.e. are
enriched in the surface layer relative to the bulk
mineral, the higher the growth rate compared to the
diffusivity, the more efficient is the entrapmeritte
considered trace element, and vice versa. This mode
also works for elements which do fit into the mader
structure (depleted in the surface layer, relativéne
bulk mineral). This model describes very well the
growth rate dependency of such compatible and
incompatible trace element distribution coefficeim

® calcite, but some parameters, such as the apparent

hydroxide sheet I Y surface layer diffusivity are poorly known and must

: . be fitted. This model is described by a reactive-
Fig. 2.6: Optimized structure of an AFm-I-(3% transport equation and has been improved to account

obtained from ab-initio simulations. Grey, red,hig
blue, dark blue, yellow, and violet colours are

representative for H, O, Al, Ca, S, and, I, respety. The second model is the Surface Reaction Kinetics
Model (DEPAOLO, 2011). It is based on precipitation-
dissolution dynamics. There is competition betwaen
gross forward precipitation rate and a gross baokwa
dissolution rate for each “end-member” e.g. calcite
and strontianite in the case of Sr uptake by caldit
equilibrium these two rates are equal. The compatit
between the two rates determines the net predipitat
rate of the mineral and its trace element distrdut
coefficient. This model describes experimental lissu
very well and provides very similar results to the
Watson model. However, the mechanisms are quite
2.3.2 Kinetics of trace element retention in different, and obtaining a realistic value for tr@ss
minerals backward dissolution rate remains a challenge. The
main advantage of this model is that the resulting
Irreversible trace element uptake in growing mifseera equation is very easy to solve without a computer
cannot be predicted using a simple aqueous solid- code.
solution model since experimentally measured trace
element concentrations deviate from equilibriumyAn  The last model is the Adsorption Diffusion Desawpti
suitable model must account for this deviation. To Model (BARROW & BOWDEN, 1987). Surface trace
succeed in the prediction of trace element uptake i element concentrations greater than in the bulk
growing minerals, certain questions must be mineral, triggers a diffusion flux into the bulk tfe
answered: Why does trace element uptake in a hostmineral. In contrast to the Watson model, diffusion
mineral depend on the precipitation (re- from the surface back into the solution is not\atd.
crystallization) rate? What are the mechanisms?tWha This model does not account for mineral growth and
is the equilibrium (uptake) distribution, as a refece has not yet been tested.
for kinetic-dependent uptake?

for possible depletion effects in the solution.

These results indicate the formation of a stablil so
solution between AFmyland AFmM-SQ. This solid
solution formation explains the preferential uptaite
iodide at trace-level by AFm-SO Hence, AFm-Sg)

in contrast to AFm-Gland AFm-CQ, is a potential
sink for ' in the cement-based engineered barrier of
a nuclear waste repository. Future studies willuide

the evaluation of the thermodynamic stability oé th
AFm-I, — AFmM-SQ solid solution.

The next step is to include these models into the
geochemical code GEMS, in order to take the
chemistry of the solution into account. The results
from future experiments carried out within the EU
SKIN project will help us to find the most physikal
realistic model.

Three existing models of trace element uptake st ho
minerals in the context of waste repository
geochemical systems were studied and evaluated
(B. Thien, postdoc).

The first one is the Surface Entrapment Model
(WATSON, 2004). It is assumed that a growing crystal
keeps the same concentration as the surface, unles
the diffusion in the near-surface region is sigpaifit
during growth. In other words, there is a compariti

2.3.3 Thermodynamic sorption modelling

%pectroscopic studies and atomistic simulations of
(hydr)oxide surfaces have corroborated the use of
multi-dentate surface species in aquatic surface
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complexation  models. Major advances in or from atomistic simulations. It turns out thatagher
thermodynamic sorption modelling have been narrow range of , (Ico) values is consistent with the
achieved with the development of theoretical independently estimated entropy and volume effects.
conversions of intrinsic adsorption constants betwe  For (hydr)oxide surfaces this range is fromB03 to
different site densities, ‘denticities’, and contzation 1.210* molm? (or 2 to 72 niiA), i.e. similar to the
scales(in collaboration with J. Lutzenkirchen (KIT) density of HO molecules in a planar surface
and T.E. Payne (ANSTO)). We have shown(k et monolayer (6 niM). For this reason, it is proposed to
al., 2011) that denticitydj effects are not present in define a standard (site) density for alldentate
intrinsic equilibrium constank™ values for mono- surface species on mineral-water interfaces in the
dentate binding reactions, but thé™® conversion  range T10° to 210° moli? which leads to physico-
factors between different concentration scaleslmn  chemically consistent entropy effects and tempegatu
as large as 18 lggunits for 4-dentate surface species. extrapolations of equilibrium adsorption constants.

. . 1 t,d . .
This can result in huge artefactskif*®, fitted in one These results have been reported in part at the

speciation code, is used in another code without Go|gschmidt 2011 Conference. A manuscript for
proper conversion. The application of only two npjication (D. Kulik and J. Litzenkirchen) is in
surface concentration scales, the relative surface nreparation.

concentration,d, and the relative surface density,
eliminates the dependence of intrinsic adsorption 2.4  Teaching activities
constantK,,' on denticity, d, for reactions of the
formd-=+M « =M (= stands for a surface site). The teaching duties of W. Hummel as Privatdozent
This allows the conversion of af@kﬂm to a standard-  (PD) for “Nuclear Environmental Chemistry” at ETH
state constarfy, suitable for deriving an internally  Zurich included lectures and exercises on nuclear
consistent set of thermodynamic properties of serfa waste management within the scope of the courses
complexes valid at different temperatures. “Nuclear Energy Systems” (Spring Semester 2011)
and “Landfilling, nuclear repositories and
Further elaboration and acceptance of a general contaminated sites” (Autumn Semester 2011).
convention on the denticity-invariant standard estat
needs an agreement on the standard value of siteBetween May 19 and May 31 2011 E. Curti taught
density M, (for & scale) numerically equal to the at Bern University in the framework of the block
standard value of surface dendity(for o scale). Can course entitled “Geological disposal of radioactive
such a value be arbitrar”y chosen (eg 1 mo‘F),m waste” (SharEd with PD Dr. Martin Mazurek), which
is there a range of values preferable on is an i_ntegral_ part of the master _curriculum in
physicochemical grounds? Our analysis  of Geological Smences. The con'trlbutlon involved abo_u
temperature corrections foK{'" of multi-dentate 12 hours teaching and exercise plus the preparation
adsorption reactions leads to a dependency of the@nd evaluation of a written examination.
entropy term on the surface concentration scaleoand
the chosen standard (site) density. Again, this
dependence is not present for mono-dentate reaction

A complete set of the correction terms involvedha A comparison of models for describing the adsorptio

tlnlirlns::c er&my ttedr'r;; of tﬂj[e adso;pnon hrea%tlon of anions on a variable charge mineral surfac€oll.
aken from Ky™ at different temperatures has been .o+ sci 119, 236-250.

derived using the Van't Hoff or similar equations.

These correction terms can be used for the easyBERNER U., KOSAKOWsKI, G. (2011)

conversion of ‘apparent’ to standard-state entropy Kommentare zum PSI Opalinuston Porenwasser;
terms without re-fitting the experimental data. Bandbreiten. PSI Internal Report AN-44-11-06.

BORKOVEC, M., WESTALL, J.(1983)
On the other hand, entropy and volume effects of goiytion of the Poisson-Boltzmann equation for

adsorption are largely defined by the release @ H  gyrface excesses of ions in the diffuse layer at th

molecules from aqueous adsorbate species and fromgyide-electrolyte interface. J. Electroanal. Chéso,
the surface. These effects can be predicted using3s5.337.

available thermodynamic data on ion hydration and
recent calorimetric data on surface hydrationh#é t

number of HO molecules liberated from both sides
upon adsorption is known e.g. from spectroscopia da
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3 TRANSPORT MECHANISMS

S.V. Churakov, Th. Gimmi, A. Jakob, G. KosakowgkRfingsten, M. Hayek (postdoc), M. Tyagi (postdoc
L. Pegado (postdoc), F. Hingerl (PhD)

3.1 Overview

An important milestone reached in 2011 was the
submission of the reports on the geochemical
evolution of the near field of HLW and L/ILW
repositories (3.2). These reports incorporate tesul
obtained over the last two years and will provide
scientific support for the site selection process i

3.2 Sectoral Plan

3.2.1 Reactive transport modelling for the
geochemical evolution of L/ILW and HAA
repository near fields

The projects on the long-term evolution of
cement/clay host rock, cement/sand-bentonite Hackfi

Stage 2 of the Sectoral Plan (Sachplan Geologischeand cement/bentonite backfill interfaces whichtsthr

Tiefenlager). We further participated in the moidejl
of data from the DR-experiment, initiation of th&®@D
A experiment and performed scoping calculations for
the planned DR-B project, all being carried out at
Mont Terri (3.2). Field experiments provide inpattal
for modelling and are used for the validation of
conceptual transport models. Inverse modelling of
conventional diffusion experiments provides the
radionuclide transport parameters needed in

two years ago in co-operation with the Geochemical
Modelling Group have been completed. The
thermodynamic model applied in the simulations uses
a consistent setup for concretes, bentonite, Qgslin
Clay and other potential host rocks. It reproduces
measured properties of pore waters (compositiof, pH
takes into account cation exchange and the pH
buffering properties of the clay components, and
makes a clear distinction between inter-particle an

performance assessment studies (3.3). To begin tointerlayer porosities of the clays. The resultstioé

address top priority questions in performance
assessment such as clogging and
saturation, two PhD proposals were made for preject
focused on transport in partially saturated medid a
porosity changes at cement clay interfaces (3.6).
These projects were successfully approved by the PS
Research Commission (Foko).

The simulations carried out for performance
assessment studies span time frames of a milliarsye
or more and thus have to be conceptually simple and
numerically robust. The appropriateness of such
simplified models is tested against field experitaen

repository re-

modelling made important contributions to the two
reports.

For the report on the geochemical evolution of the
HLW near field, numerical simulations were used to
estimate the influence of a cementitious liner ba t
near field. The report on the geochemical evolutbn
the L/ILW near field, prepared in cooperation wtiie

Geochemical Modelling Group and the Cement
Systems Group, relied heavily on the novel
geochemical model and the reactive transport
calculations.

wherever possible and the assumptions made arégq,. oach type of interfaces three different trarspo

corroborated through a mechanistic understanding of
the radionuclide transport and sorption mechanigims

scenarios were investigated: (1) fully coupled
diffusive transport, (2) diffusive transport wittou

the pore scale using advanced simulation techniquesgeeqhack of precipitation/dissolution reactionstba

(3.4). Such studies take advantage of the unique
analytical infrastructure available at PSI's laspale
facilities and access to state-of-the-art computing
Indicative for this is the joint PhD project withe
laboratory of neutron imaging in the NUM department
which has received patrtial financial support frdme t
CROSS initiative launched by the PSI-Directorate.
Numerical codes are benchmarked and modelling
competences are extended to maintain state-ofrthe-a
capabilities and the conceptual quality of the exyst
description (3.5). Teaching, supervision of PhD
students and postdocs, have become an integradfpart
the group’s activities that contribute to the knesde
transfer and the visibility of the research.

porosity and transport parameters of the media(@nd
advective transport of a host-rock pore-water tghou
the concrete near field and then the infiltratidrihe
altered pore water into the host rock. The calautat
allowed a comparative study of the geochemical
evolution of the repository near field for diffeten
hydraulic scenarios and combinations of materiaslls.
calculations showed a small porosity increase & th
concrete due to portlandite dissolution. Scenasiitis
advective transport showed a strong dependency of
the concrete degradation on the water flow rate. Fo
realistic water flow rates, transport across the
interfaces was dominated by diffusion. The diffesiv
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scenarios suggested strong porosity decreases at th3.2.2 Scoping calculations for future long-term

interface due to the precipitation of C-S-H phaased
other cement minerals. All of the calculations
indicated only a small extent of mineralogical ohpes

in the clay rocks (Fig. 3.1). The simulation cqpice

diffusion experiments in the Mont Terri
underground rock laboratory (DR-B)

Experimental data obtained in field-scale long-term

applied relied on an equilibrium chemistry approach diffusion experiments form part of the scientifiasis

and treated the aggregates in concrete as inesepha

for performance assessment within the Sectoral. Plan

Therefore, a complete degradation of the concrete To support the planning of a possible long-term
compartment was not possible in this setup. Some diffusion experiments (DR-B) in the Mont Terri

scoping calculations with kinetically controlled
dissolution of the alkali-silica aggregates sugegst

that the cement degradation stage determined bycould be

portlandite saturation could potentially last fomach
shorter period than anticipated from
degradation scenarios based on diffusive or adreecti

underground rock laboratory, a series of scoping
calculations was carried out. The DR-B experiments
conducted over many years and,
consequently, a time-span of 20 years was considere

reference in the calculations.

transport of host rock pore waters assuming inert In field-diffusion experiments solute migration ésk

alkali-silica aggregates.

Bentonite - Shotcrete - Opalinus Clay interface (30797 years)

1.0

= fuid
® philipsite_SS

0.8

0.6
[ Julia} Jalsfals] ¥}

0.4

Opalinus Clay

volume fraction [mam‘:’]

0.2

S 12 13 1.4

distance [m]

1.5

Fig. 3.1: Simulated mineralogical profile over
bentonite, shotcrete and Opalinus Clay after 30’800
years. The solute diffusion across the material
interfaces is hindered due to pore space cloggfitng
different material compartments are therefore iseth
and are slowly re-equilibrating.

place under near in-situ conditions in three
dimensions with preferential pathway parallel te th
bedding of the argillaceous rock (Opalinus Clay).
Since the borehole axis crosses the clay beddamgepl
at an angle of roughly 45 degrees, the full geocadtr
complexity in 3D has to be taken into account ia th
calculations. After a certain, pre-defined time rgpa
the borehole can be overcored. By subsequent glicin
or abrasive peeling of the core, the tracer distidn

in the host rock can be determined. An additional
source of information about tracer fluxes is the
temporal evolution of the tracer concentrationshie
borehole. A novel technique to be used for the
monitoring of the temporal evolution of the tracer
distribution in the rock will be based on X-ray
fluorescence spectroscopy. With this technique the
solute concentration in the injection reservoirl Wi
measured in several complementary observation
boreholes surrounding the source. Selected simulati
results for 3D iodide tracer distribution in thereo
and the evolution of the fluid composition in bookdh

are illustrated in Fig. 3.2. The results of the elbdg
(JakoB, 2011) will provide the scientific basis for
deciding on the design of the planned field tracer
experiments.
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Fig. 3.2a: Half of the modelled Fig. 3.2b: Anisotropic tracer Fig. 3.2c. Amount of iodide tracer
domain and the grid used for thaistribution in the Opalinus Claypresent in the Opalinus Clay as a
calculations. The inner verticalafter 20 years of diffusion. Redunction of time (green line). After
structure represents the boreholedenotes high and blue low or eveB0 years some 40% of the initial
The tracer is released in the middleero tracer concentration. The pinkL55.5 moles of tracer is still present
section of the borehole over heighines  denote  two  differentin the source (blue line) and most of
of 1m. Domain height andexperimental detection limits for thehe migrated tracer remains in the
diameter are both 5 m. iodide tracer at the intersectingmiddle section (light blue line).
vertical plane.

3.2.3 DR experiment in the Mont Terri Rock 0.00
Laboratory

The experimental work in the DR (Diffusion and
Retention) experiment at the Mont Terri Rock
Laboratory was finished in 2010. In this experiment

|
o
o
a

—-0.15
artificial pore water containing 13 different trase
was circulated in two short (15 cm) injection ineds -0.10 [
in a borehole drilled perpendicular to the beddifig L1 0.14

the Opalinus Clay (http://www.mont-terri.ch/). The
decrease of tracers concentrations in the intewats
monitored over nearly 4 years. The injection intdsv
were then overcored and samples of variable size we
taken at different vertical heights relative to tentre

of the interval and at different radial distancesnt

the borehole. Water contents and total tracer
concentrations were determined in these samples so
that the 2D distributions around the injection nagds . /.
could be displayed. For more strongly sorbing trace 0.00 0.0 0.1 0.15
(e.g. Cs, Co, Eu), only 1D radial profiles in tlente
of the injection intervals were obtained.

Vertical distance z from center [m]

Radius rfrom interface [m]

Fig. 3.3: Measured 2D water content distribution
Fig. 3.3 shows the measured 2D distribution of wate around the lower half of the lower injection intatv
in the core. The low water content measured at the (located at r =0 m from & z<-0.075 m) in the DR
external rim of the overcore, and also at the n#er  experiment. The lower water contents at the right
interface towards the injection interval, are atés boundary, and partly at the left boundary, are
caused by partial drying during the drilling witfr.a artefacts caused by the sampling and the drillirith w
These values were ignored when determining the air during the overcoring.
average water content for the simulations.
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Transport parameters for each tracer were obtainedFig. 3.4 shows the measured and simulated 2D
based on the two data sets (borehole, 2D or 1D distributions of HTO. Fig. 3.5 shows measured and
profiles). The procedure first included the scragni  simulated radial HTO profiles in the pore water.
and checking of the different data sets. The modgll  Slight, but systematic differences between the
considered an axi-symmetric 2D domain that included measured data and the simulations could not be
the central injection interval, the filters, a shng&p completely eliminated with reasonable parameter
around the filters and the surrounding rock. It was combinations. Improving the match of the borehole
shown that the decrease of the fluid volume in the simulations very often led to a worse match of the
reservoir tank during the experiment, due to the profile simulations, or, improving the match of the
repeated sampling, had only a minor effect on the profile data near the interval led to a worse matith
simulations. The HTO diffusion coefficients parballe the data further away. This could be an indicatbn
and perpendicular to the bedding were estimatad fro some processes or heterogeneities that are not yet
the HTO data using the average measured waterconsidered in detail in the simulations, or it ebalso
content and considering the uncertainty of the data be due to an unknown bias or a larger uncertaimty i
regarding their exact vertical position. Thus, tbe the data than has been considered so far. Fonoesta
first time the anisotropy factor could be directly the measured HTO concentrations of the first sasnple
determined in a field experiment. Parameter adjacent to the injection intervals are somewhatlo
estimations for the other tracers are ongoing. than the modelled concentrations in all of the
Parameters similar to those determined in earlier simulations. This has been observed already ineearl
experiments were obtained so far. experiments and might be related to the partial tids
pore water during sampling in this area.
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Fig. 3.4: Measured (left) and simulated (right) 2D HTO dsttions in the pore water around the lower half o
the lower injection interval (located at r = 0 mofn 0<z<-0.075m) in the DR experiment. Concentrations
normalized with the initial reservoir concentratiane shown.
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Fig. 3.5. (top) Measured and simulated normalized
borehole concentrations of HTO. (middle and bottom)
Measured and simulated normalized radial HTO
concentration profiles in the pore water (pw), ne
and log scale, respectively; the last value in the
borehole (bh) is also shown. The solid lines repnes
the best match with a reasonable parameter set
(HTO_16). The dashed lines represent alternatite se
with lower (HTO_15) and larger anisotropy
(HTO_21). The dash-dotted lines (HTO_22) represent
a set which matches better the data at larger radii
but it requires a much too large porosity compated
the measured water contents.
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3.2.4 DR-A experiment in the Mont Terri Rock
Laboratory

At the beginning of November 2011, a new diffusion
and retention experiment (DR-A) was started in the
Mont Terri underground rock laboratory. It has a
similar set-up to the earlier diffusion experimerith

a 1-m long packed-off injection interval. First, @T
#3r, %Co, Cs, Eu, |, and Br were added as tracers in
an artificial pore water that should match
approximately the existing pore water in the rdtks
planned to exchange the tracered pore water later w
a somewhat different artificial pore water, again
tracered, to create a chemical disturbance. The
response will then be observed, and the ability of
geochemical models to simulate the corresponding
changes will then be tested. For this experimerst f
scoping calculations were performed in order to
define the sampling strategy.

3.3 Interpretation of Co diffusion experiments in
OPA with new filters free experimental setup

Results from laboratory in-diffusion experimentghwi
Co, a moderately strongly sorbing radionuclide,
performed in a new experimental set-up withouéergt

to avoid filter sorption effects, showed a tracesfife

with two concentration components within the clay
sample (see Fig. 7.3, LES Progress Report 2010). A
strong decrease of the tracer concentration prifile
observed at the high Co concentration side andwa sl
decrease of the tracer concentration profile isatet
further within the clay sample. Such a profile was
expected for a simple diffusive transport. MCOTAC
was therefore used to model several physical and
chemical processes which might explain the observed
Co concentration profiles. First, a one-dimensional
model setup was used with a multi-site sorption @hod
for Co (BRADBURY & BAEYENS, 2005). Fe-Co
sorption competition has been investigated as asll
kinetically controlled sorption for the surface
complexation reactions. In addition, the influennta
possible mismatch between the clay pore water and
the Co doped reservoir water, was investigated with
respect to concentration gradients for Fe and pH.
None of these variations could explain the observed
Co profiles. Information arising out of this modied
exercise indicated that any potential pH gradient
existing between the pore water of the 5 mm loag cl
sample and the reservoir water would not be eqealiz
in the 40 days used for the Co in-diffusion
experiments, but would take considerably longer.
Finally, a more complex two-dimensional model setup
was used to include heterogeneities in sorptioa sit
densities. The results obtained assuming a
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heterogeneous distribution of sorption sites witthia

clay sample qualitatively agreed with the measured
double front Co concentration profile. However,
assumptions regarding heterogeneous sorption site
distributions have to be justified experimentally
(element mapping or tomography).

3.4 Understanding and
mechanisms

transport sorption

3.4.1 Up-Scaling diffusive transport in clays

Diffusive transport of ions and water in clay matks
results from Brownian motion of solutes and solvent
in the interlayer and inter granular space betwaayn
particles. Local pore scale transport is strongly
influenced by the proximity of mineral surfaces.
These local pore scale effects can be estimated fro
atomistic simulations. Recently, a concept was
developed that allows up-scaling of local pore ecal
diffusion coefficient for a given pore space model
(CHURAKOV & GIMMI, 2011). In order to be able to
apply the concept to different clay types, Manav
Tyagi (postdoc) developed an operational algorithm
which allows the generation of clay pore structural
maps based on a mineralogical knowledge of the
components and macroscopic properties such as
porosity, mean grain size, and grain and pore size
distributions (MANAV et al., 2012). The first step in
the algorithm is the creation of a representative
ensemble of grains. This is achieved in 2D or 3aby
kinetic Monte Carlo (KMC) method which minimizes
the interfacial energy starting from an initial igra
distribution. The method allows mixtures of diffete
grain types (different minerals) to be created, alsd

the creation of anisotropic structures with graais

approximately predetermined shapes. The second step

consists of introducing pores at the grain bourdari
as well as within clay particles e.g smectite pbes.

The latter, so called inter-layers or nano-pores, a
typically oriented parallel to the main axes of the
smectite particles. In this way, representativeepor
maps consisting of micro- and nano-pores can be
generated (see Fig. 3.6). These pore maps carebde us
to derive up-scaled effective diffusion coefficigribr
macro-scale models with a homogenization technique.
It has to be emphasized, however, that homogenized
macro-scale models are valid if scale separatidgtex
and if one is interested in long term behaviour.
Nonetheless, the generated clay micro-structure can
be used for performing micro-scale simulations
irrespective of these limitations.
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Fig. 3.7 depicts the effective diffusion coefficies a
function of porosity obtained using the
homogenization technique for the 2D multi-scaley cla
structure shown in Fig. 3.6. A curve for the sameep
map, but without nano-pores, is also shown on the
same plot. In this case the porosity was varied by
changing the width of the micro-pores. It should be
noticed from the non-linear curve in the log-logtpl
that Archie’s relationship between effective diffurs
coefficients and porosity is not valid if nano-peiae
present. This non-classical behaviour is due tdabe
that nano-pores become more and more isolated when
the micro-porosity is reduced. Thus, nano-pores,
though still contributing to the total porosityastto

act like dead-end pores, which increases the
tortuosity. Consequently, they may even represent
almost closed, inaccessible pore space. On the othe
hand, at high porosities they are not important.

2000g

150

1000 1500 2000
1

Fig. 3.6: Pore map with micro-pores (shown by thick

white coloured contours) and nano-pores (shown by
thin white coloured straight lines). Black coloured

region are the basic clay layers

without nanopores
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Fig. 3.7: Effective diffusion coefficient {p versus
porosity (@), where D is the molecular diffusion
coefficient in the pores for the multi-scale porapm
shown in Fig. 3.6. Results for the same pore mdp bu
without nano-pores are also shown.
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3.4.2 lon uptake by C-S-H phases: Atomistic
simulations

The SNF-funded Sinergia project “Stable phase
composition in novel cementitious materials: C(2Y)-
H (Calcium-(Aluminium)-Silicate-Hydrate)” is a thee
year collaborative research program in which ion
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dynamics simulations. Polarisable force fields for
sulphate were then tested with respect to their
thermodynamic behaviour, in the context of sodium
sulphate solutions, by comparing the calculated
Kirkwood-Buff integrals with those derived from
experimental activity data. Work is currently under
way to calibrate a classical force field for siticcid

uptake by cement hydrates is studied experimentally species in aqueous solution by comparison with the

and theoretically. Besides PSI, the other instngi
involved are EMPA, EPFL and the University of
Bourgogne (Dijon, France). The PSI-hosted sub-
project is entitled “Thermodynamic equilibrium in
C(-A)-S-H from molecular simulations”, and is being
carried out in close collaboration with Dr. Chrishe
Labbez (Dijon). Within this project Luis Pegado
(postdoc) is investigating the influence of alunaimi
substitution on alkali and alkali earth ion sorptioy
such materials. The multi-scale molecular modelling
approach undertaken involves: ab initio calculaion
for the study of the mechanism of aluminium
incorporation in C(-A)-S-H phases; classical atdimis
molecular dynamics (MD) simulations of C(-A)-S-H -
electrolyte solution interfaces; and finally, Grand
Canonical Monte Carlo (GCMC) simulations of ion
sorption by C(-A)-S-H in the context of the prinagi
model of electrolyte solutions (implicit solvent
model). The incorporation of ion specific and solve
effects in the GCMC simulations requires the
calculation of effective potentials (PMF's - Pofafg

of Mean Force) between different ions and relevant
surface groups, obtained through classical atotnisti
molecular dynamics simulations. MD simulations
require a force-field properly describing the
interactions between the different components & th
system. One central component of this project is
therefore the calibration of polarisable forcediefor
Si(OH), and its different protonation states in aqueous
solution. The inclusion of polarisability in moldau
force fields is known to be of importance for the
description of the specific behaviour of ions at ai
water interfaces (INGWIRTH & TOBIAS, 2006) and
also for the description of the thermodynamic
properties of simple electrolyte solutions, wheomn
polarisable force fields, can predict a completely
unphysical ion association E®NERSSON &
JUNGWIRTH, 2010). For the parameterization of
classical force fields collaboration with the groap
Professor Pavel Jungwirth (Institute of Organic
Chemistry and Biochemistry, Academy of Sciences of
the Czech Republic, Prague) was started, underhwhic
a force field for the sulphate ion was developed
(PEGADO et al., 2011). The structure of the water
around the ion was carefully investigated, in palttr

its sensitivity to force field parameters, and canegl

to the results from (first principle) ab initio nealular

water structure around a single molecule as obdaine
from first principle MD simulations. It is also plaed

to develop classical force fields for aluminatecipe

in solution, as important models for the other ascef
groups in C(-A)-S-H phases.
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Fig. 3.8: Sulphate oxygens - water oxygens radial
distribution functions from classical and first
principles molecular dynamics simulations. Full ¢ka
line is the first principles results. The black Hed
line is the result from classical simulations for a
sulphate model with charge +2e on the S atom and
charges of -1e on the O atoms. Full red and dashed
red curves correspond to a model where the O
charges are increased and decreased by 20%
respectively with respect to the previous model.

3.5 Benchmarking of coupled codes

Benchmarking of transport codes is an important
activity which supports the credibility of the
numerical simulations. This is true for reactive
transport codes describing complex geochemical
interactions and/or radionuclide migration in the
vicinity of a nuclear waste repository or in lattors
experiments.
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3.5.1 Analytical solutions for transport problems 1
with coupling to precipitation/dissolution <
reactions g

0.8

Recently, clogging (i.e. the strong reduction of

porosity) has received special attention in the 0.6

transport modelling of cement-bentonite interfaces. e

Numerous claims that reactive transport codes can k

solve the reaction transport problem with feedback

porosity need to be validated against analytical
solutions. Diffusive transport problems coupledhwit

precipitation-dissolution reactions can be desdribg 02

non-linear partial differential equations. Finding g

analytical solutions to such equations is extremely 0 : VAVAYAVA

difficult. Therefore, virtually no analytical regsi 0 0.2 04

. . . . X1 (m
were available in the literature until recently.

X2 (m

0.4 >

%
:

.6

~ 0
o
oo
Y

0.25

Over the last two years Mohamed Hayek (postdoc in

LES until October 2011) used the “Simplest Equation 0.20
Method” to derive analytical solutions for 1D coegl
reactive transport problems in which there is featib

of strong porosity changes AMek et al., 2011a). In a
second step he extended this model for multi-
component transport coupled to a single
precipitation/dissolution reaction in one, two dhrke 0.05.4 —— Analytical
dimensions (HAYEK et al., 2011b). As a special case, e OpenCe oSy GENS
he investigated analytical solutions for systems 000t
containing one and two solute species that describe 000 005 010 015 020 025 030

the evolution of solutes and solid concentratiogs a Distance (m)

well as porosity. One of the proposed analytical

solutions has been used to compare numerical Fig. 3.9: Schematic representation of the
solutions obtained from two conceptually different computational mesh of a 2D example (top).
reactive transport codes: a commercial finite el@me Comparisons of numerical and analytical solutions
code COMSOL-Multiphysic and open access finite for porosity evolution (bottom) were carried oubad
element code OpenGeoSys. Both codes are the diagonal blue line.

extensively used in LES for transport simulatioFise

numerical results obtained agree well with the 3.5.2 COMSOL - MCOTAC benchmark for

t=5x10"s

0154 t=10x10"s

t=15x10°"s

Porosity (-)

0.10

analytical solutions for spatial and temporal etiolu diffusive transport with a non-linear

of concentrations and porosities (Fig. 3.9). A rfiedi sorption isotherm

version of this benchmark was added to the

OpenGeoSys benchmark repository The LES in-house code based on the random walk
(http://www.ufz.de/). method, MCOTAC, and a commercial finite element

software package COMSOL Multiphysics, were
The applicability of the analytical solutions toale benchmarked @ANGSTEN & JakoB, 2011). The
world problems is limited, as they contain certain benchmark example set up was the diffusion of
limitations on initial and boundary conditions whic  dissolved Cs through an Opalinus Clay sample taking
are hardly found in nature. However, the comparison into account the non-linear sorption of Cs via eklo
between numerical and analytical solutions gives up table of a tabulated non-linear sorption isather
confidence in the use of numerical codes to simulat (BAEYENS, 2011), which is the most complex sorption
pore space clogging. process that can be applied in COMSOL.

Results of both codes for Cs through-diffusion m a
Opalinus Clay sample whose geometry is related to
samples used in laboratory experiments agreed well
for a wide range of Cs concentrations {19 10’
mol/l) assumed to be constant at one boundaryeof th
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sample. Through diffusion times as well as Cs 3.5.3 Fluid-rock interaction modelling
concentration values agreed well (Fig. 3.10), aigio
COMSOL and MCOTAC use different spatial
discretization schemes, different strategies fdviisg
the diffusion equation and different implementasion
of the non-linear sorption isotherm — a sorption
isotherm (MCOTAC) or a derivative of the sorption
isotherm (COMSOL).

It is worth mentioning that the two different

Modelling thermodynamic properties of aqueous
solutions is of crucial importance in various feeldf
scientific, social and economic interest. Examales

the safety assessment and planning of nuclear waste
repositories, geothermal applications, petrology,
hydrothermal ore deposits, cloud science and cimat
change, ocean chemistry, environmental remediation,
petroleum engineering and chemical process
algorithms yield very similar results und underline engineering. Since all these applications deal with
their applicability for modelling diffusion domired different aspects of aqueous solutions varying in
systems and non-linear sorption processes. With temperature, pressure and chemical composition,
COMSOL, complex non-linear sorption isotherms are numerous models exist in which each covers only
treated in terms of an analytical function or aklap parts of the full set of systems. As part of theisSw
table; in MCOTAC, however, multi-species transport GEOTHERM project financed by Competence Centre
(diffusion) in combination with even more complex for Energy and Sustainability (CCES)
mechanistic sorption models more elaborate (http://www.cces.ethz.ch/projects/nature/geothirm/
sorption models such as the 2SPNE SC/CE model the PhD project of F. Hingerl deals with the chadje

(BRADBURY & BAEYENS, 2000) — can be considered.
Finally, it should be mentioned that our benchmark
example can be used by other modellers for
benchmarking their own codes.
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Fig. 3.10: Calculated Cs breakthrough curves at
different locations in the Opalinus clay sample
calculated with a single species model (COMSOL)
and the multispecies model (MCOTAC) both using a
tabulated sorption isotherm. The Cs concentratiobn a
the “high” concentration boundary was set to be*10
mol/l.

of computing the permeability evolution of an
enhanced geothermal reservoir. To do so needs a
solution activity model capable of dealing with the
high temperature, pressure and salinity. An agtivit
model, ELVIS, has been developed tailored to these
demands. Since NaCl is the dominating and virtually
omnipresent electrolyte in geothermal fluids EL\WS
parameterised for this system from ambient conalitio
to 300°C, from 1 to 1000 bars and infinite dilutitan

5 molal concentrations. Fig. 3.11 displays the
performance of the ELVIS model versus the Pitzer-
based Archer NaCl equation of state. The latter
presents the current best fit to experimental dathe
NaCl system. The ELVIS model reproduces the
Archer model within the given errors.

s=—ELVIS
0.7 * Archer (1992)

mean activity coefficient NaCl

L L L L
25 3 35 4

L L L I
05 1 15 2 i
m[NaCl]

Fig. 3.11: The mean activity coefficient of NaCl in
aqueous solution at 300°C, 800 bar as a function of
electrolyte concentration. The blue points représen
reference values for activities from the Archer NaC
equation of state (RCHER 1992). The associated bars
give the error of the Archer model with respect to
experimental data. The red line indicates the best

the ELVIS model. ELVIS reproduces all data points
within the given error bars.
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Parameterization of the new model to the systems (solid solutions, mixed solvents). GEMSFIT

thermodynamic measurement data was accomplishedprovides a list of statistical analysis tools which

with the GEMSFIT program which was mainly allows thorough evaluation of the fitted parameters

developed for this purpose. The parallelized open Storage and management of measurement data is
source program GEMSFIT provides a generic accomplished by an external PostgreSQL database
interface for fitting thermodynamic activity models server or exported EXCEL sheets. Results from

equations of state and solid solution models atirgr parameter regression as well as from statistical
system compositions, temperature and pressureanalysis can be visualized in 2D/3D and directly

(Fig. 3.12). printed to various graphic formats. GEMSFIT is

The GEMSFIT is linked to the chemical equilibrium already being used by groups from PSI, ETH Zurich

solver GEMS3K for chemical speciation and EMPA.

computations which enables fitting of mixed-soloto

GEMSFIT

PostgreSQL database
measurement data:

- activity coefficients

- osmotic coefficients

- enthalpies

- heat capacities

- densities

- apparent molar volumes

Fig. 3.12: Setup of the GEMSFIT program. Two input files pilevall the necessary solver configuration settings
and the setup of the chemical system to fit. Measant data are retrieved from a centralized PoSqk
database server instance. Weighted least-squanester regression is performed on objective fuumgiwhich
interact with the GEMS3K chemical equilibrium solvResulting best fit parameters can be subjectedt
thorough statistical analysis. Results from parametgression and statistics can be visualized pridted to
various graphics formats.

In a next step, GEMSFIT will be used to extend deviation into account can only lead to approximate
ELVIS to multi-electrolyte systems to approach the solubility predictions. The ELVIS framework is
chemical complexity of natural fluids. Once this therefore very well suited for mineral
extension to geologically relevant chemical systems precipitation/dissolution modelling in geohydro-
has been achieved, the ELVIS model can then excessthermal environments.

all thermodynamic properties of electrolyte solngo

up to saturation concentration. Temperature and 3.6 Forthcoming projects

pressure effects are accounted for accurately and

independently. This is in favourable contrast te th To begin to address high priority questions in
majority of currently available models because they performance assessment such as repository re-
are usually bound to the vapour pressure saturationsaturation and clogging, two PhD projects are pdann
curve. Natural and geo-engineered systems oftenwith focuses on transport in partially saturateddiae
exhibit substantial departures from this curve. and porosity changes at the cement-clay interfaces.
Application of a model which does not take this The project on transport in partially saturated iagd
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developed together with the Diffusion Processes
Group, has been approved by the PSI Foko. Partial
financial support for the project was provided by
Nagra. In this project a set of simple well defined
experiments will allow the validation of concepts
concerning the feedback between chemical reactions,

porosity changes and effective transport parameters

for saturated and partially saturated conditionlse T
second project is aimed at the experimental
determination of functional relationships between
porosity changes and the change of transport
properties in the alteration zone near cement-clay
interfaces. The project will strongly rely on non-
destructive imaging techniques, notably neutron
tomography, X-ray tomography, and X-ray diffraction
tomography. In order benefit directly from the nstve
developments in neutron imaging, a collaboration
within the PSI CROSS initiative with the Laboratory
of Neutron Imaging (NIAG, Group Leader Dr.
Lehmann) in the NUM department has been set up.
Financial support for this project is provided frone
PSI-Directorate and Nagra.
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4 CLAY SORPTION MECHANISMS

B. Baeyens, M.H. Bradbury, R. Déahn, M. Marques Bedes, V. Kalbermatter, A. Schaible,
D. Soltermann (PhD)

4.1 Overview The project Development of a macroscopic and

microscopic approach to investigate the geochemnistr
Much of the work in the Clay Sorption Mechanisms of radioactive waste disposal systénstarted on
Group in 2011 was devoted to activities directly 15 October 2010. The main focus during the firgtrye
related to the Sectoral Plan for Deep Geological was onp-XRF, -XAS, -XRD investigations on Ni
Disposal and involved the following topics. loaded Boda Claystone Formation samples.

- Effingen Member, “Brauner Dogger” and Helvetic
marls have been selected as potential host rocks
formations for L/ILW repositories whereas
Opalinus Clay is favoured for a HLW repository.
The development of sorption data bases (SDB) for
these different host rock types is a key activity
within the group.

4.2  Activities in support of the Sectoral Plan
4.2.1 Sorption data bases for host rocks

In Switzerland the site selection procedure forhbot
HLW and L/ILW repositories is specified by the
Swiss Federal Office of Energy in the Sectoral Plan
« An experimental programme on the sorption of for Deep Geological Repositories. In the forthcognin
selected radionuclides i.e.'CHi", cd', Ed", ThY Stage 2 of the Sectoral Plan, potential sites kil
and U" on the above mentioned host rocks is on identified within regions previously selected based
going. The measurements on the Effingen Member the presence of suitable host rocks, namely Opslinu
have been completed. Clay, “Brauner Dogger”, Effingen Member and
Helvetic Marl. Preliminary safety analyses are an
Mechanistic sorption studies on clay minerals are a integral part of this procedure, anelquire, amongst
continuous ongoing activity. There were three main other information, the radionuclide sorption prdjser
achievements in the current year. of the host rock. A methodology to develop sorption
data bases for argillaceous rocks and bentonite has
been established BDBURY et al., 2010) and this
method is being applied to compile SDBs for the
above mentioned host rocks. Three important
components are necessary for the derivation of SDB.
The first is high quality source sorption data ifre
- Competitive sorption studies on illite. (host rocks) and montmorillonite (near-field

. An EXAFS study on the uptake of Amon bentonite). The second is the 2:1 clay mineral emint
montmorillonite in the absence and presence of of the argillaceous rock, since this parameter best

inorganic carbonate was completed. reflects the sorption potential of a given mineral
assembly. The third factor influencing radionuclide

In the framework of an ongoing PhD project, the sorption is the porewater chemistry. With the newly
interaction of FE with clay minerals is being updated Nagra/PSI thermodynamic data base
investigated. The first results on the sorption (THoeENEN, 2010) the speciation of the radionuclides
behaviour of Fé on natural and a synthetic iron-free s calculated in the reference and associated aesw
montmorillonite are presented. compositions (MDER, 2009a,b, 2010) for each

In connection with the “Schweizer Erweiterungs- individual rock type. The compilations of the SDBs

beitrag DEZA/SEC®, a framework agreement @€ ongoing and will be used in 2012 in the
between the Swiss Federal Council and the provisional performance assessments carried out in

Government of Hungary has been established. Stage 2 of the Sectoral Plan.

« The validation of the “bottom up” approach to
predict sorption on bentonite and Opalinus Clay
for key radionuclides is a very important aspect fo
the SDB methodology used for the performance
assessment.

! Direktion fiir Entwicklung und Zusammenarbeit (DEZA)
Staatssekretariat flr Wirtschaft (SECO)
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4.2.2 Sorption measurements on host rocks

34

substantially

methodology.

Although the methodology developed to produce
sorption data bases for argillaceous rocks and Sorption isotherms for GsNi', Cd', EU", ThY and

bentonite is relatively new (B\DBURY et al., 2009)
there is already substantial evidence indicatirag th
high degree of confidence can be placed in thdtsesu

(BRADBURY & BAEYENS, 2010;

section 4.3.2).
Nevertheless, it was decided to make a whole sefies

increase

Laboratory for Waste M

the confidence

sorption isotherm measurements with representative and Opalinus Clay are ongoing.

radionuclides using samples of the proposed host
rocks in equilibrium with their respective referenc
water chemistries so that these measured data beuld
compared with the predicted data in the SDBs. It is
anticipated that these comparative exercises will

log Ry Cs (L kg'%)

log Ry Eu (L kgt)

3

:‘C'
3k

N

[N

anage

in the

UY' on Effingen Member in the reference porewater
(pH = 7.7,1 = 0.7 M) (MADER, 2009a) have been

completed. The experimental results are shown in
Fig. 4.1. Similar series of batch sorption isotherm
measurements on “Brauner Dogger”, Helvetic marls

A comprehensive report is planned in which the
sorption values predicted in the SDBs for the above
mentioned argillaceous rock types will be directly
compared with measured values.
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Fig. 4.1: Sorption isotherms for Cs, Ni, Co, Eu, Th and Ufiingen Member (OFT -619.45 m) in the reference
porewater (Mader, 2009a).
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4.3 Mechanistic sorption investigations

4.3.1 Competitive sorption

In a deep geological repository for high level weast
stable aqueous metal impurities are present from
many different sources e.g. backfill materials, ltlost
rock, the corrosion of steel canister, dissolutibithe
waste forms. These impurities, which are an infegra
part of a realistic repository system, can potdgtia
compete with the released radionuclides for the
available sorption sites on the backfill materiatsd
host rock and thus reduce their uptake on therns. It
clearly an important performance assessment issue t
quantify this effect.

Previously investigations on  montmorillonite
(BRADBURY & BAEYENS, 2005a) were extended to
Na-illite, a 2:1 type clay mineral which is omnipeat

in argillaceous rocks. The experimental methodology
followed was to measure a sorption isotherm for a
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chosen sorbatébfocking elementin the presence of
another sorbate at trace concentratioacé elemeit

If the two cations are competitive, the uptake led t
trace cation will decrease with increasing blocking
element concentration. If they are not competittize,
sorption of the trace cation will remain constant.

The results shown in Fig. 4.2 indicate that the
transition metals@o'/Ni", zn"/Ni") and the trivalent
lanthanide/actinide EU"/Am") are  mutually
competitive i.e. trace cation sorption decreasdh wi
increasing blocking element concentration. Note tha
for illustrative purposes the jRvalues for the trace
elements are plotted at the equilibrium conce et
of the blocking elements.

The metal ion pairdli'/EU", EU"/Th"Y and Eu"/UY'

do not exhibit sorption competition i.e. trace nheata
sorption remains constant as a function of the
increasing concentration of the blocking elemeid, F
4.3.
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Fig. 4.2: Sorption isotherms measurements (symbols) andllimgdgines) for (a)Co'/Ni" (pH = 7.0), (b)zn"/Ni"
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=7.1) and (cEU"/Am" (pH = 6.1) on Na-illite in 0.1 M NaClQ
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Fig. 4.3: Sorption isotherms measurements (symbols) and fimadgines) for (a)Ni'/Eu" (pH = 7.1),
(b) EU"/THhY (pH = 7.2) and (cEU"/U"" (pH = 7.2) on Na-illite in 0.1 M NaClQ
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Table 4.1: Surface complexation constants used in the modelliihe site types, site capacities and protolysis
constants for Na-illite are given inRBDBURY& BAEYENS(2009a).

log K
Surface complexation reaction Ni' cd' 71 EJ" Am'" THY uY
Strong sites
=SSOH + Mé" & =5SOM& ! + H' 0.7 0.9 1.6 1.9;2.2 2.8 7.4 2.2
=5SOH + Mé" + H,0 < =SOMeOH? + 2H' -8.2 -7.0 74  -46;-43  -45 2.3 -3.5
=SSOH + Mé" + 2H,0 <> ="SOMe(OH)*?+ 3H"  -17.3 -16.5 -17.0 -12.8 -13 2.4 -10.6
Weak sites
=Y1SOH + Mé* © =Vsomel + H 2.4 2.4 -1.8 0.3 0.3 - -
=YISOH + Mé" + H,0 & ="'SOMeOH? + 2H' - - - -6.2 -6.2 - -

Me* = Ni**, Cd*, zrt*, EU, Ant?, TH™ or UO2*

The 2 Site Protolysis Non Electrostatic Surface and the models developed to describe them. The
Complexation and Cation Exchange (2SPNE SC/CE) average 2:1 clay mineral contents of MX-80 ben®nit
model developed for illite was used to model theada  and Opalinus Clay are 75 wt. % (montmorillonitedl an
The sorption isotherms for the blocking element$,Co 40 wt. % (illite and illite/smectite mixed layers),
zn", Ni" and EU' were calculated with the surface respectively, and these minerals are assumed to be
complexation constants given in Table 4.1. Theetrac predominantly responsible for sorption.

sorption data for Ni and Anl' in Fig. 4.2 were
calculated under the assumption that these element
are competitive. In the case of "EUThY and U" in

Fig. 4.3 the sorption of these elements is non-
competitive.

Sorption isotherms were measured on MX-80
hentonite (RADBURY & BAEYENS, 2011b) and
Opalinus Clay (kuUBER et al., 2000) in the respective
synthetic porewater compositions. The isothermswer
calculated using the 2SPNE SC/CE model and the
Nagra/PSI 01/01 TDB (bMvMEL et al.,, 2000),
assuming that only the free metal ion and hydralyse
species are sorbing. These values were then sogled
0.75 and 0.40, the respective clay mineral frastion
MX-80 and Opalinus Clay. The results of the blind
predictions of the EU, ThY and U' isotherms
measured on MX-80 and Opalinus Clay are shown in
Fig. 4.4.

The main conclusions drawn from this study is that
general, metals ions with the same valence andasimi
hydrolysis characteristics compete, whereas metal
ions with different valences do not compete. For
groups of elements which are competitive, the
concentration of a particular metal ion does not
determine the sorption, but rather the total
concentration of all the metal ions present ingiven

group. Thus, conS|derat_|on_ of met?‘ Inventories The measurements cover over 4 orders of magnitude
(radleactlve and stable) is important in developing of the aqueous metal ion equilibrium concentration.
:?Jgitéosn data bases for performance assessment.l.he agreement be';ween experi_mentel resglts symbols
' and the blind predictive modelling (lines) is gotad

very good and the calculated values lie in mosegas
within the experimental error bars given. The
“bottom-up” approach, used in conjunction with some
simplifying assumptions, may be regarded as a very
promising method for quantitatively calculating
radionuclide uptake in complex geochemical systems
(BRADBURY & BAEYENS, 2011b).

4.3.2 Bottom up approach

The “bottom-up” approach is based on the premise
that radionuclide uptake in complex

mineral/groundwater systems can be quantitatively
predicted from a knowledge and understanding of the
mechanistic sorption processes on single minerals,
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Fig. 4.4: Sorption isotherms on MX-80 bentonite and Opali@iesy: Experimental results and blind predictions
based on the “bottom up” approachKBDBURY& BAEYENS 2011a).

sample matrix together with the experimental
conditions. In addition to the clay films, a solid
compound, NaARwG 0o COs),, Was synthesized

and used as a reference.

4.3.3 Am" sorption on montmorillonite in the
presence and absence of carbonate

Previous investigations have suggested the formatio
of Am" carbonate complexes at the montmorillonite
surface (M\RQUES et al., 2008). The aim of this study
was to further investigate the nature of the serfac

Fig. 4.5a shows the Am,|edge ﬁ-weighted radial
structure functions (RSFs) of the four Am loaded
complexes of AMl at the molecular level using montmorillonite samples and the reference compound.
Extended X-Ray Absorption Fine Structure (EXAFS) The spectra obtained clearly show different feature

Spectroscopy. In the absence and presence OfFig. 4.5b shows the experimental data as inverse
inorganic carbon EXAFS measurements were Fourier Transforms (FF) together with the

243 1 R
performe_d on Am loaded self-sup_portmg corresponding fits. The structural parameters deriv
montmorillonite films. Table 4.2 summarizes the ¢, the fits are summarized in Table 4.3

Table 4.2: Sample matrix for the production of the EXAFS dem(S/L ratio = 2 g7*, 0.1 M NaCIQ).

Sample Grorg(MM) pH 2Am loading (mmokg?®)  log Ry (L - kg")
Am-Mont-carbonate free - ~8 1.04 4.95
Am-Mont1 7.43 ~9.2 1.07 4.01
Am-Mont2 7.43 ~9.2 2.78 3.80
Am-Mont3 7.43 ~9.2 8.32 4.46
Reference precipitate NaAmG 00 COs),
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The identification of Am-AIl/Si backscattering pairs
for both systems (with and without carbonate) is a
clear indication for the formation of A inner-
sphere complexes at the montmorillonite surface Th
RSF spectra of the samples Am-Montl and Am-
Mont2 are similar and the EXAFS parameters
obtained by fitting the spectra are consistent it
formation of Am(lll) carbonate complexes at the
montmorillonite surface. No Am-C shell was
necessary to reproduce the EXAFS spectrum.
However fitting a weak backscatter such as carbon i
our system might be difficult, since the backscatte
amplitude produced 1 C (z = 6) is much weaker than
the amplitude produced by one Si/Al shell (z =13/14

FT(k*)

Am-Mont1
Am-Mont2

Am-Mont3

T T T T T T T
0 i 2 3 4 5
R+AR (A)
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originating from the montmorillonite surface. Thus,
the most reliable structural evidence for the fdiama

of bidentate Am(lll) carbonate complexes at the
montmorillonite surface is the identification ofeth
distal oxygen @ shell of the carbonate ligand
(4.28 A) and the associated multiple scatteringrof
C-Qyis (4.28 A) and Am-C-@s-C (4.28 A).

The similarity of the RSF spectra of the sample Am-
Mont3 and the reference compound (Fig. 4.5a)
confirm that precipitation occurred at higher Am
loadings which is in a good agreement with the
increased log Rvalue obtained for Am-Mont3 (Table
4.2).

Am-Mont-carbonate free
Am-Mont1
Am-Mont3

k(AT

Fig. 4.5: (a) RSF of the experimental EXAFS data obtainedhfe Am(lll) sorption samples and the reference
compound NaAm/Gd(GJ; (b) inverse Fourier transforms (F) of the experimental data (solid lines) and the
corresponding least-squares fits (dashed line).

Table 4.3: Structural parameters obtained for the samplesMom-carbonate free, Am-Montl, Am-Mont3 and the
reference compound.

Sample shell R (A) CN o? [A?g
Am-O 2.46 8.8 0.014

Am-Mont- Am-Si/Al 3.20 1.6 0.008)
carbonate free Am-Si,/Al, 3.75 2.3 0.0
Am-Siy/Al 5 4.72 5 0.0

Am-O 2.45 7.4 0.01

Am-Si/Al 3.23 1.2 0.003)

Am-Montl AM-Ogi 4.27 18 0.004)
Am-Oyis-C 4.27 2x1.8 0.004

Am-C-OyisrC 4.27 1.8 0.004

Am-O 2.51 9.8/10 0.015

Am-C,,; 2.94 39 0.004

Am-Mont3 AM-Croono 3.64 39 0.008
Am-Oyiet 4.29 2x3 0.008

AmM-OyisrC 4.29 3 0.008

AmM-C-OyisrC 4.29 3 0.008

The parameters R, CN amd of the scatterings paths AmgQ Am-OyirC and Am-C-Q-C were linked together
during the fitting proces&Scattering path is two-fold degenerdlefixed at the value obtained freef)fixed. AE,
(eV) =7 for Am-Mont-carbonate free; =11 for Am-MdasR2; =13 for Am-Mont3 and NaAgGdy 0o COs),.
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4.4 The sorption of Fe on montmorillonite under
anoxic and controlled reducing conditions
(PhD project)

Virtually all deep underground repository concepts
contain large amounts of iron, and reducing coongi
will prevail in the long-term. The influence of
reducing conditions on the characteristics of clay
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minerals, particularly with respect to radionuclide 7 ,
retention in the presence of high aqueous Fe(ll) : e A Swy2anoxic |
concentrations, is still an open question. 2t ’ T Szl

----- model Fe(ll)

Fe(ll) sorption experiments at trace concentrations
were carried out in an inert gas glove box on Na-
montmorillonite (SWy-2) under (i) anoxic conditions

(O, < 0.1 ppm) and (ii) electrochemically controlled

reducing conditions. The experimental results are
shown in Fig. 4.6 and indicate that the sorptiomarf

is more pronounced under anoxic conditions than
under electrochemically reducing conditions at
pH ~ 7.

Fig. 4.6: Sorption edge of iron on SWy-2 in 0.1 M
NaClO, under anoxic conditions &) and under
controlled Eh conditions (-0.44 V vs. SHE and pB) 7.
(A). The broken lines are calculated curves using the
2SPNE SC/CE sorption model (see text for details).

0 [

The 2SPNE SC/CE sorption model REDBURY & .
BAEYENS, 1997) was used to predict "Fand F& al
sorption edges on montmorillonite. The surface .
complexation constants were derived from the linear
free energy relationship for the strong site types
montmorillonite (BRADBURY & BAEYENS, 2005b).
The Fe sorption edge obtained under anoxic
conditions is well reproduced by the model (red
broken line) under the assumption that ferric iron i S
(F€") is present. On the other hand, the experimental <k [ model Fe() |
data obtained at pH ~ 7 using the electrochemieil ¢ [ L oSwe
at a fixed reducing potential (Eh = -0.44 V vs. SHE s
are in accord with the predicted sorption of fesrou
iron (F€'). Note that at trace concentrations the redox
state of iron in solution cannot be determined Fig. 4.7: Sorption isotherms of Eecarried out under
experimentally. anoxic conditions at pH = 6.2 in 0.1 M NaCI®n
Na-SWy-2 A), on CBD-SWy-24) and on synthetic
An Fe sorption isotherm was measured under anoxic |[FM (4 ). The blue broken line is a sorption isotherm
conditions at pH = 6.2 in 0.1 M NaCJ@n Na-SWy- calculated under the assumption that iron is présen
2, Fig. 4.7. The calculated isotherm using the 28PN as F¢.
SCICE sorption model assuming that' fe sorbing
(blue broken line in Fig. 4.7) and the measurec dat A possible explanation for the data measured under
(red triangles) clearly do not agree. Also, theadat anoxic conditions in Figs. 4.6 and 4.7 is that the
confirm the high sorption values observed in thgeed  sorbed Féis oxidized by an electron transfer reaction
measurements under the same conditions. with the structural iron (P9 of the montmorillonite.
Measurements made using the phenanthroline methodin order to investigate such an hypothesis sorption
(Stuckl & ANDERSON 1981) at concentrations isotherms were measured under anoxic conditions on
> 10° M showed that the iron in solution was present (i) a citrate/bicarbonate/dithionite (CBD) treated
in the +2 oxidation state. SWy-2 (after $ucki et al., 1984) and (i) on a
synthetic iron-free montmorillonite (IFM). In the
former case the structural 'fFas largely reduced to
Fe'. The sorption of Pe on these treated
montmorillonite samples is less pronounced than on

log Fe sorbed (mol kg?)

log Fe equilibrium concentration (M)
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the native SWy-2 and is in much better agreement The 2SPNE SC/CE sorption model was used to
with the predicted Peisotherm (Fig. 4.7). Preliminary  calculate the sorption isotherm of Ni on BCF sample
EXAFS measurements on Fe loaded IFM samples using the “bottom up” approach. (BCF contains ~ 40
indicate that the sorbed iron remains in the +f2sta wt.% 2:1 type clay minerals with illite as dominant
the clay surface. These findings support the clay mineral.) Small sections of selected BCF
hypothesis that the oxidation of the sorbed ferrous borecore samples from a depth of 540 m were milled
iron might occur through an electron transfer pssce down to ca. 30 um thickness and mounted onto high
to the structural ferric iron of the montmorillogit purity Si holders and polished. The samples were
equilibrated for 72 hours with a 0.1 and 1 mM NiCl
solution at pH = 7.1 in a 0.1 M NaCl background
electrolyte. Combined p-XRF/XRD measurements
were performed using a multilayer monochromator at

DEZA/SECO agreement a 3 years cooperation project @ fixed energy of 17.5 keV. p-XRF maps were
entitied ‘Development of a macro- and microscopic recorded on pre-selected areas of the samples asing

approach to investigate the geochemistry of step size comparable to the beam size (20 pm at

radioactive waste disposal systénims been set up |—_|ASYLAB_and 5 um at ANKA) and 1 s counting .
between LES and the Hungarian Academy of time per pixel. The elemental maps served as & basi

Sciences, KFKI Atomic Energy Research Institute. [OF the selection of small areas of interest where
The project started on %5October 2010. The XED images were collected gs_lng:cla cCh detecto(;.
objectives are to make specific contributions te th | "€ H-EXAFS were measured in fluorescence mode

safety assessment of future radioactive waste & the HASYLAB beamline L, at 20 pm lateral

repositories through an understanding of relevant "esolution of the identified areas of interest.
retention mechanisms and processes, and to provide . - . :
the necessary models and databases. In order toThe distribution maps indicate that Ni is mainly

investigate sorption mechanisms on molecular and assoc|:|et1t%d V\i'rt]h CK- '?r?d .Fte-”Cht Ft’.has‘?svthar;dﬁ?“.“"
microscopic scales, high-sensitivity X-ray micro correlated wi a. the interpréetation 1S that Si

: dominantly associated with illite (a K-rich Zhy
analytical measurements are foreseen. These pre . . )
investigations are strongly linked to macroscopic mineral, Fig. 4.8) which has a high K and Fe conten

studies combined with geochemical modelling. The
two argillaceous rocks being investigated are Boda
Claystone Formation (BCF) and Opalinus Clay.

4.5 Swiss-Hungarian cooperation project

In connection with the Schweizer Erweiterungsbgitra

U-XRD analyses with a 5 um beam diameter indicate
that the composition of the argillaceous rock mmatri
on the micro-scale agrees well with the mineral
composition as obtained by bulk-XRD measurements.
H-EXAFS investigations demonstrated that Ni forms
inner-sphere complexes on clay minerals at low Ni
concentration (0.1 mM), Fig. 4.9. At higher Ni
concentrations (1 mM Ni) surface precipitation
occurred, Fig. 4.9. The uptake of contaminants on
mineral surfaces via inner-sphere complexion sisong
reduces the mobility of these metal ions in the
geosphere. The results of the analyses showedothat
Ni" the clay mineral illite is an effective sink ineth
BCF sample. The experiments will be continued with
other radionuclides, and on Opalinus Clay samples.

Three U-XRF/XAS/XRD beamtime  proposals
submitted to the HASYLAB (Hamburg, Germany)
and ANKA (Karlsruhe, Germany) were approved and
the main focus in 2011 was put on the investigation
on BCF samples. In a first phase the sample
preparation procedures were developed. The aim was
to identify the mineral phases responsible for the
uptake of Ni on BCF, and to investigate the uptake
process of radionuclides on clays and other migseral
present in the argillaceous rock in terms of outer-
inner-sphere complexes or precipitation.
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Fig. 4.8: Optical image of the thin section ib4-540c; eletaEmaps of the selected area ib4crl (1x1 mm, atdit
as a black square on the optical image) and scatitis of characteristic X-ray intensities of elentsemeasured at
beamline L/IHASYLAB.

—— Ni precipitate
—— Ni inner-sphere complex

—— Ni precipitate
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Fig. 4.9: kK>-weighted Ni K-edge u-EXAFS spectra representdtivehe formation of Ni-precipitates and inner-
sphere complexes, and the corresponding RSFs nelotdiy Fourier transforming the micro-EXAFS speatréhe
range from 2 to 10 A
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5 CEMENT SYSTEMS

E. Wieland, J. Tits, D. Kunz, A. Laube, P.

5.1 Overview

Cementitious materials are foreseen to be uselein t
planned deep geological repositories for low-leamed
short-lived intermediate-level (L/ILW) as well as
long-lived intermediate-level (ILW) radioactive weas

in Switzerland. A combination of solubility and
sorption constraints in the cementitious near field
controls the source term for radionuclide migration

Schagstdoc), B. Dilnesa (PhD, Empa)

COntrolling SYstems) in collaboration with Dr. X.
Gaona (KIT-INE).

The joint PhD project with Empa on the Fe specmatio
in cement carried out by B. Dilnesa was brougha to
close with the final examination in December 20mh1.
the last year of this project the main activitiesused

on completing the spectroscopic studies and pregari
the papers required for the submission of the PhD

into the host rock. The research programme carried work.

out by the group “Cement Systems” aims at
strengthening the credibility of the sorption vaue

Dr. P. Schaub (postdoc) joined LES on SeptemBer 1

used in performance assessment (PA) for predicting 2011. His research activities will focus on further

radionuclide retention in the cementitious nealdfie

developing the microXRD technique for spatially

and improving knowledge on the chemical processes resolved mineralogical studies at the cement/clay

in the near field of the planned repositories.

The cement used for the experimental studies is a

sulfate-resisting Portland cement CEM | 52.5 N HTS
(Lafarge, France), which is currently in use foe th
conditioning of radioactive waste in Switzerland.
Calcium silicate hydrate (C-S-H) phases are
considered to be the most important constituent of
hardened cement paste (HCP) controlling the
immobilisation of metal cations, while AFm (&s-
Fe,0s-mono) and AFt (AlOs-Fe0s-tri) phases of the
HCP control anion binding. For this reason
complementary sorption studies on radionuclide
uptake using C-S-H with different Ca:Si ratios (3:S
AFm and AFt phases have been carried out.

The main lines of research in 2011 were:

« Assessment of the interaction of waste materials
with cement and the sorption reduction by
complexing ligands in conjunction with activities
related to the Sectoral Plan;

« Sorption studies with ClI" and Se@ on HCP and
cement minerals under saline conditions;

« Wet chemistry experiments and spectroscopic
investigations on the interaction of actinides
(Uv, Np(v,vVl) with HCP and C-S-H
phases;

* Spectroscopic determination of the Fe speciation in
HCP.

The sorption and spectroscopic studies on
Np(IV,V,VI) uptake by cementitious materials were
carried out in the framework of th& EU Framework

Programme project “RECOSY” (REdox phenomena

interface. The project will be carried out jointhjth
the XAFS sub-programme.

5.2 Contribution to the Sectoral Plan

In the framework of the Sectoral Plan a report o t
in-situ evolution of the L/ILW repository near fikl
has been prepared in LES (“Chemical evolution ef th
cementitious L/ILW near field”; for details see
Chapter 3). Additional sections to the report were
prepared in 2011 concerning the interaction of a/ast
materials with cement (WLAND & BERNER 2011).
Performance assessment studies carried out wiikin t
framework of the Sectoral Plan will require further
updates of the existing cement sorption data base
(SDB). To this end a re-appraisal of the influente
safety-relevant complexing ligands, e.g. isosanaari
acid, present in the near field on radionuclideaket

by HCP has been made using information from recent
in-house sorption studies and measurements publishe
in the open literature (WLAND, 2011). Both of the
above reports include detailed literature surveys.

In the long term, the waste materials disposednof i
the L/ILW repository are expected to interact wile
HCP in the engineered barrier. The waste materials
and their degradation products can be classified as
“reactive” or “inert” with respect to possible ingia

on hydrated cement (MWMLAND & BERNER 2011).
Materials, such as organics and metals (Al, Mg, Fe)
are chemically reactive under the hyperalkaline
reducing conditions of the near field. Microbial
degradation of organic materials is expected taocc
mainly via methanogenesis forming €@nd CH,
while anaerobic degradation due to respirationctvhi
consumes Fé and S@ as electron acceptors, is a
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possible alternative pathway of less
(WIELAND, 2010). Production of CQcauses CaCQ
precipitation in the near field, which depletes h&in
Ca sources in cement, i.e. portlandite and C-S-H:

C&(OH)(S)+ COz(g) < CaCQ(s)+ H,O (5.1)

XC&OFDiOzmHzO(s)+ XCOz(g) < XC&CQ(S)+

Si(OH), + (n-2) HO (5.2)
Nagra’'s PA is based on the criterion that the arhoun
of portlandite allowed to transform into calcite the
degradation of organic matter in the L/ILW reposito
should not exceed 2/3 of the initial portlandite
inventory in HCP (8HwWYN, 2008). Waste sorts are
denoted as SMA-1/LMA-1 type wastes if the criterion
is met, whereas if the above limit is exceeded trey
grouped into SMA-2/LMA-2 type wastes ¢SwWYN,
2008). The safety criterion ensures that the rigtent
controlling cement minerals are present in the cgme
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importance matrix despite the partial transformation of portide

into calcite, which further ensures that the barrie
function will be maintained during the course oé th
evolution of the cementitious near field.

The acceptable portlandite transformation due to
degradation of organics can be converted into a
maximum acceptable loading of the individual organi
materials in the near field. The latter loading was
estimated on the assumption that 1) all organic
materials degrade entirely over time, except gtaphi
for which 20 % degradation was assumed, and b)
microbial degradation occurs via the sulfate-redgci
pathway or a fermentative process producing &
CH,; (Fig. 5.1). A comparison was made with the
inventories of organic materials present in all \as
sorts (MGRA, 2008), which revealed that for most
organic materials the maximum inventories are well
below the maximum acceptable loadings, except for
polystyrene, PVC, bitumen, plastic materials,
cellulose and graphite.

o
w
\

o
(V)

o
'_\

Loading of waste materials (kg waste/kg HCP)
o

Polystyrene
PVC
Bitumen

Plastic materials -

Maximum loading
] Maximum acceptable loading CH,/CO,

[l Maximum acceptable loading SO,/CO,

LMW organics =

Cellulose
Graphite
Urea
Rubber

Gluconic acid ————

Fig. 5.1: Loadings of organic materials (kg waste/kg HCP@ment-stabilized waste forms. Maximum loadings
were calculated from the compilation of reportedentories in the different waste sortsafhka 2008). Maximum
acceptable loadings were estimated on the assumpltiat a) sulfate-reducing micro-organisms (8{D,) or
methanogens (CHHCO,) degrade organic materials and b) a 2/3 reductidnhe initial portlandite content of HCP

is acceptable.
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Metallic materials will be subject to anoxic cotimg
which produces H Some metals, such as Mg, Al and
Fe, are contained in cement minerals, and thezassel
during corrosion into solution may have an impatt o
the mineral composition of HCP. A literature suryvey
complemented by thermodynamic scoping
calculations, was carried out with the aim of asisgs
potential impacts (WELAND & BERNER 2011). Large
guantities of Mg are expected to precipitate asiteu
while only a small amount of Mg is bound as
hydrotalcite. Hence, the large Mg inventories aheo
waste forms are not expected to significantly after
mineral composition of HCP. High Al loadings give
rise to the transformation of portlandite and egite
into hydrogarnet, calcium hemicarboaluminate or
calcium sulfoaluminate solid solutions, respectivel
Similarly, under the reducing conditions of the mea
field, increasing Fe(ll) loadings are expected dose
the transformation of ettringite into hydromagreetit
and pyrite, along with the simultaneous preciptati
of excess Ca as portlandite and calcite. Hencegrupp
limits of Al and Fe loadings were recommended for
SMA-1/LMA-1 waste sorts as the release of these
elements can significantly alter the mineral
composition of HCP (WELAND & BERNER 2011).

5.3 Dose-determining radionuclides

lodide ¢#), chloride €°Cl), selenium Se) and“C
species are considered to determine the long-term
activity release rate (mSv per year) from the

Fas
|

|
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cementitious near field into the far field ABRA,
2002). In 2011 the influence of chloride on thealkpt

of ', *Cl and°Se was investigated in multi-tracer
experiments. Note that the planned L/ILW repository
could be located in a geological formation with
significant Cl concentrations in the groundwater, for
example about 565.9 mmol/kg.® in case of the
Effingen Member (MDER, 2009). In contrast, the ClI
concentration in cement porewater is generally low
(typically < 10° M) due to the limited inventory of
stable chloride in commercial cemerts)(01 wt%).

HCP exposed to highly saline groundwater is subject
to mineral transformations. Chloride was found to
readily displace OH SQ* and CQ* anions in the
AFm phases (e.g.AONIs et al., 2010). In carbonate
containing cements, such as HTS cement, chloride
binding by AFm phases is controlled by the fornmatio
of a solid solution between calcium mono-
carboaluminate (AFmM-C{ and Friedel’s salt (AFm-
Cl,) (Fig. 5.2) (e.g. BLoNIS et al., 2010). Hence,
addition of NaCl, simulating a saline groundwater,
causes the transformation of calcium
monocarboaluminate into Friedel's salt and the
precipitation of the released GO as CaCQ@
(Fig. 5.2).

The influence of increasing Gtoncentrations off’l
uptake by fresh and degraded HCP is significant,
while the effect on**Cl and °Se binding is much
weaker (Fig. 5.3).

H
Fas hl F

: .;r 'In-n-..---lu-_..r'!'.‘'\....e-s.n..-l'h-lr":n-u-"‘Ir 1'- degraded HCF
-__'_f..-“ F:.:. I il Fe ) e &
F -
___-"-' e
o M
A - AL e, oforence
5 10 15 20 25 30 28 %)

Fig. 5.2: XRD pattern of HCP aged in 1.1 M &blution at pH = 13.3 (fresh HCP) and 12.5 (degrad¢CP) for
28 days. P: portlandite, Cc: calcite, Fss: Friede$alt solid solution, Mc: calcium monocarboalunigal: halite.



Progress Report 2011 46 Laboratory for Waste Mamagé

10"

L *I I : E 101:""I ’ RERELSS (LS LY - F TR
da [ e b [ BRET B (g m g,
o | o | |
J 0L W 4
? 75 [ | " L ]
107 L B g | r | ] ]
—_ E E L - I
g LI : ] S 10 L 4
m_ | == E n E
£ = * * 1 = ¥ 1
i =
s e | L ]
107 | 4 L
F ? ] u "
[ o ]
L ] 10° L | .
E B i
. _ : ",
10° L ** **? 104_””| G L e
0.01 0.1 1 0.01 0.1 1
Chloride concentration in solution (M) Chloride concentration in solution (M)

Fig. 5.3: Influence of increasing Ctoncentration on the uptake 6fl, *°Cl and*Se by (a) fresh and (b) degraded
HCP.

In order to develop a detailed mechanistic only very weak. In contrasf>Se is taken up by all
understanding, sorption studies with individual phases, and even binds strongly to most of them. In
cement minerals capable of binding these the light of these results the dependences shown in
radionuclides were required. Therefore, additional Fig. 5.3 can be interpreted as follows: Se strongly
sorption measurements were carried out on severalsorbs to HCP even at high’€bncentrations since the
important cement minerals (Table 5.1). transformation of AFmM-C@SQO, has no detrimental
effect on Se uptake. Isotopic exchange %€l
between the stable CI bound in AFmy@hd aqueous
CI" determines®Cl uptake. The amount of AFm-Cl
seems to increase with increasing @bncentration,
which results in a constant or slightly decreadiag
value (Fig. 5.3).

The measurements show tA%1 and*?? are taken up
selectively by just a few minerals, in particular
Friedel's salt (AFm-G) in the case of°Cl and
calcium monosulfoaluminate (AFmM-g0in the case

of 1. Note that the binding of both radionuclides to
C-S-H phases, the most abundant phase in HCP, is

Table 5.1: Sorption values fot°Cl, 1 and "°Se on some important cement minerals in their #gjiwim solutions.

Cement phase Rq * (M%/kg)
36Cl 125| 7SSe

C-SHphasewithC/S=075 | O ] O e 022 .
C-S-Hphasewith C/S=107 | ... O 0005 |13

C-S-H phase with C/S = 1.65 0.003 0.008 1.45
Friedel salt (AFm-C) ] 023 ] O I SIS
_Calcium monocarboaluminate (AFm-O | o0 | O .07
_Calcium monosulfoaluminate (AFM-90 | 0.003 | . 003 | ......205

Ettringite (AF-SC,) 0 0 6.1¢

* All sorption values are related to the dry weigfithe corresponding cement phase.
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In contrast, phase transformations caused byh&ie
a pronounced effect off uptake by HCP since
calcium monosulfoaluminate (AFmM-g0which is the
most important uptake-controlling phase foinlHCP
(see also Section 2.3.5), converts to AFm-Ql
uptake by the latter phase is negligibly small.

14C, possibly in the form of small organic molecules
generated during steel corrosion, is a potentigbma
contributor to the dose released from the L/ILW
repository. In a recently published status repbe t
relevant research topics have been identified ith
view to improving the quantitative treatment 6€
release in PA (WLAND & HUMMEL, 2010) as
follows: 1) Determination of the chemical nature of
the *C containing organic compounds released during
steel corrosion under reducing conditions, and 2)
Determination of the long-term chemical stability o

a7
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data clearly confirmed the presence of Np(VI) inhbo
phases (BONA et al., 2011a).

Batch sorption experiments with Np(IV), Np(V) and
Np(VI) on C-S-H phases

Sorption studies with Np(V) on cementitious matsria
are sparce, while sorption data for Np(IV) and Np(V
are lacking in the literature due to experimental
difficulties associated with the stabilization bet+IV
and +VI redox states. Therefore, sorption valuas fo
redox-sensitive actinides, such as Np(IV) and Np(VI
have been estimated on the basis of their chemical
analogy with other tetravalent and hexavalent
actinides, such as Th(IV) and U(VI) (e.g/BMAND &
VAN LooN, 2002). To verify these analogies,
Np(IV,V,VI) uptake by HCP and C-S-H phases under
oxidizing, anoxic and reducing conditions was

these compounds under the alkaline conditions of a investigated in the framework of th& EU FP project

cementitious near field. It was further emphasiired
the report that the availability of appropriate lstieal
tools, which allow low molecular weight (LMW)
organic compounds to be identified in the liquidian
gas phase at very low concentrations, is a preseggui
for starting an experimental research programme in
LES. In 2011 a HPIEC-MS equipment was installed,
which allows oxygenated LMW organic compounds
to be identified. Analytical protocols for the detien

of LMW carboxylic acid and aldehydes &5) using
mass spectrometry (MS) and conductivity detection
methods are currently being developed and assessed.

5.4 Immobilization of actinides by cementitious

materials
5.4.1 Uptake of neptunium by HCP and C-S-H
Neptunium speciation under hyperalkaline conditions

Neptunium is commonly believed to exist in the
oxidation states +IV or +V in a cementitious
environment under hyperalkaline reducing or
oxidizing conditions, respectively. Investigationso
the neptunium speciation under hyperalkaline
oxidizing conditions were carried out in collabavat
with KIT/INE, which show that, in analogy to U(VI),
anionic  Np(VI) species (NpfQOH);; and
NpO,(OH),*) may also form under these conditions,
thus significantly limiting the stability field dfip(V).

In the absence of Na-hypochlorite, used as an
oxidizing agent, Np was found to be in the pentaval

state both in the solid and aqueous phases, while i
the presence of Na-hypochlorite XANES and EXAFS

‘RECOSY”.

The effect of pH (10<pH<13.3) on Np(IV), Np(V) and
Np(VI) sorption to C-S-H phases was investigated an
compared with sorption data of the same Np species
on TiG; (Fig. 5.4).

The experiments were carried out using the short-
lived #**Np isotope (f, = 2.355 days), which was
separated from its paremt®Am, using a standard
procedure. The redox state of Np in the experiments
was controlled by the addition of Na-dithionite as
reducing agent in case of Np(IV) or Na-hypochlorite
as an oxidizing agent in case of Np(VI), respetyive
No redox buffer was used in the experiments with
Np(V). Preliminary experimental tests showed that
neither Na-dithionite nor Na-hypochlorite had any
effect on the stability of the C-S-H phase nor any
effect on the sorption behaviour of Th(IV) and UVI

In the case of C-S-H phases, Np uptake may be
influenced not only by the pH changes but alsohay t
C:S ratio. In order to quantify the influence of
Np(IV,V,VI) speciation as a function of pH,
experiments on Ti@in the pH range 10<pH<13.3
were performed. Note that the uptake on ;Ti®
expected to occur by surface complexation and this
will be influenced by changes in Np(IV,V,VI)
speciation as a function of pH.

The results show that the uptake of the tetravalent
pentavalent and hexavalent actinides by either KC-S-
phases or TiQare similar (Fig. 5.4). The sorption of
Np(lV) and Th(lIV) was found to be independent of
pH while Np(V) sorption decreases in both cases at
pH=>12.
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Fig. 5.4: Sorption of actinides on C-S-H and Fi@) Comparison of the sorption of Np(IV,V,VI) witle sorption
values of Th(IV) and U(VI) on C-S-H (C:S = 1.07)Np(IV,V,VI) uptake by Ti©

Lower Ry values and a pronounced dependence on pH (synthesized

were observed in case of Np(VI) and U(VI).
Differences in the sorption behaviour of the differ

in Milli-Q water and in ACW,
respectively) and 1.65, and HCP suspensions were
loaded with Np(V) in the absence and in the presenc

redox states can be explained by differences in the of Na-hypochlorite to levels of ~930 ppm or ~2600

aqgueous speciation. Negatively charged hydroxo

ppm, respectively, in the wet paste (Fig. 5.5). ESA

species dominate the aqueous speciation of the measurements were carried out at the ROBL beamline

pentavalent and hexavalent actinides above pH 11,

giving rise to a decrease in sorption. In contrésg,
aqueous speciation of the tetravalent actinides is
independent of pH in the range 10<pH<14, resulting
in constant Rvalues over this pH range.

Thus, the observed sorption behaviour of neptunium
on C-S-H phases and TiOis predominantly
controlled by aqueous speciation.

EXAFS study on Np uptake by cementitious materials

Extended X-ray absorption fine structure (EXAFS)
investigations on Np(V,VI) loaded C-S-H and HCP
samples were carried out with the aim of deterngnin
whether or not pentavalent and hexavalent Np could
be incorporated in the C-S-H structure in a manner
similar to that of Np(lV) (@oONA et al., 2011b).
C-S-H suspensions with C:S ratios 0.75, 1.07

at the European Synchrotron Radiation Facility
(ESRF), Grenoble, France.

Principal component analysis (PCA) in combination
with iterative target-transformation factor anadysi
(ITFA) of the EXAFS data showed that two
components (Np-C-S-H 0.75 and Np-C-S-H 1.65) are
sufficient to reconstruct all spectra (Table 5Phis
finding is in agreement with the earlier analysfs o
Np(IV)-C-S-H/HCP EXAFS data (8NA et al.,
2011b). The Fourier transforms indicate the presenc
of two different neptunyl moieties (Fig. 5.5).
Significantly shorter Np-Q and Np-Q, distances
were determined for samples with Na-hypochlorite
(1.79-1.85 A and 2.24-2.25 A), indicating the
presence of Np(VI), compared to samples under
anoxic conditions (1.88-1.89 A and 2.39 A),
indicating presence of Np(V).
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Fig. 5.5. EXAFS measurements of Np(V,VI) loaded C-S-H a@d ldamples, a)°’kweighted EXAFS spectra
(experimental (solid line) and reconstruction by@nponents (dashed line)), b) Fourier transforniNgf{V,VI)
sorbed on C-S-H (C:S = 0.75, 1.07, 1.07 in ACWb51L#&nd HCP. Vertical lines (solid, dashed) in Fg5a
indicate the phase shift between Np(V) and Np(MLies.

Table 5.2: Component composition of Np(V) and Np(VI) dopedt€{€:S = 0.75, 1.07, 1.07 in ACW, 1.65) and
HCP samples as estimated by ITFA. Calculations weréormed in (k) space for 2k [A™] <10.

Sample Np(V) Np(VI)

comp. 1/ comp. 2 total comp. 1/ comp. 2 total
*Np - C-S-H 0.75 1/0 - 1/ 0 -
Np-C-sH1O07 | 063/034 | 099 | 10 | 1
Np-C-SH107ACW | 0771022 | 099|  049/059|  08L
Np-HCP | or1 | R or1 | 1
Np-C-SH165 | orr | - | or1 | -~

* component 1: Np-C-S-H 0.75; component 2; Np-C-3-6b.
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Strong interference from the neptunyl moiety
significantly limited a detailed analysis of the 3 Ca-uranate
backscattering contributions from more distant Ishel

The Np-Qqdistance in combination with the presence
of a neighboring Si shell, however, suggests timat a o
incorporation mechanism could control Np(V,VI)

D: Ca-uranate-like

/»MMVM s
7 U

I W

R
uptake by C-S-H phases4GNA et al., 2011c). . C: (UYT) incorporated
species)
5.4.2 TRLFS study on U(VI) uptake by C-S-H MJ’/

phases and HCP

B: (U(VI) surface
f‘ complex)

Luminescence intensity (A.U.)

Previous EXAFS studies on U(VI) loaded C-S-H and — N
HCP samples provided conflicting information on the /MWWOH)J)
uptake mechanism of U(VI) by cementitious materials —y

(HARFOUCHE et al., 2006, MCE et al., 2011). While UO.(OH)” in ACW
incorporation of U(VI) was proposed in the earlier J ro

study, the more recent study did not unambiguously Ny

support this finding. Time-resolved laser fluoresm vo,
spectroscopy (TRLFS) measurements were carried out -
with the aim of resolving this open question 22000 21000 20000 19000 18000 17000 16000
concerning the U(VI) sorption mechanism in Energy, v (cm )

cementitious materials (1S et al., 2011). The _ _ o
measurements were carried out on a series of Fi0. _5.6: Luminescence spectra of_ t_hg—:t U(VI) species in
reference Samples including the free 2EJ'@_quo_ion alkaline U(VI) solution (ACW artificial cement [eor

in 1 M HCIO,, alkaline uranyl solutions, a solid Ca- Wwater of pH = 13.3) and U(VI) loaded C-S-H
uranate, and C-S-H phases with different C:S ratios Suspensions after deconvolution by factor analysis.
loaded with U(VI). Details of the measurements are Comparison with two reference spectra: Ca-uranate
described elsewhere (B et al., 2011). (top) and free aqueous uranyl in 1 M HGI®ottom).

The spectra of the aqueous samples showed strdngre5 5 Fe speciation in cement paste
shift with increasing pH which was explained by the

higher formal charge of the equatorial Odfioups of ~ The Fe speciation in cement paste is still poorly
the hydrolysed U(VI) species at high pH compared to ynderstood. A PhD study was carried out jointlyhwit
the equatorial kD groups of the aquo-ion at low pH  Empa with the aim of determining the Fe species
(Fig 5.6). This results in an increase in the ettt  formed in hydrating cement. Earlier studies showed
density around the U central atom. TRLFS spectra of that it is difficult to identify Fe-bearing hydraten
U(VI) sorbed on C-S-H phases showed that the U(VI) cement pastes using standard techniques such as
solid speciation continuously changed over a period XRD, TGA and SEM due to the overlap of signals
up to 6 months in contrast to the fast sorptioreas from the same compound which contains either Fe or
observed in batch sorption studiest@et al., 2008).  Al. Fe-bearing cement minerals, and some Al/Fedsoli
Decay profile analysis combined with factor analysi  solutions, were synthesized and their EXAFS spectra
of a series of spectra determined for U(VI) - C-S-H determined at BM26 (DUBBLE) at the ESRF, along
suspensions at increasing delay times revealed thewith HCP samples aged over different periods o&tim
presence of four luminescent U(VI) species. Along (Fig. 5.7). The latter spectra were analysed using
with the aqueous UQOH),” species and a Ca- factor analysis (PCA, ITFA) on the assumption that
uranate-like precipitate, two different sorbed $peC  several Fe species contributed to the overall EXAFS
were identified (Fig. 5.6). The strong red shiftasfe spectra. The latter analysis showed that three fain
of these two sorbed species (species C) originatesspecies dominate in HCP: Ferrite (the unreacted Fe-
from the presence of a strong equatorial ligantlifie  pearing clinker mineral), Fe-hydroxide and Fe-Si-
suggesting incorporation into the C-S-H structure. hydrogarnet or the corresponding solid solutiorhwit
This findings supports the idea that thermodynamic Al-Si-hydrogarnet, respectively (Table 5.3). WHile-
modelling of long-term aspects of U(VI) uptake by hydroxide forms as metastable phase in the early
C-S-H phases and HCP should consider an phase of the hydration process, Fe-Si-hydrogarnet

incorporation mechanism as proposed byo@Aa et seems to be stable in the long term.
al. (2011d).
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Fig. 5.7: K-weighted experimental bulk EXAFS spectra of ap&aring phases used as reference compounds and
b) OPC hydrated at 20 °C over different periodsimoe (line: experimental data; dots: modelled dafE)e broken

lines in Fig. 5.7a indicate differences in the dpacfeatures. G(A,F) = aluminate/ferrite solid solution, £ =
ferrite.

Table 5.3: Proportions of Fe-containing phases in OPC hyddate 20 °C over different periods of time
determined with linear combination using the refer spectra.

Fe/Al-Si-

Age G(A,F) Fe-hydroxide hydrogarnet R-factor
Unhyd 1.00* - - 0.15

4 hrs 0.63(3) 0.37(3) - 0.12
8 hrs 0.70(4) 0.30(4) - 0.12
16 hrs 0.36(3) 0.64(3) - 0.10
1 day 0.45(2) - 0.55(2) 0.08
28 days 0.42(2) - 0.58(2) 0.07
150 days 0.40(1) - 0.60(1) 0.05
1 year 0.39(1) - 0.61(1) 0.04

This is the first time that it has been unambiglydemonstrated that siliceous hydrogarnet is tlagnnfre(lIl)-
bearing phase in HCP. (The remaining Fe(lll) isnfdin the aluminate/ferrite solid solution(&,F)).
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6 COLLOID CHEMISTRY

C. DegueldreS. Frick,A. Benedict¢PhD student from CIEMAT)

6.1 Overview with other data (INE, CIEMAT ...). INE, who is
responsible of the CTM experimental program,
The aim of the colloid sub-program is to understand collected the latest data together and a paper was
the role of colloids in the migration of radionutds presented at the last Migration conference in Bgjji
in the geosphere. The colloid properties studiezl ar China, September, 2011.
their concentration, size distribution and behavior
under safety-relevant conditions. This report
summarizes the activities over the past year witthén
framework of the Grimsel colloid project: “Colloid
Formation and Migration” (CFM). The focus
continues to remain on colloid generation, using
single particle counting (SPC) as a characterisatio
technique. The colloid generation approach followed
is a "first” in this area and has the possibilitfy o
evaluating clay colloid size distributions not onty
batch systems but also under the quasi-stagnant
conditions of the CFM system. The knowledge and
understanding in groundwater colloid science gained In the transient tests carried out this year, tbw fate
over the last decade allows well founded estimties  of the water into the short bore hole located ia th
be made concerning the potential role played by mega-packer was increased in a controlled way.
colloids in the transport of radionuclides in the Following flow rate increases, a new population of
argillaceous rock formations proposed by Nagrdaent  colloids was generated and measured (Fig. 6.1). The
frame of the Sectoral Plan. low ionic strength crystalline groundwater caudes t
colloid suspension to be stable. In this system,
increases in concentration and size distributionaby
factor 1.5 to 30, according to the colloid size=(50
to 2000 nm), are observed when the flow rate
increases as a pulse by a factor 20 to 40 in ®te 1
(e.g. Fig. 6.1).

LES/PSI is carrying out transient tests at Grimgel.
quasi-stagnant groundwater aquifers, colloids are
found to occur at constant concentration and size
distribution under constant flow conditions. In
transient conditions induced by water flow rate
variations, increases of colloid concentration arze
distribution are observed. The transient study $esu
on colloids in water from a well-instrumented short
bore hole in the water bearing fissure within the
mega-packer system around the migration zone of the
laboratory tunnel at the Grimsel Test Site.

6.2 Activities in the CFM project

The Colloid Formation and Migration (CFM) project
is being carried out in the framework of Phase VI o
the Grimsel Test Site (GTS) research programme.
GTS Phase VI runs from 2004 to 2013 and is
dedicated to repository-relevant (i.e. large-sdaleg-
term) in-situ experiments.

Colloid generation by flow transient requires a
minimum magnitude impulse (threshold value) which
is colloid size dependant. The phylosilicate mihera
The CFM project is the latest project in a series 0 phases, micas, chlorite, epidote, display sizes of
experiments conducted within the Radionuclide colloids and particles of a fewm while quartz and
Retardation Program (RRP) of the GTS over the past the feldspar particle sizes range is predominantly
years. Phase 2 of the CFM project will run for @rg2  apove 10um. These phylosilicate particles generated
from 2008 to 2013with the aim of studying the in-  quring the transients are made up of 10-
situ generation and migration of colloids in the 15wt 9 ALO; which can be used to detect the
Grimsel migration test zone. The main goal of this particulate phases in suspension during the tratssie
project is to understand the generation of colloids by |CP methods (e.g. see Fig. 6.2). Detection ef th
quasi-stagnant water at a bentonite block/grouneiwat  colloid using the other elements analysed by ICB wa
flow interface. The LES task is sub-divided intootw  not possible because their concentrations weredfoun
parts: () participation in the in-situ colloid to pbe below the detection limits or because the
measurement campaigns and (i) studying colloid packground concentration of an element in the
generation mechanisms. The breakthrough tests groundwater is greater than that concentratioringris
carried out in the CFM project are performed with from the colloids. The concentrations were < 1 fasb

colloid cocktails that mimic the final colloid test Fe, < 0.3 ppb for Mn and Ti. The concentration af M
SPC measurements were carried out and comparedyas 12.5 ppb and Si was 5.65 ppm.
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6.3 Other colloid activities

The co-operation with CIEMAT is continuing in a
very active manner. The main aim is to optimise the
radio-analytical work required to measure colloid
breakthroughs in the CFM experiment at the Grimsel
Test Site. Colloid labeling was discussed, andas w
decided thaf®Ge could be used. Siné&Ge decays
into ®Ga, a B* emitter, it can be utilised for
breakthrough tests (in the lab and in-situ) anécetd

by liquid scintillation and/or by PET during core
breakthrough tests allowing a 3D reconstructiothef
colloid pathway in laboratory experiments. The PET
analysis is foreseen to be carried out at CIEMAT. A
Spanish student (A. Benedicto) studied the colloids
prior to and after labeling with Ge using the sinpt
model derived earlier in the colloid program.
Emphasis is also given on the sorption of Ga(hjtt
forms in the process.

6.4 Future work

CFM homologue tests are foreseen in early 2012, and
SPC will be used together with other techniques to
characterize the colloids during breakthrough m ‘i
situ’ experiments. For the CFM project, the gerierat

of colloids at a bentonite block/groundwater flow
interface with quasi-stagnant water is being stlidie
from a mechanistic point of view. The LES in-house
colloid generation model will be used to
systematically describe the colloid generation ryiri
the main experiment which is in the process of dpein
designed. Colloid size distributions from the beaite®
source (obtained by direct re-suspension) will be
compared with those from the groundwater system
sampled during the experiment contacting FEBEX
bentonite within the groundwater in the GrimseltTes
Site.
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The application of the advances made in groundwater
colloid sciences over the last decade has allowed
colloid data to be derived for the hydro-geocheinica
systems in the argillaceous rock formations progose
by Nagra in the frame of the Sectoral Plan. A LB T
report was produced and a publication is foreseen
which will include colloid concentration resultin
field experiments (dilute to analogous salty
groundwaters), a comparison of concentration result
with laboratory batch experiments, and the resuiits
colloid adhesion tests (attachment factor valu€bg
study will be include a calculation of colloid
concentrations in the relevant systems using the
suspension  pseudo-equilibrium  model derived
recently (EGUELDREet al., 2009). This field/lab and
model study will provide the required colloid déba

the new formations being investigated at NAGRA.

6.5

DEGUELDRE, C.,KASTORIANO, M., KUNZE, P.,
BEsSsHQ K. (2009)

Colloid generation/elimination dynamic processes:
toward pseudo-equilibrium@oll. Surf.A 337, 117-
126.

Reference
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7 DIFFUSION PROCESSES

L.R. Van Loon, M.A. Glaus, W. Miller, S. Frick,Jaz (postdoc), H. Wang (PhD), M. Bestel (PhD)

7.1 Overview Swiss Chemical Society — Metrohm prize for the best
oral presentation in the analytical chemistry devis
The focus of the activities in the “Diffusion during the Autumn meeting of the Swiss Chemical
Processes” group are i) understanding the diffusion Society (SCS) in Lausanne.
mechanism of radionuclides in compacted
argillaceous materials and ii) measuring diffusion The TRAPHICCS programme on pure clay minerals
parameters (effective diffusion coefficients andkro ~ was continued. Diffusion measurements of HTO,
capacity values) which can be used in performance *Na’ and®*SF* were carried out on beidellite. Further
assessment studies. measurements with??Na” were performed to
strengthen the evidence for “sorption-enhanced”
Within the framework of the Sectoral Plan (Sachplan diffusion of cations in montmorillonite.
Geologische Tiefenlager) final diffusion
measurements with HTO®CI" and *Na’ on the Three PhD proposals, with partial financial support
potential host rocks Marl of Helveticum, “Brauner from Nagra, were written in close cooperation with
Dogger” and Effingen Member were performed. The the Transport Mechanisms Group and have been
measurements were used to confirm/check the walidit approved by the PSI Research Commission (FoKo).
of the extended Archie’s relation over a wide ranfje  Two of the proposals are concerned with porosity
porosities for estimating effective diffusion changes induced by dissolution and precipitation
coefficients to be used in performance assessmentreactions occurring at the interface between differ

studies. materials and the influence on diffusion. Some
scoping experiments on precipitation reactions in
In the framework of the EU CatClay project, diffusi porous media have been performed. The topic of the

measurements witf’Co(ll) on OPA were performed  third proposal is the migration behaviour of small

using a filter-free in-diffusion technique. The organic compounds in compacted clay and is strongly

diffusion profiles of®Co(ll) in OPA could only be  related to the C-14 project dealing with the foriomt

described by assuming two different independent of soluble t'C containing) organic compounds

diffusion pathways. Also diffusion measurementswit  produced by the anaerobic corrosion of activatedl st

HTO and®Sr on illite were performed. The pH and

ionic strength of the saturating/contacting solwio 7.2  Activities in support of the Sectoral Plan

were varied in order to test whether “sorption-

enhanced” diffusion is an important process iteilli Diffusion measurements with HT&CI" and®’Na’ in
potential host rocks such as Effingen Member, Marl

The work of 2 PhD students, Martina Bestel and Hao of Helveticum and “Brauner Dogger” were continued.

Wang, is being carried out to a large extent usiy By the end of 2011, all measurements will be fiatkh

SINQ and SLS facilities at PSI. The research on As already indicated in 2010, all of the data cdodd

dynamics of water in compacted montmorillonite is described by an extended Archie’s relation (Fid).7.

focused mainly on optimising the sample preparation The results were presented at thd" 18ternational

for QENS measurements, on measuring the water Conference on the Chemistry and Migration

distribution in Na-montmorillonite as a function of Behaviour of Actinides and Fission Products in the

bulk dry density using a fixed window scan procedur Geosphere, September 2011, in Beijing, China.

on a neutron backscattering spectrometer, and on

performing diffusion measurements with HTO and Measurements on samples of Effingen Member from

“Na* as a function of temperature. The work on the the Oftringen (Canton Aargau) borehole showed that

use of micro beam techniques to study the trangfort the anion accessible porosity was 50% of the total

contaminants in heterogeneous porous materials hasporosity. This was in contradiction with water sit$i

been concerned mainly with the development of &t fas measurements performed by the University of Bern

“wash-out” ablation cell to improve the sampling which yielded an anion accessible porosity of only

time. The results from these two PhD studies have 25% of the total porosity.

been presented at several conferences and published

in peer reviewed journals. Hao Wang was awarded the
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Fig. 7.1: Extended Archie’s relation (solid line)
describing the relationship between the diffusion
accessible porosity and the effective diffusion
coefficients together with experimental data for
Opalinus Clay, “Brauner Dogger”, Effingen Member
and Marl of Helveticum.

Additional diffusion measurements on a new sample
of Effingen Member from the borehole in Goesgen
(Canton Solothurn), however, confirmed the results
obtained earlier on the samples from the borehole i
Oftringen. The anion accessible porosity valuesfro

diffusion measurements have now been accepted as

the correct values and were used in the derivadfon
porewater compositions.

Measurements on new samples of Opalinus Clay and
“Brauner Dogger” from a borehole in Schlattingen
(Canton Thurgau) are in preparation. A diffusion
database based on the extended Archies relatioisship

in preparation and will be completed by the end of _

2012.

7.3 CatClay

The contribution of LES to WP2 in the EU Catclay
project consists of diffusion experiments with?*Sr
Zn**, and Ed" in conditioned illite where the ionic
strength and pH of the saturating / external sotuis
varied. The experiments will provide information on
the extent of the contribution of “sorption-enhatice
diffusion of these cations in illite to the overall
diffusion rates. In order to be able to measurialvbl
the diffusion of specifically binding radionuclides
(Zn** and Ed"), suitable experimental techniques and
materials need to be developed and evaluated.id his
the main focus of the first two years of experina¢nt
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work. Besides this, diffusion experiments using HTO
and®SrF* have already been started because diffusion
of these radionuclides can be measured with
conventional experimental techniques. All
experiments were carried out using lllite du Puy
prepared in the Na-form which had undergone a
modified acid treatment (B\DBURY & BAEYENS,
2009) using buffered formic acid. This clay materia
referred to as Na-ldP, was prepared in a concerted
action by all project partners. The conditioned
material was then homogenised at PSI and re-
distributed to the project partners. The resultsioled

in the first year can be summarised as follows:

- The effective diffusion coefficients measured for
HTO were independent of the salinity of the
external reservoir solution, whereas those fdi Sr
exhibited a clear dependence, both at pH 5 and 9.
With decreasing salinity, effective diffusion
coefficients increased. These tests were started at
the very beginning of the project using diffusively
saturated illite samples compacted to a dry bulk
density of ~1900 kg i Later, it was decided that
the reference dry bulk density should be 1700 kg
m. The corresponding diffusion experiments with
S were started and will be completed at the
beginning of 2012.

In order to maintain stable conditions with respect
to pH during diffusion experiments, the saturation
of the illite samples is a critical issue. Varidasts
comprising of diffusive and advective saturation,
the buffering of pH by the so-called “Good
buffers” (GooD et al., 1966), or pre-conditioning
illite by titration with HNG/NaOH, were all
evaluated. Diffusive saturation turned out to be to
slow for obtaining stable pH values throughout the
samples within a reasonable time. (Advective
saturation could be a viable alternative.)

A series of sorption tests with chemically modified
steel filters were carried out. Out of all the vas
surface modifications (covalently bound alkyl- or
fluorinated alkyl silanes, fluorinated self-
assembled monolayers, perfluorinated multi-
layers), none were able to prevent the sorption of
Eu™.

The main conclusions from the through-diffusion
experiments with HTO anisr* are:

— Sorption-enhanced diffusion is effective fof'dn
illite (similar as for montmorillonite).

— The diffusive fluxes for the 0.1 M NaClCcase
were so high that the use of the “flushed filter
technique” was necessary.
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- Discrepancies between sorption distribution ratios The diffusion technique using the small drill cores
calculated from through-diffusion experiments and was shown to give useful results. Some improvements
from the tracer profiles in the solid measuredrafte have to be made in order to take into account the

through diffusion (not shown here) were
approximately a factor of 2. This is clearly larger
than the formal uncertainties involved, but
comparable to the discrepancies observed for
diffusion of Sf* in montmorillonite (GAUS et al.,
2007).

The contribution of LES to WP3 of the CatClay
project is to perform and interpret the diffusidnS,
Zn and Eu in a complex matrix such as Opalinus Clay
In a first phase, the in-diffusion technique was
modified in such a way that experiments could be
performed without the use of confining filters. s
end, in-diffusion experiments witf’Co(ll) in OPA
were performed. Small cylindrical cores embedded in
an epoxy resin were used. After in-diffusion, the

tracer profile in the samples was analysed using a

modified version of the abrasive peeling technique
(VAN LOON & EIKENBERG, 2005). As was already
observed in earlier diffusion experiments with OPA,
the profiles showed two regions, i.e. it appeateat t
two independant pathways are involved in the
diffusive transport (Fig. 7.2). In view of the stigm
mechanisms involved in the uptake of Co on OPA, i.e

ion exchange and surface complexation, both surface

diffusion and diffusion in the pore space could be
taking place simultaneously.
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Fig. 7.2: Diffusion profile of**Co(ll) in OPA after 14
days diffusion time. The profile can only be ddwsati

by assuming two independent diffusion pathways.
Both the sorption values (K and the effective
diffusion coefficients ([) are different (diffusion was
parallel to the bedding plane; the concentration of
Co(ll) in the source solution was 3x1M).

sorption of tracers on the epoxy resin. This is
especially important for cases where the amount of
tracer in the clay is very small, i.e. at largdifugiion
distances. Additional diffusion tests witfrSr(ll),
®5Zn(11) and***Eu(ll) are planned for 2012.

water in
(PhD  project

7.4 Dynamics  of
montmorillonite
Bestel)

compacted
Martina

Measurements of the water distribution in compacted
Na-montmorillonite showed that at high bulk dry
densities the water is mainly located in one or two
layers in the interlayer space. At lower densities,
macropores are also filled with water and the foact

of water in the interlayer space increases and is
mainly present as 3 layers of water. This is in
agreement with the conclusions drawn earlier from
Cl-diffusion measurements M LOON et al., 2007).
This information was used to improve the
interpretation of QENS measurements performed on
Na-montmorillonite. It was possible to discriminate
between diffusion in the interlayer and in the
macropores.

Through-diffusion measurements with HTO &fda’
were performed for two bulk dry densities, i.e. @30
and 1700 kg M as a function of temperature and
ionic strength. The activation energies obtainedewe
very similar for both tracers and indicate a strong
coupling between water and charge compensating
cations in the interlayer.

7.5 Micro-heterogeneous systems (PhD project
Hao Wang)

In 2011 a novel laser ablation cell was designetian
currently under construction. The main aim behhwel t
development was to achieve a fast “wash-out” (low
dispersion) of the laser generated aerosol. Low
dispersion will clearly improve the signal-to-noise
ratio of isotope acquisition (higher sensitivitydaa
lower limit of detection) and will allow the
implementation of efficient imaging schemes which
will allow to probe larger areas and to obtain leigh
spatial resolution simultaneously. In the novel
ablation cell, 10Hz ablation pulses could be reswlv
Compared to the routinely used cell, faster “wasti-o
times of at least an order of magnitude were oleskrv
(Fig. 7.3).
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Fig. 7.3: Simulated cell fluid dynamic patterns and
experimental results. a) gas flow velocity pattel;
»Si signal when ablated a NIST 610 standard
material with 10um spot size.

The goal is to further decrease the “wash-out” fime
and to couple the cell to a (semi) simultaneoussmas
spectrometer (MS), e.g. a Time-of-Flight (TOF) MS
or a Mattauch-Herzog (MH) geometry based MS, and
finally establish a fully quantitative fast LA-ICAS
technique for chemical imaging.

Improved quantification capabilities for microXRF:
The pyMCA software developed by ESRF is currently
being implemented at the microXAS beamline.
Improved quantitative microXRF imaging based on
fast full spectra analysis will be available oroatme
basis. The pyMCA quantification algorithms are
based on a fundamental parameter approach,
consideration of a realistic representation of the
experimental setup, and a least squares methatl to f
full spectra. In order to facilitate knowledge séer, a
pyMCA workshop was organized as an integral part
of the Joint Users’ Meeting at PSI in 2011.

A first publication on the combination of laser
ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) and synchrotron micro-X-
ray fluorescence (micro-XRF) for measuring Cs-
diffusion in heterogeneous porous media was
submitted to and accepted by Analytical Chemistry
(WANG et al., 2011). Hao Wang presented his work at
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mainly located in the octahedral layer. A qualitati
overview of the results of through-diffusion
experiments with conditioned beidellite (Idaho, la
Minerals Society) is shown in Fig. 7.4 by the flux
curves measured in the target reservoir. The flates
HTO were independent of the external salinity, whil
they increased with decreasing salinity in the aafse
“Na* and decreased with decreasing salinity in the
case of°CI". The effective diffusion coefficients and
rock capacity factors for HTO and®Na" in
montmorillonite and beidellite were identical withi
~30 to 40 %. In view of these similarities, it cha
concluded that any significant differences
molecular mobility of*Na’ in the two clay minerals
cannot be substantiated and that comparative
laboratory-scale experiments using these clay
minerals are probably not suited as test systems fo
the verification of intrinsic differences evidencby
simulations on an atomistic scale REATHOUSE &
CYGAN, 2006; Kosakowskl et al., 2008).

in

In order to clarify the role of sorption in detenimig

the true driving force for cation diffusion in clay
minerals (&AUS et al.,2007; GMMI & KOSAKOWSKI,
2011), experiments were carried out under the
conditions of a salt gradient across the clay sampl

Briefly, compacted montmorillonite clay plugs were
equilibrated in a classical through-diffusion spt-u
with 0.1 M NaClQ on one side and 0.5 M NaCJOn

the other. After an equilibration phase of ~2 menth
*Na* was added to both sides of the diffusion cells to
give equal activities in the two compartments. The
evolution of the”?Na’ concentration in both reservoirs
as a function of time is shown in Fig. 7.5.

After a short phase of in-diffusion on both sidi®
concentration increased on the 0.5 M NagCKlde,
while it steadily decreased on the side with theelo
salinity. If agueous phase diffusion were the dantn
process, and the external tracer concentration the

several national and international conferences and driving force, the opposite behaviour would haverbe

workshops.

7.6  Transport phenomena in compacted clay
systems (TRAPHICCS)

In order to test the effect of isomorphic subsiituton
the diffusion of cations and anions, through-diiuns
experiments with beidellite were performed and
compared with  diffusion measurements on
montmorillonite (GAuUs et al., 2010). In beidellite,
isomorphic substitution is mainly in the tetrahédra
layer, whereas in montmorillonite the substitutisn

expected. Consequently, a tracer gradient from the
0.5 M NaClQ in the direction of 0.1 M NaClOside
would be expected to build up and the diffusivecflu
would be directed to the 0.1 M NaClGide. As
shown by Fig. 7.5, the difference in concentratiohs
22Na" between the 0.5M NaClOand the 0.1 M
NaClQ, reservoirs increases progressively so that the
observed tracer flux is in the direction of the M5
NaClQ, reservoir.
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Fig. 7.4 Breakthrough curves of differently charged tracémough beidellite (dry bulk density of ~1900 k§)m
as a function of the NaCl@oncentration in the external solutions contacting compacted clay plug.

The tracer is thus seemingly transported in aniiliph  In view of the conclusions drawn, it appears to be
manner against its own concentration gradient. If, more appropriate to use the term ‘sorption-enhanced
however, the amount of sorbed tracer is anticiptded  diffusion’ instead of ‘surface diffusion’ for dedging
be the driving force for diffusion, the directioh tbe the enhanced tracer fluxes of cationic species in
tracer flux would be as is observed because the swelling clays.
amount of sorbe@Na" is larger on the 0.1 M NaClO
than on the 0.5 M NaClside. Such experiments can 7.7 Porosity changes in porous media
therefore be regarded as a positive demonstratian t
the amount of sorbed cations is the driving forme f Repository systems have several interfaces where
diffusion in montmorillonite, and not the gradient there are strong chemical gradients. The mostirsgyik
through the aqueous phase. (At least in the cadiaof ~ example is the cement-clay interface. Due to
and possibly other cations whose predominant dissolution-precipitation reactions occurring aedé
sorption mechanism is cation exchange.) interfaces, porosity changes can result in changes
the transport properties of solutes and gasestdero
] to achieve a better understanding of dissolution-

® 05MNaclos % } ] precipitation reactions and their effect on solute

.

60 T T T

55H @ 0.1 MNaClo4 . . .
transport, a new research project will be started i

§§ 2012. The project is a co-operation between the
%§ﬁ% ] Transport Mechanisms Group, the Diffusion
450 ] Processes Group and the University of Bern. Two
¢ ] PhD proposals were submitted and approved by the
40f §§§ ] PSI Research Commission. First experimental
§§§ ] equipment designs have been discussed with the
35} ﬁi@ . Engineering Department (AMI) at PSI and the
L] ] equipment will be constructed in 2012. Also, first
30 % . scoping experiments of precipitation reactions in
] porous media were performed and preliminary
250‘ — ‘5'0‘ — .1<|)o. — .1éo. — '200 reactive transport calculations were carried out
(GEMS-PSI  geochemical code coupled with
Time (d) OpenGeoSys transport code). More information is
given in Chapter 3.

50

Concentration *Na (Bq cm'?’)

Fig. 7.5: Evolution of the concentration 6fNa" in
the reservoir solutions contacting a compacted damp
of montmorillonite (dry bulk density of ~1900 kg)m
After an initial phase of in-diffusion on both sigéhe
tracer flux changed direction on the 0.5 M NaglO
side after ca. 30 days despite the larger concéiatna
in that reservoir.



Progress Report 2011 61 Laboratory for Waste Mamagé

7.8 References WANG, H.O.A., GROLIMUND, D., VAN LOON, L.R.,
BARMETTLER, K., BORCA, C.N., AESCHLIMANN, D.,

BRADBURY, M.H., BAEYENS, B. (2009) GUNTHER, D. (2011)

Sorption modelling on illite Part [I: Titration  Quantitative chemical imaging of element diffusion

measurements and the sorption of Ni, Co, Eu and Sn.into heterogeneous media using laser ablation

Geochim. Cosmochim. Acta 73, 990-1003. inductively coupled plasma mass spectrometry,

synchrotron micro-X-ray fluorescence, and extended
X-ray absorption fine structure spectroscopy. Anal.
Chem. 83, 6259-6266.

GimmI, T., Kosakowskl, G. (2011)
How mobile are sorbed cations in clays and clay
rocks? Environ. Sci. Technol. 45, 1443-1449.

GLAUS, M.A., BAEYENS, B., BRADBURY, M.H.,
JAKOB, A., VAN LOON, L.R., YAROSHCHUK, A. (2007)
Diffusion of #Na and ®Sr in montmorillonite:
Evidence of interlayer diffusion being the dominant
pathway at high compaction. Environ. Sci. Technol.

41, 478-485.

GLAUS, M.A., FRICK, S.,ROSSE R., VAN LOON, L.R.
(2010)

Comparative study of tracer diffusion of HT&Na+
and **CI" in compacted kaolinite, illite and
montmorillonite. Geochim. Cosmochim. Acta 74,
1999-2010.

Goob, N.E.,WINGET, G.D.,WINTER, W., CONNOLLY,
T.N.,1zAWA, S.,SINGH, R.M.M. (1966)

Hydrogen lon Buffers for Biological Research.
Biochemistry 5, 467-477.

GREATHOUSE J.A.,CYGAN, R.T. (2006)

Water structure and aqueous uranyl(VI) adsorption
equilibria onto external surfaces of beidellite,
montmorillonite, and pyrophyllite: results from

molecular simulations. Environ. Sci. Technol. 40,
3865-3871.

KosaAakowskl, G., CHURAKOV, S.V., THOENEN, T.
(2008). Diffusion of Na and Cs in montmorillonite.
Clays Clay Miner. 56, 177-193.

VAN LOON, L.R., EIKENBERG, J. (2005). A high-
resolution abrasive method for determining diffusio
profiles of sorbing radionuclides in dense arg#laias
rocks. Appl. Radiat. Isotop. 63, 11-21.

VAN LOON, L.R.,GLAUS, M.A., MULLER, W. (2007)
Anion exclusion effects in compacted bentonites:
towards a better understanding of anion diffusion.
Appl. Geochem. 22, 2536-2552.



Progress Report 2011 62 Laboratory for Waste Mamagé



Progress Report 2011

63

Laboratory for Waste Mamagé

8 PUBLICATIONS

8.1

AIMOZ L., CURTI E., MADER U.* (2011)
lodide interaction with natural pyrite. J. Radioana
Nucl. Chem. 288, 517-524

1University of Bern, Switzerland

BRADBURY M.H., BAEYENSB. (2011)

Predictive sorption modelling of Ni(ll), Co(ll),

Eu(lll), Th(lV) and U(VI) on MX-80 bentonite and

Opalinus Clay: A “bottom-up” approach. Appl. Clay
Sci. 52, 27-33

CHURAKOV S.V.,GIMMI TH. (2011)

Up-scaling of molecular diffusion coefficients in
clays: A two-step approach. J. Phys. Chem. C 115,
6703-6714

DAHN R., VESPAM.', TyLISZCZAK T.2, WIELAND E.,
SHUH D.K.? (2011)
Soft X-ray spectroscopy of cobalt uptake by cement.

Environ. Sci. Technol. 45, 2021-2027
1ITU, Karlsruhe, Germany
ZLawrence Berkeley National Laboratory, Berkeley, USA

DAHN R.,BAEYENSB., BRADBURY M.H. (2011)
Investigation of the different binding edge sites Zn

on montmorillonite using P-EXAFS — the strong/weak
site concept in the 2SPNE SC/CE sorption model.
Geochim. Cosmochim. Acta 75, 5154-5168

DILNESA B.!, LOTHENBACH B.!, LE Saout G.,
RENAUDIN G2 MESBAH A.%, FILINCHUK Y.
WICHSERA. *, WIELAND E. (2011)

Iron in carbonate containing AFm phases. Cem.

Concr. Res. 41, 311-323

1Empa, Diibendorf, Switzerland

2 Clermont Université, Clermont-Ferrand, France
3 SNBL/ESRF, Grenoble, France

Peer reviewed journals

FROIDEVAL A., BADILLO A., BERTSCHJ., CHURAKOV
S.,DAHN R., DEGUELDREC., LIND T., PALADINO D.,
PATTERSONB.D. (2011)

Towards possible opportunities in nuclear materials
science and technology at an X-ray free electrearla
research facility. J. Nucl. Materials 416, 242-251

GAONA X., DAHN R., TITS J., SCHEINOST A.C.*?
WIELAND E. (2011)

Uptake of Np(IV) by C-S-H phases and cement paste:
An EXAFS study. Environ. Sci. Technol. 45, 8765-
8771

1 Helmholtz-Zentrum Dresden-Rossendorf, Dresden, @eym
2 ROBL/ESRF, Grenoble, France

GiMmI T., KosAKowskIG. (2011)
How mobile are sorbed cations in clays and clay
rocks? Environ. Sci Technol., 45(4), 1443-1449

GLAUS M.A., FRICK S., ROSSER., VAN LOON L.R.
(2011)

Consistent interpretation of the results of through
out-diffusion and tracer profile analysis for trace
anion diffusion in compacted montmorillonite. J.
Contam. Hydrol. 123, 1-10

HAYEK M., KOSAKOWSKIG., CHURAKOV S.V. (2011)
Exact analytical solution for coupled reactive
transport problem with feedback of porosity change.
Water Resourc. Res. 47, W07545

KuLik D.A. (2011)

Improving the structural consistency of C-S-H solid
solution thermodynamic models. Cem. Concr. Res.
41, 477-495

MANDALIEV P., STuMPF T.!, TiTs J., DAHN R,
WALTHER C.*, WIELAND E. (2011)

Uptake of Eu(lll) by 11A tobermorite and xonotlit:
TRLFS and EXAFS study. Geochim. Cosmochim.

Acta 75, 2017-2029
LKIT-INE, Karlsruhe, Germany

MAZUREK M.}, ALT-EPPING P!, BATH A.%, GIMMI
TH., WABER H.N.!, BUSCHAERT S3, DE CANNIERE
P* DE CRAEN M.% GAUTSCHI A.°, SAVOYE S2
VINSOTA.?, WEMAERE |.#, WOUTERSL.® (2011)
Natural tracer profiles across argillaceous forovai
Appl. Geochem. 26, 1035-1064

1 University of Bern, Switzerland

2|ntellisci, Willoughby on the Wolds, Loughboroudhk
3 Andra, Chatenay-Malabry Cedex, France

4 SCK CEN, Mol, Belgium

® Nagra, Wettingen, Switzerland

6 Ondraf/Niras, Brussels, Belgium

PFINGSTENW., BRADBURY M.H., BAEYENS B. (2011)
The influence of Fe(ll) competition on the sorption
and migration of Ni(ll) in MX-80 bentonite. Appl.
Geochem. 26, 1414-1422

RIHS S, PRUNIER J? THIEN B., LEMARCHAND D.,
PIERRETM.-C., CHABAUX F.(2011)

Using short-lived nuclides of the U- and Th-seties
probe the kinetics of colloid migration in forested
soils. Geochim. Cosmochim. Acta 75, 77077724

1 Université de Strasbourg et CNRS, Strasbourg, France
2 Université Paul Sabatier et CNRS, Toulouse, France

Rozov K.B.l, BERNER U., KuLIK D.A., DIAMOND

L.W.2(2011)
Solubility and thermodynamic properties  of
carbonate-bearing hydrotalcite-pyroaurite  solid

solutions with a 3:1 Mg/(Al+Fe) mole ratio. Clays

Clay Miner. 59(3), 215-232
1 Forschungszentrum Jilich, Julich, Germany
2 University of Bern, Switzerland



Progress Report 2011

TiTs J.,GEIPEL G.}, MACE N., EILZER M. !, WIELAND

E. (2011)

Determination of uranium(VIl) sorbed species in
calcium silicate hydrate phases: A laser-induced
luminescence spectroscopy and batch sorption study.
J. Colloid Interf. Sci. 359, 248-256

1 Helmholtz-Zentrum Dresden-Rossendorf, Dresden, @eym

TOURNASSAT C.!, ALT-EPPING P? GAUCHER E.C!,
GIMMI TH., LEUPINO.X .2, WERSINP 2 (2011)
Biogeochemical processes in a clay formation ia sit
experiment: Part F — Reactive transport modelling.

Appl. Geochem. 26, 1009-1022
1 BRGM, France

2 University of Bern, Switzerland

3 Nagra, Wettingen, Switzerland

WABER H.N.}, GIMMI TH., SMELLIE J.A.T? (2011)

Effects of drilling and stress release on transport
properties and porewater chemistry of crystalline
rocks. J. Hydrol. 405, 316—-332

1 University of Bern, Switzerland
2 Conterra AB, Stockholm, Sweden

WANG H.A.O., GROLIMUND D., VAN LOON L.R.,
BARMETTLER K.*, BORCA C.N., AESCHLIMANN B},
GUNTHERD." (2011)

Quantitative chemical imaging of element diffusion
into heterogeneous media using laser ablation
inductively coupled plasma mass spectrometry,
synchrotron micro-X-ray fluorescence, and extended
X-ray absorption fine structure spectroscopy. Anal.

Chem. 83, 6259-6266
1 ETH, Zurich, Switzerland

WIELAND E., MACE N., DAHN R., KuNnz D., TITS J.
(2010)

Macro- and micro-scale investigations on U(VI)
immobilization in hardened cement paste. J.
Radioanal. Nucl. Chem. 286, 793-800

8.2 PSl and Nagra NTB reports

BRADBURY M.H., BAEYENS B. (2011)

Physico-chemical characterisation data and sorption
measurements of Cs, Ni, Eu, Th, U, Cl, | and Se on
MX-80 bentonite. PSI Bericht 11-05 and NTB 09-08,
Nagra, Wettingen, Switzerland

64

Laboratory for Waste Mamagé

8.3

AIMOZ L., WIELAND E., TAVIOT-GUEHO C.!, VESPA

M. %3 DAHN R. (2011)

lodine K-edge EXAFS spectroscopy of iodine-bearing
AFm-(Cl,, CG;, SQ). 10" International Council for
Applied Mineralogy (ICAM 2011). Trondheim,
Norway, 1-7, 1-5 August 2011

LUniversité Blaise Pascal, Aubiére, France

2|Tu, Karlsruhe, Germany

3 K.U. Leuven, Heverlee, Belgium
DUBBLE DRG, ESRF, Grenoble, France

JOSEPHC, VAN LooNL.R., JAKOB A.,
SCHMEIDE K.}, SACHS S, BERNHARD G ! (2011)

Effect of temperature and humic acid on the U(VI)
diffusion in compacted Opalinus Clay. "6
International Conference Uranium Mining Hydrology
(UMH V1), Freiberg, Germany, 18-22 September
2011, in: Merkel B.J., Schipek M. (eds.) The New
Uranium Mining Boom, Springer Verlag, Berlin, 617-
626

! Helmholtz-Zentrum Dresden-Rossendorf, Dresden, @eym

Conference proceedings

LOTHENBACH B.', WIELAND E., GRAMBOW B.
LANDESMAN C.% NONAT A.% (2010)

2" International Workshop “Mechanisms
Modelling of Waste/Cement Interactions”.

Concr. Res. 40, 1237-1238
1Empa, Diibendorf, Switzerland

2 SUBATECH, Nantes, France

3 Université Bourgogne, Dijon, France

and
Cem.

TiTs J., GAONA X.', MACE N., KULIK D.A., STUMPF
T.!, WALTHER C.%, GEIPELG.?, WIELAND E. (2011)
Immobilisation of Uranium(VI) in cementitious
materials: Evidence for structural incorporation in
calcium silicate hydrates and solid solution foriomat
10" International Council for Applied Mineralogy
(ICAM 2011), 699-706, Trondheim, Norway, 1-5

August 2011
LKIT-INE, Karlsruhe, Germany
2 Helmholtz-Zentrum Dresden-Rossendorf, Dresden, @eym

8.4 Conference/workshop presentations

AIMOZ L., WIELAND E., KULIK D.A., LOTHENBACH

B.!, GLAUS M.A, CURTIE.

Characterization and solubility determination o€ th
solid-solution between AFm-land AFmM-SQ 1%
International Symposium on Cement-based Materials
for Nuclear Waste (NUWCEM 2011), Avignon,
France, 11-14 October 2011

1Empa, Dubendorf, Switzerland



Progress Report 2011

ALBARRAN N.!, DEGUELDRE C., MISSANA T.,
ALONSOU.", GARCIA-GUTIERREZM.?, LOPEZT .}

Analysis of the size distribution of colloid genta
from compacted bentonite under static and dynamic
conditions in low ionic strength aqueous solutions.
13" International Conference on the Chemistry and
Migration Behaviour of Actinides and Fission
Products in the Geosphere, Beijing, China, 19-23

September 2011
LCIEMAT, Madrid, Spain

BAEYENS B., MARQUES FERNANDES M., BRADBURY
M.H.

Sorption competition on illite: Experiments and
modelling. 13 International Conference on the
Chemistry and Migration Behaviour of Actinides and
Fission Products in the Geosphere, Beijing, Chi8a,
23 September 2011

BESTEL M., JURANYI
SCHNEIDER G.J!, VAN LOON L.R., GIMMI
DIAMOND L.W.?

Water distribution in Na-montmorillonite as a
function of bulk dry density. Hercules School,

Grenoble, France, 27 February — 30 March 2011
1Fz Julich, Garching, Germany
2University of Bern, Switzerland

F., MARCELOT-GARCIA C.,
T.,

BESTEL M., JURANYI
SCHNEIDER G.J!, VAN LOON L.R., GIMMI
DIAMOND L.W.2

Discriminating between interlayer pores and
macropores in  Na-montmorillonite.  Euroclay

Conference, Antalya, Turkey, 26 June — 1 July 2011
LFz Jiilich, Garching, Germany
2 University of Bern, Switzerland

F., MARCELOT-GARCIA C.,
T,

F., MARCELOT-GARCIA C.,
T.,

BESTEL M., JURANYI
SCHNEIDER G.J!, VAN LOON L.R., GIMMI
DIAMOND L.W.?

Water distribution in Na-montmorillonite."SECNS
Conference, Prague, Czech Republic, 17-22 July
2011

1Fz Julich, Garching, Germany
2University of Bern, Switzerland

BESTEL M., JURANYI
SCHNEIDER G.J!, VAN LOON L.R., GIMMI
DIAMOND L.W.2

Discriminating between interlayer pores and macro
pores in Na-montmorillonite. NEA Clay Club

Workshop, Karlsruhe, Germany, 6—8 September 2011
LFz Jiilich, Garching, Germany
2 University of Bern, Switzerland

F., MARCELOT-GARCIA C.,
T,

65

Laboratory for Waste Mamagé

CHURAKOV S.V., DAHN R., FROIDEVAL A., PEDRINI

B.

Dynamics of the ion diffusion in clays: a proposed
probe-probe XPCS experiment. Workshop on hard X-
ray instrumentation at the SwissFEL X-ray free
electron laser facilility, Bern, Switzerland. 21

November 2011

DAHN R., CHURAKOV S., BAEYENS B., BRADBURY
M.H.

Combined XAFS and molecular modelling
investigations of Zn uptake by montmorillonite” 5
Workshop on Speciation, Techniques, and Facilities
for Radioactive Materials at Synchrotron Light
Sources (Actinide-XAS-2011), Hyogo, Japan, 2-4
March 2011

DAHN R., CHURAKOV S.

Combined XAFS and molecular modelling
investigations of Zn uptake by montmorillonite."48
Annual Meeting of the Clay Minerals Society, Lake
Tahoe, USA, 25-30 September 2011

DILNESA B.Z.*% LOTHENBACH B.}, LE Saout G,
WIELAND E., SCRIVENERK.L.?

Fe-containing hydrates in cementitious systent” 13
International Congress on the Chemistry of Cement
(ICCC11), Madrid, Spain, 3-8 July 2011

1Empa, Diibendorf, Switzerland

2EPFL, Lausanne, Switzerland

FOWLER S.J}, HINGERL F.F., DRIESNER TH..
KOSAKOWSKIG.,KULIK D., WAGNERTH."

Reactive transport simulation by combining a
multiphase-capable transport code for unstructured
meshes with Gibbs energy minimization and multi-
electrolyte solution models. Geophysical Research
Abstracts, Vol. 13, EGU2011-11295, EGU General

Assembly, Vienna, Austria, 3-8 April 2011
1ETH, Zurich, Switzerland

GAONA X.', TiTs J., DAHN R., DARDENNE K.,
WIELAND E., ALTMAIER M.}

Redox chemistry of Np(V/VI) under hyperalkaline
conditions: Aqueous speciation, solid phase foromati
and sorption on cementitious materials. 13
International Conference on the Chemistry and
Migration Behaviour of Actinides and Fission
Products in the Geosphere, Beijing, China, 18-23

September 2011
IKIT-INE, Karlsruhe, Germany



Progress Report 2011

GIMMI TH., LEUPIN O.X.', EIKENBERG J., GLAUS
M.A., VAN LOON L.R., WABER H.N.2, SOLER J.M?,
Naves A, Sawper J!  DEwoONCK S2,
WITTEBROODTC.?

Results and modelling of the 4-year diffusion and
retention (DR) experiment in Opalinus Clay in the
Mont Terri URL. Geophysical Research Abstracts,
Vol. 13, EGU2011-12919-1, EGU General Assembly,
Vienna, Austria, 3-8 April 2011

1 Nagra, Wettingen, Switzerland

2University of Bern, Switzerland
3IDAEA-CSIC, Barcelona, Spain
4University of La Corufia, La Corufia, Spain
5 Andra, Bure, France

6IRSN-SARG, Fontenay-aux-Roses, France

GLAUS M.A., BIRGERSSONM.!

Uphill diffusion of ?Na": Demonstration of the
mobility of sorbed cations in montmorillonite. EBS
Taskforce Meeting, Barcelona, Spain, 30 May -

1 June 2011
1 Clay Technology AB, Lund, Sweden

GLAUS M.A.

Diffusion of uranyl complexes in compacted
montmorillonite. EBS Taskforce Meeting, Toronto,
Canada, 22—-24 November 2011

GROLIMUND D., BORCA C.N, WANG H.O.A., VAN
LooN L.R., MARONE D., DAz N., JAakOB A,
CHURAKOV S.,GIMMI T., HARTMANN S., VONTOBEL

P.

Imaging chemistry (and physics) in space and time:
towards a 3D live view on contaminant transport in
heterogeneous porous media. M13nternational
Conference on the Chemistry and Migration
Behaviour of Actinides and Fission Products in the
Geosphere, Beijing, China, 18-23 September 2011

HAYEK M., KOSAKOWSKIG., CHURAKOV S.V.
Analytical solutions for diffusive transport with
heterogeneous

66

Laboratory for Waste Mamagé

HINGERL F.F.,DRIESNERT.", KOSAKOWSKIG., KULIK
D.A., WAGNERT.!

Development of an aqueous activity model for
geothermal conditions. Goldschmidt Conference
2011, Prague, Czech Republic, 14-19 Aud(il.

Min. Mag. 75(3), 1026
L1ETH, Zurich, Switzerland

ISHIDERAT., MARQUESFERNANDESM., BAEYENSB.,
GLAUS M.A.

Sorption and diffusion studies on MX-80 bentonite
originating from alternative buffer materials (ABM)
project. 1% International Conference on the
Chemistry and Migration Behaviour of Actinides and
Fission Products in the Geosphere, Beijing, Chi8a,
23 September 2011

KoLbdITz O.}% BAUER S3, BILKE L., BOTTCHERN.?,
DELFs J.0Y, FISCHER T.}, GORKE U.J}, KALBACHER

T.!, KOSAKOWSKI G., MCDERMOTTC.|.%, PARK C.HS,
RabU F}8 RINK K.}, SHAO H.°, SHAO H.B.l, SuN
F12 SUN Y.Y.*? SINGH A.K.}, TARON J1, WALTHER
M.2, WANG W.1, WATANABE N2 WU Y.1° XIE M.’,
ZEHNERB.!

OpenGeoSys: An open source initiative for numerical
simulation of THM/C processes in porous media. in
Proc. SciDAC 2011, Denver, CO, 10-14 July, 2011,

http://press.mcs.anl.gov/scidac2011/
1 Helmholtz Centre for Envir. Research UFZ, LeipzigriGany
2Technische Universitat Dresden, Germany
3 University of Kiel, Germany
4Un|ver5|ty of Edinburgh, UK
°BGR, Germany
SKIGAM, Korea
7Gesellschaft flir Reaktorsicherheit GRS, Germany
8 University of Erlangen, Germany
®Ocean University of China

KOSAKOWSKIG.,BERNERU.
Influence of a concrete liner on the evolution lo¢ t
near field of a HLW repository, Geophysical Reskarc

reactions and porosity changes.Abstracts, Vol. 13, EGU2011-2044-1, EGU General

Geophysical Research Abstracts Vol. 13, EGU2011- Assembly, Vienna, Austria, 3-8 April, 2011

3229, EGU General Assembly, Vienna, Austria, 3-8
April 2011

HAYEK M., KOSAKOWSKIG., CHURAKOV S.V.
Analytical solutions for 1D, 2D and 3D diffusive

KULIK D.A., LUTZENKIRCHENJ

Consistent treatment of entropy, enthalpy and velum
effects of multi-dentate adsorption reactions.
Goldschmidt Conference 2011. Prague, Czech

transport with heterogeneous reactions and porosity Republic, 14-19 August 2011, Min. Mag. 75(3), 1251

changes. Models - Repositories of Knowledge:

LKIT INE, Karlsruhe, Germany

Modelcare 2011, Leipzig, Germany, 18-22 September \jaroues FERNANDES M., BAEYENS B., DAHN R.,

2011

HINGERL F.F., FowLer S.J}, DRIESNER T..
Kosakowskl G., KuLik D.A., WAGNER T..
HUMMEL W., HEINRICH C.!

GEOTHERM Module 4 - Fluid-rock interactions.
GEOTHERM Annual Meeting, Zurich, Switzerland,

8 June 2011
1ETH, Zurich, Switzerland

BRADBURY M.H.

First structural insight into the sorption of Amjlbn
montmorillonite in the presence and absence of
carbonate. 13 International Conference on the
Chemistry and Migration Behaviour of Actinides and
Fission Products in the Geosphere, Beijing, Chi8a,

23 September 2011



Progress Report 2011

NAKARAI K.!, Kosakowski G., BERNERU., OWADA

H.2

Evolution of cement-bentonite interfaces:

Experiments and models, Models — Repositories of
Knowledge: Modelcare 2011, Leipzig, Germany, 18-
22 September 2011

1 Gunma University, Gunma, Japan

PFINGSTENW., VAN LOONL.R.
Modelling diffusion of sorbing radionuclides inttag

67

Laboratory for Waste Mamagé

TiTs J.,GAONA X.%, LAUBE A., WIELAND E.

Influence of the redox state on the neptunium sampt
by cementitious materials: Relationships with the
sorption behaviour of Th(IlV) and U(VI). 13
International Conference on the Chemistry and
Migration Behaviour of Actinides and Fission
Products in the Geosphere, Beijing, China, 18-23

September 2011
IKIT-INE, Karlsruhe, Germany

samples - model assumptions and consequences fol/AN LOONL.R.,MiBuUsJ!}

experiments and vice versa. ™M3International
Conference on the Chemistry and Migration
Behaviour of Actinides and Fission Products in the
Geosphere, Beijing, China, 18-23 September 2011

RoJO H.', TITs J., GAONA X.%, GARCIA-GUTIERREZ
M.%, MISSANAT.", WIELAND E.

Experimental investigation of Np(lV) complexation
with gluconic acid under alkaline conditions. ™3
International Conference on the Chemistry and
Migration Behaviour of Actinides and Fission
Products in the Geosphere, Beijing, China, 18-23

September 2011
1 CIEMAT, Madrid, Spain
2 KIT-INE, Karlsruhe, Germany

SCHAFERT.}, HUBER F.}, HAUSERW.Y, WALTHER C.,
BouBy M.}, GEckEIs H.}, DEGUELDRE C., Y AMADA
M.2, Suzuki M.%, MissaNA T.2, ALOoNSO U.5, WoLD

S* TRICK T.%, BLECHSCHMIDTI.°

The Colloid Formation and Migration Project (CFM)
at the Grimsel Test Site (Switzerland): synopsithef
2008-2010 field experiments. 13th International
Conference on the Chemistry and Migration
Behaviour of Actinides and Fission Products in the

Geosphere, Beijing, China, 18-23 September 2011
LKIT-INE, Karlsruhe, Germany

2 AIST, Tsukuba, Japan

% Ciemat, Madrid, Spain

4 KTH, Stockholm, Sweden

® Solexperts, Schwerzenbach, Switzerland

® Nagra, Wettingen, Switzerland

SHAO H.', BERNER U., KOLDITZ O.%% KOSAKOWSKI
G.,KULK D.,MADERU.?

A reactive transport modeling study on the Magarin
natural analogue for the effects of hyper-alkaline
groundwater on sedimentary rock. Models
Repositories of Knowledge: Modelcare 2011, Leipzig,

Germany, 18-22 September 2011

! Helmholtz Centre for Envir. Research-UFZ, Leipzigr@any
2 TU Dresden, Germany

3 University of Bern, Switzerland

THIEN B., GODONN., AYRAL A.

The double effect of Mg on the long-term alteration
rate of a nuclear waste glass. Goldschmidt Conéeren
2011, Prague, Czech Republic, 14-19 August 2011,
Min. Mag. 75(3), 2005

On the use of an extended Archie’s relation for
estimating effective diffusion coefficients in low

porosity media. 1B International Conference on the

Chemistry and Migration Behaviour of Actinides and
Fission Products in the Geosphere, Beijing, Chi8a,

23 September 2011
INagra, Wettingen, Switzerland

VAN LOONL.R., KOSAKOWSKIG., GOUEBAULT E.*
Precipitation reactions in nanopores of compactad N
montmorillonite.13" International Conference on the
Chemistry and Migration Behaviour of Actinides and
Fission Products in the Geosphere, Beijing, Chi8a,
23 September 2011

1Ecole des Mines, Nantes, France

WANG H.A.O., GROLIMUND D., VAN LOON L.R.,
GUNTHERD.!, BORCAC.N.

Multi-dimensional quantitative microscopic studies
with high spatial resolution of contaminant diffoisi
into Opalinus Clay rock. 3International Conference
on the Chemistry and Migration Behaviour of
Actinides and Fission Products in the Geosphere,

Beijing, China, 18-23 September 2011
LETH, zirich, Switzerland

WANG H.A.O., GROLIMUND D., VAN LOON L.R,,
BORCAC.N.,GUNTHERD."

Quantitative microscopic studies with high spatial
resolution of contaminant diffusion into Opalinus
Clay rock. Fall Meeting of the Swiss Chemical

Society, Lausanne, Switzerland, 9 September 2011
LETH, Zirich, Switzerland

WANG H.A.O., GROLIMUND D., VAN LOON L.R.,
BORCAC.N.,GUNTHERD.!

Quantitative microscopic studies with high spatial
resolution: the virtue of cross-calibration, Jdifgers’
Meeting at PSI, Villigen, Switzerland, 15-16

September 2011
1 ETH, Zirich, Switzerland
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WIELAND E., DAHN DILNESA B.Z.?
LOTHENBACHB.!

Synchrotron-based micro-spectroscopic investigation
on Al, S, and Fe speciation in cementitious maleria
13" International Congress on the Chemistry of

Cement (ICCC11), Madrid, Spain, 3-8 July 2011
1Empa, Dubendorf, Switzerland
2EPFL, Lausanne, Switzerland

R.,

WIELAND E.,DAHN R.,GAONA X.*, MACE N., TITS J.
Micro- and macroscopic investigations of actinide
binding in cementitious materials,* linternational
Symposium on Cement-based Materials for Nuclear
Waste (NUWCEM 2011), Avignon, France, 11-14

October 2011
IKIT-INE, Karlsruhe, Germany

ZezIN D.', HINGERL F.F.,DRIESNERT."

Experimental data and modeling of the properties of
mixed salt aqueous solutions. Russian - Swiss
Coordination Meeting, Moscow, Russia, 17-20 May

2011
1 ETH, Zirich, Switzerland

8.5

CHURAKOV S.V.

Multi-scale modelling of ions and water diffusiom i
clays. (Keynote Lecture) Goldschmidt Conference
2011, Prague, Czech Republic, 14-19 Audi(tl,
Min. Mag. 75(3), 2005

CHURAKOV S.V.,GIMMI TH., TYAGI M.

Two step up-scaling of molecular diffusion
coefficients in clays. Goldschmidt Conference 2011,
Prague, Czech Republic, 14-19 Aug2étll, Min.
Mag. 75(3), 2005

CurTl E., DAHN R., VESPA M., GROLIMUND D.,
BORCAC.N.

Glass corrosion and secondary clay mineral
formation: the fate of Ni and Ce as revealed by
XRF/XAS techniques. NEA Clay Club Workshop
“Clays under Nano- to Microscopic resolution”
Akademie Hotel, Karlsruhe, Germany, 6-8 September
2011

DEGUELDREC.

Groundwater colloid generation and detection: from
pseudo-equilibrium in quasi-stagnant aquifer to
transients induced by flow variation or seismic
features, Swiss Physical Society meeting, EPFL,
Lausanne, Switzerland, 27 June 2011

Invited talks

GIMMI TH., KOSAKOWSKIG.

How mobile are sorbed cations in clays and
claystones? University of La Corufia, La Corufia,
Spain, 22 June 2011
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GROLIMUND D., BoOrRcAC.N., WANG H.A.O.,
VAN LOONR., MARONEF., DiAaz N., JakoB A.,
CHURAKOV S., GiMMI T., HARTMANN A.,
VONTOBEL P.

Imaging chemistry (and physics) in space and time:
Towards a 3D live view on reactive transport"13
International Conference on the Chemistry and
Migration Behaviour of Actinides and Fission
Products in the Geosphere, Beijing, China, 18-23
September 2011

HUMMEL W.

Wohin mit unseren radioaktiven Abfallen?
Universitare Vorlesungen Winterthur, Switzerland,
9 November 2011.

Senioren-Kolleg Liechtenstein, Mauren,
Liechtenstein, 17 November 2011.
Senioren-Universitat, Zurich, Switzerland,

6 December 2011

KUuLIK D.A.

Geochemical Modeling of Aqueous Systems at
Moderate Temperatures: Approaches and Tools for
Temperature Extrapolations. HITAC Workshop “High
Temperature Aqueous Chemistry”, KITCampus Nord,
Germany, 9 November, 2011

KuLiK D.A., KosakowsKIG.

Algorithms and codes for geochemical
thermodynamic modelling: Ready for reactive mass
transport simulations? In: 1st Russian-Swiss Semina
“Methods for modelling of geochemical processes:
algorithms, data prediction, experimental validatio
and relevant applications”, IGEM RAS, Moscow,
Russia, 17-20 May 2011

VAN LOONL.R.

lon diffusion in low permeability clay rocks: an
overview. Goldschmidt Conference 2011, Prague,
Czech Republic, 14-19 August011, Min. Mag.
75(3), 2005

WIELAND E.

Towards a molecular-level understanding of the
immobilization of actinides by cementitious matksja
BIGRAD Conference, Leeds, UK, 27-28 June 2011

8.6

GIMMI TH.

Lecture and examinations '‘Geochemical Modelling Il
Reactive transport’ within frame of Master of
Environmental and Resource Geochemistry,
University or Bern, Spring Semester 2011

Others/teachings
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JOHNSONA., HUMMEL W., PLOTZE L.M.

Landfilling, nuclear repositories and contaminated
sites. Course for Major in Biogeochemistry and
Pollutant Dynamics (Master of Environmental
Sciences) and for Major in Ecological Systems Desig
and Waste Management (Master of Environmental
Engineering), ETH Zurich, Autumn Semester 2011

KOSAKOWSKIG.
Statistics in Earth Sciences. University of Tubimge
Germany, Summer Semester 2011

KOSAKOWSKIG.

Reactive transport modelling, Helmholtz
Interdisciplinary GRADuate School for
Environmental Research (HIGRADE), Helmholtz

Centre for Environmental Research — UFZ, Leipzig,
Germany, 4-7 November 2011

MAZUREK M., CURTI E.

Geological disposal of radioactive waste. Lecture
course with exercises. University of Bern. Spring
Semester 2011

PFINGSTENW.

Modelling of processes in soils and aquifers: 701-
1334-00L, Department for Environmental Sciences,
ETH Zurich, Spring Semester 2011

PRASSERH.-M., GUNTHER-LEOPOLDI., HIRSCHBERG
S.,HUMMEL W., WILLIAMS T.,ZUIDEMA P.K.

Nuclear energy systems. Lecture course with
exercises, ETH Zurich, Spring Semester 2011

8.7 Awards
The best poster presentation of MIGRATION 2011:

BAEYENS B., MARQUES FERNANDES M., BRADBURY
M.H.

Sorption competition on illite: Experiments and
modelling. 13" International Conference on the
Chemistry and Migration Behaviour of Actinides and
Fission Products in the Geosphere, Beijing, ChiBa,
23 September 2011

The SCS-Metrohm prize for the best oral presematio
in Analytical Chemistry Division:

WaANG H.A.O., GROLIMUND D., VAN LOON L.R.,
BORCAC.N.,GUNTHERD.

Quantitative microscopic studies with high spatial
resolution of contaminant diffusion into Opalindayc
rock. Fall Meeting of the Swiss Chemical Society

(SCS), 9 September 2011, Lausanne, Switzerland
L ETH, Zirich, Switzerland
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8.8 Participation in expert groups/panels

GLAUS M.A.

Panel expert in the Expert Elicitation Meeting on
sorption, diffusion and solubility data used foreth
Posiva safety case (Finland)

TITS J.

Member of the review panel of the Belgian
programme related to the behaviour of spent fuel in
cementitious environment

VAN LOONL.R.

Member of the expert panel on radionuclide migratio
in Boom Clay.

Member of the review group (SARG) for the
extension of the SFR repository in Forsmark, Sweden

WIELAND E.

Member of the Advisory Group for the BIGRAD
Consortium in charge of the UK research programme
on “Biogeochemical gradients and radionuclide
transport”
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